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Foreword

A recent national survey of geology students indicated that,
although they saw the need for a basic training in map-
work, the three-dimensional aspects involved formed the
single most difficult part of an introductory geology
course, and that it was generally taught in a way both ab-
stract and dull. At the same time, there was no book which
puzzled students could turn to for explanations; no book
which told them more about real geological maps. This
book is an attempt to fill that need. It is based on the view
that in these days of increasing specialisation the geological
map remains the vital coordinating document, and that the
proliferation of computer methods of handling three-
dimensional data makes a firm understanding and
appreciation of mapwork more imperative than ever.

The book is designed for first year undergraduates. An
elementary knowledge of rocks and geological processes is
assumed, together with a basic understanding of topo-
graphic maps. Geological maps, however, are introduced
from first principles, so that some of the material may
appeal to anyone with an interest in geology; on the other
hand, some of the information may be of use to the more
advanced student. Those figures that contain formulae,
methods, and information for reference have a frame to
enable rapid location. The reference list, in addition to
citing the sources of the maps included in the book,
indicates much further material of relevance to geological
mapwork.

In a subject so fundamental and yet so varied, every
geologist will have his own views on geological maps — the
matters needing emphasis, the best methods of interpreta-
tion, good examples of maps, and so on. Instructors may
therefore urge in their taught courses different priorities
from those given here, and, although a wide range of maps
and map exercises is included, will prefer to continue to
use their own ‘pet’ examples. But this is meant primarily to
be a book for the student — to turn to for clarification, for
further information, and simply to learn a little more about
geological maps.

I acknowledge the years of undergraduate students at the
University College of Wales, Aberystwyth, from whose
wishes this book was born, and the individual students
who commented on early versions of it. The following are
also gratefully acknowledged for their constructive criti-
cism and advice: Dr Mark Bentley, Shell Expro; Dr Dave
Wilson, BGS; colleagues at UCW, Aberystwyth, in par-
ticular Dr Dennis Bates, Dr Bill Fitches, Warren Pratt and
Antony Wyatt; and my wife, Jo. For help in the production
of the volume I thank Richard Baggaley and Sue Hadden
of the Open University Press, and Valerie Grant and
Arnold Thawley of the Department of Geology, UCW,
Aberystwyth. Finally, I thank my family — Jo, Alastair, and
Emily — for putting up with all my nights at the office.



1 Some fundamentals of

geological maps

1.1 Introduction

Geological maps show the distribution at the earth’s sur-
face of different kinds of rocks. The geological map is a
fundamental device of geologists. The patterns on the map
record the relationships between the rocks, from which the
geologist can deduce much about their arrangement under-
ground and about their geological history. This book is
aimed at helping you develop these interpretive skills.

A geological map may be a geologist’s first introduction
to an area; it may also represent the culmination of investi-
gation. Maps are commonly used to assemble new infor-
mation as it is obtained; they are also a highly effective way
of communicating new data to other geologists. A geo-
logical map can act as a synthesis of current knowledge on
the geology of an area.

In nature most geological features have three-
dimensional arrangements, and a familiarity with them is
an essential part of the training of any geologist. The
geological map, despite being a flat piece of paper, remains
the single most convenient way of representing and
working with the spatial arrangement of rocks. The three-
dimensional aspect of mapwork is of great industrial use;
for example, in dealing with subsurface coal seams, oil
reservoirs, and ore bodies. It is a central concern of many of
the following chapters.

In both commercial and academic work, maps are much
used to help reconstruct the geological histories of areas
and the geological conditions that existed in the past. This
conveying of information in additional dimensions —
underground, and back in geological time — sets geological
maps apart from other kinds of maps. Indeed, because so
many facts and principles are communicated in a single
document, geological maps have been called ‘the visual
language of geologists’ (Rudwick, 1976).

Another fundamental difference from most other kinds
of maps is that geological maps are themselves based on
interpretation. Constructing a geological map involves
several interpretive steps, such that the completed map
tends to reflect how well the geology of the area is under-
stood. The map acts as ‘an index of the extent and accuracy

of geological knowledge at the time of its production, and it
is the basis of future research’ (North, 1928).

Geology is increasingly becoming a collection of special-
ised studies, and more and more specialised kinds of maps
are evolving. Nevertheless, the conventional geological
map continues to provide a common thread. Most
specialisations somewhere involve a traditional geological
map. However, geological maps themselves are suddenly
undergoing very great changes, especially in the way new
technologies are being employed in the production of maps
and the manipulation of their information. This adds
tremendous flexibility to the ways in which maps can be
used, but it also makes an understanding of the basic
principles behind them more important than ever. It
demands that the geologist appreciates both the power and
the limitations of presenting geological information on
maps.

This book is largely concerned with these fundamental
principles. However, it also attempts to give glimpses of
why many geologists, in addition to understanding the
functional significance of geological maps, have a fondness
for them, and a respect for the heritage they represent.
This first chapter introduces the basic features of geo-
logical maps, expanding on some of the points mentioned
above. We begin with a brief consideration of the topo-
graphic base on which the geological map is drawn.

1.2 The topographic base map

Normally the geological data are added to a topographic
base map in order that the geology can be located. The base
may consist simply of some recognisable features, such as
the shape of a coastline or the position of major towns, or
the geology may be superimposed on a complete topo-
graphic map. Therefore, a first requirement for working
with geological maps is a familiarity with the principles of
topographic maps, as discussed in standard textbooks on
cartography. The most important aspects of topographic
maps for geological purposes are summarised in the follow-
ing sections.



SCALE: 1:70 000 000 and smaller

USE: Maps of entire continents, oceans, or planets, on single sheets.

SCALE: 1:5000 000 and 1:1 000 000

USE: Synoptic views of continents or countries, sometimes on several sheets.

SCALE:  1:500 000

USE: Maps of countries, provinces, states (depending on size); little detail but of use for general planning and overviews.
SCALE: 1:250 000

USE: Regional geology, e.g. the conterminous U S in 472 sheets (2° long. x 1° lat. quadrangles); Australia in 544 sheets;

Canada in 918 sheets; U K and adjacent shelf in 106 sheets. Usually have topographic base.

coalfields, but copies available to the public.

SCALE: 1:50 000, 1:25 000, and thereabouts

USE: The standard scales for reasonably detailed published geological maps of well-investigated countries, e.g.: the previous
‘One-Inch’ maps of the B G S at 1:63 360; the ‘Classical areas’ maps of the BG S at 1:25000; USG S 15’
quadrangles at 1:62 500; U S G S 7’ quadrangles at 1:24 000

SCALE:  1:10 000 and larger

USE: 1:10 000 the standard scale for BG S field surveying and detailed investigations. Generally unpublished, apart from

Larger scale maps or plans (true dimensions shown) of sites of scientific or commercial interest: mines, quarries, etc.

Fig. 1.1 Some notes on typical scales of geological maps.

1.2.1 Scale

The scale of geological maps is highly variable: from very
small-scale maps of entire continents or even planets, to
very large-scale maps which show fine details of a
particular locality, perhaps one of special scientific or
commercial interest. Scale is most usually specified as a
ratio, for example 1:100 000, where one unit on the map
represents 100 000 of the same units on the ground. Thus
1 cm on a map at this particular scale would be equivalent
to 100000 cm, that is 1000 m or 1 km. Examples of the
kinds of scales typically used for geological maps are given
in Fig. 1.1.

Older, non-metric maps were sometimes referred to by a
comparative scale, such as ‘one inch equals one mile’.
USGS* maps are commonly called ‘quadrangle maps’, as
they show a quadrangular area defined by lines of latitude
and longitude. The spacing of the lines implies the scale of
the map (Fig. 1.1). Maps may also have a linear or graphic
scale, that is, a bar or line divided into segments which cor-
respond to specified distances on the ground. This kind of
scale is useful in these days of rapid enlargement and
reduction of maps by photocopying machines because the
scale will still be valid at the modified size.

* United States Geological Survey.
+ British Geological Survey.

1.2.2 Map projection

In small-scale maps, say at 1:500 000 and smaller, the way
in which the curved surface of the earth has been projected
onto the flat paper is important because of the distortions
of angles and areas that can result. The various projection
methods that are used are summarised in the introductory
pages of most atlases; they are considered in detail by
Snyder (1987). However, the maps normally used for
quantitative geological work are at a sufficiently large scale
for the effects of projection to be negligible for most
purposes.

1.2.3 Grid systems and location

The direction of north is specified on most maps and is
normally towards the top of the sheet. Many maps are
divided by a grid system running north-south and
east—west to aid in locating particular features. Small-scale
maps commonly employ latitude and longitude; large-scale
maps may involve some arbitrary but standardised system.
For example, the UK uses a ‘National Grid’, summarised
in Fig. 1.2. In the USA the most frequently used method of
specifying localities remains the ‘township and section’
system (Fig. 1.3). There are, however, increasing attempts
to apply the metric Universal Transverse Mercator
(UTM) system. This grid already appears on USGS
74'quadrangles and, together with the National Grid, on
BGST 1:250 000 sheets.



Fig. 1.2 Finding locations on maps using the UK National Grid.

Fig. 1.3 Finding locations on maps using the US township and section system.



Fig. 1.4 The concept of topographic contours, illustrated by a small island in a lake with dropping water level. (a) Lake
level at 420 m altitude. (b) Lake level dropped to 410 m. (c) Lake level dropped to 400 m. Note that the previous lake levels
are represented by strand lines on the island. These, like the lake levels, are horizontal, and at 420 m and 410 m.

(d) Topographic map of the island, lake level at 400 m. Contour interval 10 m. The topographic contour lines, being

horizontal, coincide with the strand lines shown in (c).

1.2.4 Relief

Representation of the relief or topography of the land
surface is usually omitted from small-scale geological
maps. The systems of colour shading commonly employed
in small-scale relief maps, for example in many atlases,
would interfere with the colours or ornaments used to
depict the geology. However, it may be possible to gain
some idea of the relief on such maps from associated
features such as river drainage patterns and lakes.

On larger scale maps it is extremely useful to indicate the
topography. Older maps employed hachures, which can
look attractive when executed well and if they do not inter-
fere with the geology. However, they are not quantitative.
Hachuring gives a visual impression of relief without
specifying the altitude or steepness of slopes. Spot
heights give very localised information on altitude and are
employed on some small-scale maps.

The most successful method of representing relief is by
topographic contour lines (Fig. 1.4). These join
together points of equal height above some datum,
normally sea-level. The contour interval is the height
difference between adjacent contours. Interpolation
between the contour lines enables the altitude at any point
on the map to be estimated. The spacing of the lines
indicates the slope of the land. Closely spaced lines reflect
steep gradients, curved lines indicate rounded slopes, and
so on. Figure 1.5 gives examples. It is vital that you do not
memorise a series of ‘rules’ about the patterns of contour
lines, but mentally visualise the relief they are depicting.
With a little practice the ups and downs of the land surface
should be apparent in your mind’s eye simply by looking at
the contour shapes. If more precise information is needed,
topographic cross-sections are easy to construct from
contour lines; Fig.1.6 shows the method.



Fig. 1.5 Diagram showing relationships between topographic contours and relief.

(@
(b)

. Lay a strip of paper along the line of section, in this example X-Y.

. Mark on the paper the position of intersection of each contour and label the altitude.

. Draw a grid of width X-Y, and height to correspond with the contour altitudes. Except in certain circumstances, use a
vertical scale equal to the horizontal scale, otherwise vertical exaggeration will result (see section 5.3, figure 5.1).

. Place paper strip at base of grid to bring XY into register with the grid. Project the labelled contour intersections on the
strip up to the appropriate altitudes on the grid, using a set-square for accuracy.

5. Smoothly connect the projected points to form the topographic profile.

» WN =

Fig. 1.6 Instructions for drawing a topographic profile from a map.



It is important to realise that the topographic contour
lines are being employed to represent the shape of the land
surface, which is three-dimensional, on a flat, two-
dimensional, piece of paper. In geology, the problem
commonly arises of depicting some three-dimensional
geological feature on a two-dimensional map, and contours
are used for this also. In this book the lines used for the
relief of the land surface will always be referred to as ropo-
graphic contours, in order to avoid any confusion with the
contour lines to be introduced later for various geological
surfaces.

1.2.5 Key or legend

There may be further cartographic information provided
on the geological map, for example some details of the
surveying and production of the topographic part of the
map, but it is not normal to provide a full topographic key.
The user is assumed to be familiar with the portrayal of
roads, political boundaries, rivers and the like. Most of the
map key is given over to geological matters.

1.3 Geological aspects

1.3.1 Key or legend

Probably the most striking thing about a typical geological
map is its numerous patches of colour. Uncoloured maps
have equivalent areas of black and white ornament.
These colours and ornaments indicate the distribution of
the map units into which the rocks have been divided for
the purpose of the map. The map key, also referred to as a
legend, explanation, or index, specifies the geological
meaning of the colours and ornaments, together with any
symbols used on the map. It can also contain much ad-
ditional information, and should be one of the first things
to consult when you examine a map.

On some maps, particularly those at a small-scale, the
map units represent rocks of different stratigraphic ages,
and on some large-scale maps the units are named accord-
ing to particular fossils that the rocks contain. However,
the majority of maps have units divided according to rock
type — the lithology. The unit may comprise a single kind
of rock or a convenient grouping of different rock types. A
map unit is commonly loosely referred to as a formation
or as ‘beds’ of rock, and this will be done here, even though
these words may not correspond with their strict strati-
graphic definitions. The narrow line that separates two
colours or ornaments on a map represents the surface of
contact between two adjacent units. The map key may well
provide information on the stratigraphic age of the
formations, and may make some additional remarks on

fossil content, mode of origin, etc. of the beds, but the basic
separation of the map units is normally made according to
the type of rock.

The units may be presented in the key as spaced
rectangles, or arranged in a kind of stratigraphic column.
sometimes drawn to scale to reflect the thicknesses of the
formations and the relationships between them. Whatever
the design of the key, it is conventional to show, as far as
possible, the oldest units at the bottom and successively
younger formations above. The differences between the
rock units on the map may be further clarified by adding
symbols, usually letters or numbers, to the ornament.
Symbols are commonly chosen which convey added infor-
mation, for instance a letter which acts as an abbreviation
for the stratigraphic age of the rock unit. Stratigraphic
information is commonly not available for igneous and
metamorphic units and so these are listed separately at the
foot of the key.

1.3.2 Superficial and bedrock maps

Most geological maps show the distribution of the dif-
ferent types of bedrock, and omit any thin cover of soil,
concrete, or whatever. However, if superficial deposits of
geological interest, for example, dune-sand, till, or peat,
are significantly developed, they are normally also shown
on the map and explained in the key. Alluvium, in par-
ticular, tends to be shown in order to emphasise river
courses and hence drainage patterns. The BGS has
traditionally produced its maps in different versions,
variously called ‘solid’, ‘solid and drift’, and ‘drift’ editions
according to which aspects are given most emphasis.

Where a bedrock unit or structure reaches the land sur-
face it is said to outcrop, even though it may actually be
covered by a thin veneer of superficial material ignored on
the geological map. Any parts of the outcrop that are not
covered but are seen as bare rock are known as exposures.
Some geologists use the terms ‘outcrop’ and ‘exposure’
interchangeably; in this book their use will be as given
above.

1.3.3 The third dimension: geological
cross-sections

Geologists often have to deal with the fact that the rocks
and structures of the earth are arranged in three-
dimensions. The distribution of rocks at the earth’s
surface, which is responsible for the shapes and patterns
that are such a striking aspect of geological maps, is simply
a function of how this three-dimensional configuration
happens to intersect with the present-day earth’s surface,
that is, how it outcrops. With practice a geologist can



visualise from the outcrop patterns on a map how the
rocks are arranged in three dimensions, and can picture
how the rocks lie below the earth’s surface, and how they
would once have been above the present land surface
before erosion.

As well as the horizontal map surface, the geology can be
depicted in a vertical plane by means of a geological cross-
section. Most geological maps are accompanied by cross-
sections, and the two together are a powerful means of
communicating the three-dimensional arrangement of the
geology. Maps and sections are two facets of the same thing
— the spatial arrangement of the rocks. Many of the general
statements made in this book concerning ‘maps’ really
refer to ‘geological maps and cross-sections’.

Geological maps and sections are so closely interrelated
that, although cross-sections can be interpreted from final-
ised maps, in practice the two are usually developed
together, and in some cases the geological sections are ob-
tained first and the map is derived from them. An example
of this is the exploration for oil below the sea. In this
situation there is no accessible bedrock to plot on the map
from which sections can be drawn! The seismic and drill-
core data yield information readily in the vertical plane, en-
abling a series of geological sections to be built up, and
from these sections the geological map is constructed.

1.3.4 The interpretive nature of maps

Although much of this book is concerned with deducing
information from completed maps, it is important to
understand at the outset that the geological map itself is a
highly interpretive document. Numerous interpretive
steps are involved in its production. Right from the
moment the geological surveyor stands at an exposure of
bedrock at the earth’s surface, or examines a piece of drill-
core, subjective judgement is exercised. The surveyor has
continually to decide to which formation, eventually to be
a particular colour on the completed map, each rock
exposure will be assigned. The map units may be some-
what arbitrary, and because rarely will the bare rock be
observable at the land surface, the locations and courses of
the geological boundaries between the units will have to be
judged. Even the nature of the boundary may be question-
able.

How the boundaries are depicted on the map has impli-
cations not only for the three-dimensional relationships, as
mentioned above, but also for portraying what is thought
to be the geological evolution of the area. The completed
map therefore reflects the surveying team’s state of know-
ledge of the map area; even to some extent the state of
geological science at the time (Harrison, 1963). This is why
the geological surveying of a country can never be
finalised. Because it is an interpretive document, there can

never be an ultimate geological map of an area, as long as
geological knowledge continues to improve.

1.3.5 Aesthetics

Geological maps can embody a tremendous amount of
observational data, and at the same time have the capacities
mentioned above of enabling projection into three
dimensions and into past geological times. Nevertheless,
despite being such a powerful scientific document, a
geological map should be visually pleasing to work with. A
good geological map is both scientifically sound and
artistically attractive. Indeed, when looking at a map it is
often the colours and the design of the map that make the
first impact. However, there is no ideal or universally
agreed way of presenting information on a geological map.
This is one reason why many of the maps reproduced in
this book look so different from one another.

Willats (1970) chose to express the aesthetic aspect of
maps in a poem entitled ‘Maps and Maidens’:

They must be well-proportioned and not too plain;

Colour must be applied carefully and discreetly;

They are more attractive if well dressed but not over
dressed;

They are very expensive things to dress up properly;

Even when they look good they can mislead the innocent;

And unless they are very well bred they can be awful liars!

1.4 Summary of chapter

1. Geological maps show the distribution of different
rocks at the earth’s surface.

2. Normally the geological data are added to a
topographic base map.

3. On a large-scale map it is useful to depict the relief of
the land surface, which is best done by topographic
contours.

4. The key or legend to the geological map explains the
ornament and symbols used to represent the geology,
and can contain much information.

5. From the outcrop patterns on the geological map the
three-dimensional arrangement of the rocks can be
interpreted.

6. Geological cross-sections are complementary to maps
in helping portray the three-dimensional arrangement
of rocks.

7. The geological map is itself an interpretive document.

8. As well as being a powerful scientific device, a
geological map should be pleasing visually.



1.5 Selected further reading Open University (1983). S236 Geology Course, Block 1
Maps, Milton Keynes, Open University Press.
Thompson, M. M. (1979). Maps for America, USGS. (A highly readable self-tutoring manual on the funda-
(A well-illustrated review of the map products of the mentals of geological maps.)
USGS, including a short section on geological maps.)



2 The nature of geological maps:
the Ten Mile map of the UK and the
1:2 500 000 map of the USA

2.1 Introduction: cartographic matters

This chapter will use portions of two real examples of
geological maps, one of the UK and one of the USA, to
introduce some aspects of map interpretation. It provides a
preliminary glimpse of the kinds of interpretations that can
be made before the various concepts are examined more
closely in succeeding chapters. We begin by noting some of
the cartographic matters; first, the scale. Despite its time-
honoured name, the Ten Mile UK map (Plate 1) is actually
at a scale slightly larger than ten miles to the inch, at
1:625000. There is a north sheet and a south sheet to
cover the whole of Great Britain. The US map (Plate 2) is
at 1:2 500 000 and comes in three sheets: the east and west
halves of the map and a separate sheet showing the legend.

The UK sheets show latitude and longitude at the
margins of the map, and also the ten kilometre squares of
the UK National Grid. The US map shows degrees of
latitude and longitude. Note that the equal area projection
used for these maps results in the parallels of latitude being
more widely spaced than the meridians of longitude. There
is no attempt on the relatively small-scale US map to
indicate topography directly; the UK map shows spot
heights in feet. For example, at [SN709806] the summit of
the hill Plynlymon is shown as 2470 ft.

The key on the UK map is called an ‘Index and
Explanation’ and is hybrid in nature — it uses different
kinds of map units for different kinds of rocks. Intrusive
igneous rocks are divided on the basis of lithology —
gabbro, granite, rhyolite, and so on — whereas extrusive
igneous rocks are divided by rock type and stratigraphic
age. Thus basalt, for instance, appears several times on the
key, according to its geological age. The sedimentary rocks
are arranged in ascending stratigraphic order, almost
wholly using time-stratigraphic names as far as the
Devonian period, where there comes in a mixed system
involving time, rock type, and the location of the deposits.

The US map is divided into units on the basis of strati-
graphic age. Within some of the stratigraphic intervals the
igneous and metamorphic rocks are named by their
lithology. There is, in addition, an attempt to divide the
sedimentary rocks of a particular stratigraphic age accord-

ing to their overall environment of formation, that is,
whether they are ‘eugeosynclinal’ (marine, with volcanic
material) or ‘continental’ deposits. Close attention has
therefore to be paid to the letter symbols and subscripts of
each of the numerous subdivisions. This explains why,
given the size of the country involved, the legend has to
occupy its own sheet.

2.2 Interpretation of the maps: geology and relief

Let us begin our attempt to see how these geological maps
are more than just arrays of fine colours by interpreting
some aspects of how geology and topography interact.
Starting with the US map (Plate 2), and the region centred
on long. 110° 30, lat. 43° 0', those parts to the northeast
are drained by rivers that flow towards the northeast and
the southwest district is drained by southwest-flowing
rivers. This drainage divide suggests a central area of
upstanding relief, and because many of the rivers originate
in small, adjacent but isolated, lakes, it is probably an area
of irregular topography.

The reason for an area having much higher relief than
adjacent ground may well be something to do with con-
trasting rock types. Here, the apparently higher area is
made of granites and gneisses (Wg and Wgn), which are
likely to be more durable than the surrounding Tertiary
(Tec) materials. However, toughness alone might not
account for the relative elevation of such ancient,
Precambrian rocks, which could have been subject to
erosion for a very long time. The thick black lines on the
map indicate major faults, and it would seem likely that
some of these, such as the ones to the SW of the
granite—gneiss area, indicate sites of uplift of the masses of
resistant rocks. Note that one major fault has been shown
as a dotted line where its presence is suspected but covered
by a veneer of Tertiary and Quaternary deposits. (In fact,
this region is the heavily glaciated Wind River Mountains,
which are thought to have been uplifted in Tertiary times
along a very major fault.)

In contrast to the last instance, the region shown in pink
(Qu) centred on long. 113°0’, lat. 43° 15, shows no
drainage at all, except at its margins. Volcanic rocks
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occupying such a large area are likely to be bedded volcani-
clastic rocks or lava flows. Such recent rocks, especially in
view of the drainage being off the flanks of the area, may
well be lying horizontally. Any rainfall presumably dissi-
pates through pore spaces and underground fissures,
which may be common if the rocks are lavas. A picture
emerges from the map of a very flat, featureless, volcanic
plain, lacking in surface water. (It is the Snake River
Plateau. It is no coincidence that this flat empty area of lava
flows was used for carrying out the early experiments on
nuclear power.)

2.3 Map patterns and geological structure

2.3.1 Dipping formations

On the UK map (Plate 1) divisions 70-74 are units of
successively younger Ordovician and Silurian ages. They
are sedimentary rocks, and so were deposited, back in
Lower Palaeozoic times, one on top of the other in a
roughly horizontal arrangement (Fig. 2.1a). During the
time since the Silurian, the sediments have been buried,
lithified, and eventually brought back to the earth’s
surface. But if we were to journey from, say, the town of
Llandovery [SN7734] to Trecastle [SN8829] we would
travel not across the one unit that happens to be at the
present erosion level but successively across all five units.
The most likely explanation for this is that the rock units
have been tilted, as depicted in Fig. 2.1b. It shows which
way the beds of rock must be inclined, for any other direc-
tion of tilt would not explain the arrangement seen on the
map. It is a general rule that rocks become successively
younger in the direction towards which they are inclined.
We do not know anything yet, though, about the magni-
tude of the tilting. The rocks could be gently or steeply
inclined, or even rotated to vertical.

On a journey from Abbeycwmbhir [SO0571] to Knighton
[SO2971] the same five units are also successively crossed.
but over a longer distance. It seems that each unit occupies
a greater area at the land surface. One immediate
explanation for this is simply that the units are thicker here
than to the southwest — there could have been more of the
sediment deposited. The continuing increase in the width
of each formation as we look further to the north could
suggest a progressive increase in sediment thickness north-
wards. However, this could be illusory. The units west of
Knighton have to be tilted, as explained in the previous
paragraph, but the angle might only be small. If the units
near Abbeycwmbhir are inclined more steeply than those
near Llandovery, then, as Figs 2.1b and 2.1c show, they
would appear narrower at the earth’s surface, even if they
have similar thicknesses. It may be that both factors are
operating; the units could be both thicker and less inclined.
It is difficult to gauge on small-scale maps the relative im-
portance of each factor.

If the journey eastwards were continued between
Bosbury [SO6943] and Great Malvern [SO7745], the
units would be crossed in a very short distance. The
reduced width at the surface is so marked that it would
seem likely that both the effects mentioned above are
operating. The formations are probably relatively thin,
and may well be steeply inclined. That the environment of
deposition of the sediments was somewhat different here is
supported by the development of a limestone unit
(coloured turquoise on the map) between divisions 73 and
74. Notice also that the units are here crossed in the reverse
sequence from the previous traverses — they become
successively younger from east to west. This does not
account for their narrowness but it does tell us that the
beds here are inclined towards the west (Fig. 2.1d).

Any tilting from the horizontal shown by beds of rock is
referred to as the angle of dip, and the direction towards
which the beds are inclined is known as the direction of
dip. At right angles to the dip direction is the direction of
strike, often just called the ‘strike’ of the beds. These
important concepts of strike and dip will be defined and
examined more rigorously in section 4.2. For the moment,
we can simply note that the strike direction is reflected by
the outcrop patterns, at least on small-scale maps. For
example, the rock units just discussed around Great
Malvern [SO7745] dip to the west, and the strike, at right
angles to the dip, is N=S, as shown by the N-S arrange-
ment of the outcrops. At Llandovery [SN7734], the out-
crops have a NE-SW pattern, indicating a strike in that
direction (Fig. 2.1e). The dip is to the southeast.

2.3.2 Unconformities

Along an irregular line running southwestwards from
long. 110° 20', lat. 44° 20’ on the US map (Plate 2),
NW-SE striking outcrops of rocks, varying in age from
Precambrian (W) through Upper Paleozoic to Cretaceous
(K), are obliquely cut across by the Quaternary volcanics
(Qf) of Yellowstone Park. This appearance — referred to as
a discordant relationship — came about in this case
because the latter rocks are younger and were laid down as
a series of volcaniclastic rocks and lava flows on a land
surface which already consisted of the NW-SE striking
Cretaceous and older rocks. The junction therefore repre-
sents a period of geological time (between the Cretaceous
and the Quaternary) for which no rocks are present.

A discordant junction which represents a period of non-
deposition is known as an unconformity (Fig. 2.2a). It is
commonly recognisable on a map as an irregular line along
which younger rocks appear to truncate older rocks. The
rocks above an unconformity are markedly younger than
those below, and were laid down on a surface developed on
the older rocks. In the present example, the surface was the
landscape of Yellowstone at the time the volcanic material
was deposited. Where that preserved surface meets today’s



Fig. 2.1 Sketches to show aspects of the geology seen on Plate 1, part of the BGS Ten Mile map of the UK.

landscape, a linear trace is formed, as always with the inter-
section of two surfaces. Thus, on the map we see the trace
of unconformity.

A further example of an unconformity occurs on the
northeast flanks of the Wind River Mountains discussed
earlier (section 2.2) around long. 109° 15, lat. 43° 20'.
The Tertiary deposits (coloured yellow) appear to be
truncating the Cretaceous and older NW-SE trending
units (coloured green, blue, and pink). Just here the

Cretaceous and Palaeozoic sequence must be dipping
northeast because the units become younger in that direc-
tion (see section 2.3.1). The Tertiary material was presum-
ably deposited horizontally on top of the older rocks after
they had been tilted and eroded. The resulting discordant
junction therefore represents a span of geological time un-
represented by any rocks (Fig.2.2a).

Notice that these lines of unconformity are drawn on the
map with the same thickness as ordinary geological

11
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boundaries. Apart from the truncating aspects of the above
examples, the only difference from normal junctions
between sedimentary rock units is the implication of a time

‘gap, a substantial period for which no rocks exist. The

reader has to deduce this from the map and its key. Un-
conformities are considered further in chapter 7.

2.3.3 Kolded rocks

From Yellowtail Reservoir in the Big Horn Mountains of
Wyoming (Plate 2, long. 108° 10’, lat. 45° 10'), a route
northeastwards would take us from Upper Palaeozoic
rocks across Lower Cretaceous and a succession of Upper
Cretaceous units. They are therefore dipping towards the
northeast. However, southwest of Yellowtail Reservoir the
units dip in the opposite direction towards the southwest.
The simplest explanation of this rather sudden reversal of
dip direction is that the units are flexed into an upwarp, the
reservoir being situated in the middle (see Fig. 2.2b). This
idea is supported by the fact that to the northwest of the
reservoir the same units curve round on the map to link up
the two oppositely inclined sequences. This curving
outcrop pattern, with the oldest rocks in the central part of
the arc, is characteristic of beds which are unwarped.
Where the curvature of the outcrops is complete, to give a
circular aspect to the map pattern, the beds may well be
forming a dome.

Continuing southwest from Yellowtail Reservoir into
the area around the Greybull River, rocks of Tertiary age
(TeC) are reached. But then the sequence reverses again
and, further southwest, units of Palacocene (Txc) and
progressively older Cretaceous age (uK 3, uK2) are crossed.
These units, too, curve around, southeast of Worland, to
produce an arcuate pattern but here with the youngest
rocks in the middle. This is the kind of outcrop pattern
associated with downwarped units (Fig. 2.2b). Downwarps
on this scale (tens of kilometres or more across) are referred
to as basins, and the upwarps as arches or domes. Just as
with a dome, a completely formed basin will give a roughly
circular pattern, concentric around the centre of the

structure. A small-scale example occurs at long. 109° 0,

lat. 43° 30’ and there are several incomplete examples in
the vicinity.

This warping of rocks, particularly on a smaller scale,
say a few kilometres and less, is known as folding. Folds
with the oldest rocks in the middle are called anticlines
and those with the youngest rocks in the middle are called
synclines. They are detected on maps by the roughly
symmetrical reversal of dip direction (Fig. 2.2c). If the
crest or trough of the fold structure is inclined to the
ground surface, it will produce arcuate outcrop patterns
like those mentioned above in the Bighorn Mountains.

To give an example from Plate 1, in E Wales around
Llanfyllin [SJ1419], the curving outcrop patterns of

Silurian rocks (units 70—74) are due to a series of anticlines
and synclines, the crests and troughs of which are inclined
towards the southwest. Folded rocks are examined further
in chapter 8.

2.3.4 Faulted rocks

Faults are fractures in rocks, along which the rocks have
been displaced. Materials of different ages can therefore be
brought next to each other. Rather like unconformities, the
effect of a time gap is produced, indeed the two kinds of
structures can be difficult to tell apart. However, where the
geological surveyor has decided that the junction between
two different units is a fault, it is usual for this to be
indicated on the map by some special symbolism. The UK
and US maps both do this, on the former by a dot—dash
line and on the latter by a heavy line, dotted where con-
cealed by younger deposits.

The fault in Teten County, Wyoming (Plate 2, long.
110° 40', lat. 43° 40') brings Precambrian rocks (Wg) next
to Quaternary deposits (Q). In view of the rock displace-
ment required to explain this age contrast, this rather
isolated fault must be a major one. Moreover, unlike most
of the boundaries of the Quaternary outcrops, which are
shown to represent normal depositional surfaces, the fact
that this boundary is a fault means that the Quaternary de-
posits themselves have been displaced (Fig. 2.2d). It is
therefore a very young fault and conceivably may still be
active. (In fact this fault, the Teton Fault, has displaced the
Precambrian rocks by over 8 km, continues to produce
tremors, and has a profound effect on the landscape.)

Eighty miles to the south, around the Idaho—Wyoming
state line (Plate 2, long. 110° 45’, lat. 43°0'), a closely
spaced system of faults interrupts the upper Palaeozoic
(blue, uPz) to lower Cretaceous (green, 1K) succession.
Most of the normal geological boundaries that are shown
indicate an overall dip to the west (Mesozoic rocks follow
the upper Palaeozoic westwards). But towards the west of
the area, instead of the upper Palaeozoic rocks being at
depth and therefore not shown on the map, a number of
these faults have displaced the Palaeozoic rocks back to the
surface. Such systems of closely spaced faults which can
bring older rocks up from depth are typical of what are
called thrust belts, which are looked at more closely in
section 10.2. Notice two points regarding the age of these
faults: (a) in places the faults curve, together with the
outcrops of the rocks, suggesting that the faults themselves
have been folded; (b) these faults pass underneath deposits
of Tertiary and Quaternary age, indicating that movement
along the fractures had ceased before Tertiary times.
(These are actually contraction (thrust) faults; part of
the important Cretaceous-age Idaho-Wyoming thrust
belt.) Faults are looked at in more detail in chapters 9 and
10.



Fig. 2.2 Sketches to show aspects of the geology seen on Plate 2, part of the USGS 1:2 500 000 map of the USA.
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2.3.5 Igneous rocks and geological histories

On Plate 1, the long, narrow strips of basalt and dolerite
around Dolgellau [SH7317] parallel the nearby sedi-
mentary and volcaniclastic rocks and are therefore likely to
be the concordant igneous bodies known as sills. In
contrast, the igneous rocks on Plate 2 around long.
110° 20, lat. 46° 10’ outcrop with no relation to the sur-
rounding rocks. These must be the discordant sheets called
dykes. In this example, they are radial dykes, arranged
like spokes around a hub of igneous material.

It is common with igneous rocks to be able to deduce
something from a map about their relative ages. For
example, the dykes in the last example cut across Tertiary
rocks, and must therefore have been intruded at some more
recent geological time. The principle that a geological
feature that cuts another must be the younger of the two,
often called cross-cutting relationships, is a funda-
mental one in deducing geological histories. It is by no
means confined to igneous rocks. For example, the con-
centric outcrops centred on long. 106° 15’, lat. 42° 10’
become younger outwards, and are therefore folded in a
dome form. However, they are also faulted, the movement
of the units being recorded by the offsets of the outcrops
along the fault lines. But it is the folded units that are
faulted, that is, the folding must have preceded the faulting
of the rocks. An example of deducing information on the
relative ages of faults was given at the end of section 2.3.4.
Interpretation of the sequence in which events took place is
an important aspect of geological map work and is explored
further in chapter 2.

2.4 Conclusion

Even at this preliminary stage, we have begun to see the

variety of things that can be interpreted from a geological
map. From the relationships between rocks and structures
of different ages, we can interpret something of the
geological history of the area. Some idea of the three-
dimensional nature of the rocks can be obtained, especially
by noting particular outcrop patterns. All these concepts
will be explored more fully in succeeding chapters. We
begin by considering in more detail one of the most power-
ful and useful aspects of large-scale geological maps: the
accurate representation of rocks in three dimensions.

2.5 Summary of chapter

1. Uncontoured geological maps may yield information
on geology and topography, especially from drainage
patterns.

2. Rocks become successively younger in the direction in
which they are dipping.

3. Relatively narrow outcrops may reflect steeper dips or
thinner units, or some combination of both.

4. Unconformities represent missing stratigraphy, and
may appear as discordant junctions between units of
different geological ages.

5. Folds produce symmetrically repeated outcrop pat-
terns. The units become younger outwards from the
centre of domes and anticlines, and older outwards
from the centre of basins and synclines.

6. Faults, fractures along which the rocks have been dis-
placed, are commonly depicted on maps by a particular
line symbol.

7. The form of igneous bodies, such as dykes and sills,
may be deduced from maps.

8. Aspects of the geological history of an area can be
interpreted from maps.



3 The three-dimensional aspect:

structure contours

3.1 Introduction

The problem of representing three-dimensional things on
a flat piece of paper has exercised minds for many years,
nowhere more so than with regard to maps. Many atlases
begin by discussing the question of how to represent the
spherical earth in a book. A similar problem is the
portrayal of the undulations — the relief — of the earth’s
surface. Early map-makers attempted to depict relief by
drawing humpy little hills, often wildly exaggerated in
height and steepness. Better pictorial methods gradually
evolved, such as shading and hachuring, but in general
these are unsuited to geological maps. By far the most suc-
cessful means yet devised are topographic contour lines.
These are now common on larger scale geological maps,
say 1:100 000 or larger. Figures 1.4 and 1.5 illustrated the
concept of topographic contours, and Fig. 1.6 showed how
to construct topographic profiles from them. It is
important that you are completely familiar with
topographic contours.

This chapter is concerned with applying all these
principles to underground surfaces. It begins by empha-
sising the similarity between topographic contours and
those drawn for underground surfaces, called structure
contours. The chapter explains how structure contours are
derived, and illustrates their use. Although these days the
routine construction and manipulation of structure
contours are increasingly being carried out by computer
methods, the understanding of the three-dimensional prin-
ciples behind them remains fundamental.

3.2 The nature of structure contours

Contour lines can be used to represent on a piece of paper
any three-dimensional surface, not necessarily the relief of
the land. The contours drawn in Fig. 3.1a could equally
represent the shape of the earth’s surface or, say, the
surface* of a rock formation. Although the formation may

be underground, it still has an altitude, and the contour
lines simply join the points on either its top or bottom
surface that have equal height.

It is possible, therefore, to draw on a map contour lines
which portray not the land surface but the position and
undulations of some underground surface. Such contour
lines are called structure contours. Without labels, the
lines on Fig. 3.1a could be topographic contours represent-
ing a hill, but they could equally well be structure contours
depicting a map unit that has been upwarped into a dome.
The structure contours sketched in Fig. 3.1b are of a
surface which has the form of a basin, and in Fig. 3.1c they
depict a dome. Note that because the dome in Fig. 3.1c is
deeply buried, the altitudes are negative with respect to
sea-level.

If the structure contours of a surface are known, a cross-
section can readily be constructed, in an exactly analogous
way to a topographic profile (Fig. 1.6). Instead of marking
on a strip of paper where the topographic contours meet the
line of the section, the position and altitude of the structure
contours are marked and transferred to the section grid.
This has been done to produce the cross-sections shown in
Figs 3.1b and 3.1c. Some published maps include struc-
ture contours, normally of a surface that is considered
representative of the structure of the area, but it usually
falls to the map reader to construct them. Structure con-
tours can be drawn for any geological surface, for example,
a fault or the boundaries of an igneous intrusion.

3.3 Examples of structure contours on maps

Figure 3.2a is a structure contour map of the Ekofisk
oilfield, the first of the giant oilfields to be discovered in
the North Sea. The surface for which the structure con-
tours are drawn is the top of the rock unit which contains
most of the oil. The contours show this formation to be in
the form of a deeply buried dome, slightly elongate in a

* Note that the word ‘surface’ has two slightly different meanings in the
map context. In addition to meaning /and surface — the outer surface of
the earth — the term also applies to the boundary of any geological body or
curving geological plane, and these can be underground. Thus geologists

talk both about ‘the beds outcropping az the land surface’, the ground on
which we live, and ‘the outcrop of a surface’, such as the boundary of a
map unit or a fault.
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Fig. 3.1 The similarity between topographic and structure contours. The lines in (a), if they are regarded as topographic
contours, represent a hill. Equally they could be regarded as structure contours representing a dome-shaped geological
surface, buried beneath some higher land surface. The lines in (b), without information on whether they are topographic or
structure contours, could represent either a depression in the land surface or a buried structure of basinal form. The lines in
(c), although similar in form to topographic contours representing a hill, are likely in view of their negative altitudes, to be
structure contours representing a subsurface dome. In practice, different line symbolisms are used on maps to differentiate

the two kinds of contours.

N-S8 direction. It is in the upper part of this dome that the
oil is trapped.

Figure 3.2b is an inclined view of the structure which
may help you see how the structure contours are represent-
ing the dome. It is vital that you become used to visualising
structure contours in three dimensions. Map 1 provides an
exercise. Figure 3.2b also shows the location of the main

oil wells, positioned to penetrate the oil in the crest of the
dome. Perhaps it is becoming apparent to you why struc-
ture contours are of such value in applied geology. In fact,
it was for practical reasons that the device was originated in
the anthracite fields of Pennsylvania.

Figure 3.3 illustrates an unusual practical use of struc-
ture contours, as well as a very irregular contour pattern



Fig.3.2 An example of a structure contour map: the
Ekofisk oilfield, North Sea. (a) Structure contour map of
the top of the oil-bearing formation. (b) Oblique view of the
form of the contoured surface (bottom level of drawing), in

comparison with the structure contours (drawn at some arbitrary middle level) and the sea-bed (top level). Reproduced with
modification from van der Bark and Thomas (1980), by permission of the American Association of Petroleum Geologists.

(see section 4.2 for the reasons for the irregularities). In the
area south of Bordeaux, France, the quality of the grapes
depends upon the soil, which in turn depends upon the
depth to a particular limestone, known as the Calcaire a
Astéries. Better wine is likely to be made where the lime-
stone is buried by no more than a few metres. The
structure contours for the top surface of the limestone
allow, by comparison with a map showing topographic alti-
tudes, determination of the depth to the limestone at any
locality of interest. This provides an initial guide to the
likely value of a specific locality for wine-making.

3.4 Structure contours derived from borehole/well
information

But how are structure contours known if the surface they
represent is out of sight underground? The most common
method of deriving them, especially in industry, is to use
information obtained by drilling (.g. Bishop, 1960). If the
elevation of the land surface where the drilling starts is
known, the depth at which the bedding surface of interest
is encountered can be measured, and, by subtraction, its
elevation derived. Such boreholes, usually called wells in
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Fig. 3.3 An example of a structure contour map: the Calcaire a Astéries, Entre-Deux-Mers, France. Note the shallow-burial

levels of the contoured surface. Reasons for the irregularity of the contours are mentioned in section 4.2. Based on Vigneaux
and Leneuf (1980).
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Fig. 3.4 Drawing structure contours from
well data: a worked example, Prudhoe Bay,
Alaska. (a) Starting data. (b) Initial steps.
Joining the two —2500 wells gives a
tentative —2500 contour. The —-3500
contour may run parallel to this, through
the —3500 well. Bisecting the —2500 to
—3500 sides of the triangle shown gives two
-3000 points, and a tentative —3000
contour. (c) Bisecting the —3500 to —4300
distance gives a —3900 site. Quartering the
distance between the derived —3900 site
and the —4300 well locates the —4000 site.
However, the tentative contours and
spacings derived in (b) conflict with these
new sites if they are added as straight lines;
a solution is to curve all the lines, as shown
in (c). Bisecting the —4500 to —5500
distance gives a —5000 site; a further
-5000 point is derived by dividing the
—-4300 to —5500 distance into twelfths, and

hence the —5000 contour. Parallel to this, presumably, is the —5500 contour and, beyond the —5800 well, the —6000
contour. (d) Completed map, omitting well data but showing structure contours at 500 ft intervals. Base data highly
simplified from Jamieson ez al. (1980), by permission of the American Association of Petroleum Geologists.

the oil industry, are important sources of much subsurface
information. Of course, to assess a buried undulating
surface with any accuracy, many holes would be needed
with interpolation between the known values. Figure 3.4 is

a worked example, and Map 2 provides an exercise. Any
other available information will be added in to help control
the accuracy of the structure contours. In oil exploration,
especially, the data from seismic sections will be included.

19



20

10

Topographic
contours

(a)

900

90

(b)

900

(c)

900

(d)

Structure
contours

300

400

500

300

400

500

300

400

500

300

400

500

Fig. 3.5 The relationship between topographic contours (narrow lines), structure contours (medium lines) and outcrop

(broad lines). Section 3.5 explains this figure in detail.




3.5 Structure contours derived from topography:
the theory

It is possible to construct contours for near-surface rocks
without borehole information, if the formation outcrops.
For this, it is necessary to know the various topographic
altitudes at which the unit reaches the land surface. This,
of course, is exactly what is shown on a geological map.
Therefore, this technique is much used, both in academic
research and commercial work. In fact, the three-
dimensional thinking that the method involves is relevant
to many kinds of subsurface work. However, beginners can
find the concepts difficult. Therefore, the following
explanation starts with a broader consideration of the
problem and develops the method step-by-step.

Topographic contours and structure contours both work
on the principle of connecting points of equal elevation,
differing merely in the particular surfaces they represent.
They can be shown together on a single map. In Fig. 3.5a
the topographic contours are depicting a land surface
ranging between 300 and 1000 m in elevation, whereas the
structure contours are showing a curved formation
boundary at an altitude of between —500 and 100 m. The
formation surface is therefore underground. You should
look at Fig. 3.5a and make sure you can see in your mind’s
eye the two separate surfaces represented: the land surface
and the formation at depth.

Figure 3.5b shows a rather similar situation — exactly the
same land surface, and structure contours for a curved
formation surface — but there is an important difference
from Fig. 3.5a. The particular formation boundary shown,
although of the same shape as before, is at a higher altitude
and so is less deeply buried. In fact, in some places the
topographic contours and the structure contours intersect
at precisely the same value of altitude. Where this is the
case, the formation surface cannot be buried at all. The
formation will actually outcrop at the earth’s surface.
Figure 3.5c¢ is exactly the same as Fig. 3.5b except that it
includes the points where the contours are showing that
the formation boundary must outcrop.

The values of the contours given on the map depend on
the contour interval; there may well be intermediate
elevations where the bed also reaches the surface. Figure
3.5¢ shows in addition the interpolated 850 m contours,
and hence further points where the bed would be expected
to outcrop. Figure 3.5d shows the logical extension of this
— all the points where the bedding surface should reach the
land surface. These merge together to form a linear trace.
This line is the trace of where the bedding intersects with
the land surface: it is the outcrop of that bedding surface.
Thus, by knowing the structure contours for a geological
surface and the topographic contours we have predicted
what should be the outcrop of that surface. This is a
procedure which finds some use in field surveying (section
13.2), but it is a variation on this approach that allows us to

make the more valuable construction of deriving structure
contours from topography.

For most purposes it is much more useful to construct
not the outcrop from known structure contours and
topography, but structure contours from known outcrop
and topography, for these last two factors are available at
the land surface. It is possible for just the same reasons as
developed above. Figure 3.6a shows a small part of the
outcrop of a geological surface and it shows topographic
contours. Figure 3.6b shows locations through which the
200, 300, and 400 m structure contours must pass, and
Fig. 3.6c represents the only way in which the structure
contours can be drawn satisfactorily in this example.
Section 3.6 discusses further why this is the only possible
path. (An alternative interpretation involving all the
boundaries being wholly vertical is also possible here, but
would normally be identifiable if more of the map were
seen.)

A large-scale geological map will usually supply the
information on topography and outcrop, and so in
principle we can construct on it structure contours for
surfaces of interest. We are therefore in a position to
predict from a map, the three-dimensional arrangement of
an outcropping formation. Imagine the practical appli-
cations of this: a hydrogeologist can derive the location and
form of an aquifer; a mining geologist can estimate the
length of tunnel or drill-hole necessary to reach the
material of value; an engineering geologist can assess the
nature of the rocks he is considering excavating for a build-
ing foundation. If we derive structure contours for the top
and bottom of a formation of commercial value, we will be
able to calculate its volume, that is, we can estimate
reserves. We have arrived at one of the great practical uses
of geological maps.

3.6 Structure contours derived from topography:
the practice

Begin by locating on the map the outcrop of the surface
that is to be contoured. If you are interested in the top of a
formation, make sure you are dealing with the top surface
and not the base! The top will be adjacent to the next
youngest formation, and the dip direction of the unit, if it
is known, will be towards it (section 2.3.1).

Look for places where the outcrop of the surface crosses
topographic contours, and start your construction in an
area where there are plenty of intersections. Leave until
last those areas where there are few intersections and
therefore least control on the route of the structure
contours. Where the outcrop crosses or meets a topo-
graphic contour, you know the surface must be at the same
altitude as that topographic contour. If you can locate two
or more reasonably close intersections with the same alti-
tude, you can tentatively connect them to produce the
structure contour for that altitude.
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Fig. 3.6 Constructing structure contours from topography
and outcrop. (a) Portion of a hypothetical geological map,
showing topographic contours (dotted) and the outcrop of a
sandstone unit. The top of the sandstone is to be
contoured. (b) Preliminary steps. Reference to the
stratigraphic sequence shown in the key enables the top of
the sandstone to be located on the map. Circles indicate
where the altitude of the top of unit is known, from
intersections with topographic contours: the structure
contours will pass through these circles. Consider the circle
at X. At first it may seem that there are two possible routes
for the 200 m structure contour to pass through the

outcrop/200 m topographic contour intersection, as illustrated in (c) and (d). However, the route shown in (c) is not
compatible with the map information, and only the route shown in (d) can be correct. (e) shows the 200, 300 and 400 m

structure contours completed from the map information.

It may seem at first that there are several courses the
structure contour could take through the point of known
altitude (e.g. see Fig. 3.6b). However, only one of them
will correspond with the actual outcrop that is shown on
the map (Fig. 3.6d). For example, if the structure contour
(drawn for the zop of a unit) of a certain altitude crosses an
intersection into ground of a lower altitude, then the
formation that is being contoured will be outcropping
there. On the other hand, if the same structure contour
enters ground of higher altitude, then the outcrop there
will be of material stratigraphically above the contoured
formation.

The structure contour of a surface can cross a topo-
graphic contour of the same altitude only at a point where
that surface outcrops. There is nothing wrong with it
crossing topographic contours of higher altitudes, pro-

vided the surface at those places is buried. Conversely, it
can cross topographic contours of lower altitudes, provided
the map shows the surface being contoured to have been
eroded away at those points.

Another help in drawing the course of a structure con-
tour is to sketch in lightly some interpolated intermediate
altitudes to obtain more control points. In most cases the
structure contour will curve smoothly; if it makes violent
twists it is likely to be wrong, or there has been faulting of
the rocks. Experience counts a lot in drawing satisfactory
structure contours and there is usually a fair amount of trial
and error involved.

When the tentative structure contour seems to be
obeying all the topographic and outcrop information in the
starting area, it can be firmed up. Further structure
contours in that vicinity can then be added, using the same



Fig. 3.7 Deriving structure contours from outcrop and topographic contours: a worked example, Slaidburn, Yorkshire. The
ellipses enclose areas of information particularly useful in drawing the structure contours. With the contour patterns
established, additional subsurface contours, say 400, 300 and 200 ft, could be added to allow subsurface predictions.
Geological map based on Parkinson by permission of the Geological Society, on ‘The Carboniferous succession in the
Slaidburn district, Yorkshire’, D. P. Parkinson, Quar:. J. Geol. Soc. London, 92, p. 294-331.

methods. Adjacent structure contours tend to be parallel,
so that once one is drawn with confidence, it serves as a
guide for the nearby ones. They are likely to be evenly
spaced. Structure contours can touch each other only
where the surface is vertical. These latter guides take
priority over any interpolated points, which, after all, are
only hypothetical. Developing several adjacent contours
together usually gives better results than completing each
line in turn. There is normally little point in adding
structure contours of Aigher altitude than the present-day
land surface, that is, representing where the contoured
surface used to be before erosion. On the other hand,
adding subsurface contours is of immense practical use, as
mentioned earlier, in predicting the underground location
of materials.

It is usually easiest to work progessively outwards from
the starting area, but with some maps it is necessary to
sketch the structure contours for several separated areas
where there is good topographic control, and then to
extrapolate between them. A look at the outcrop patterns
on the map should give you some idea of the form of the
rocks (section 2.3) and therefore the kind of overall shape
the structure contours are likely to have. With practice you
will develop your own way of tackling these constructions.

Figure 3.7 shows a worked example of structure con-
tours derived from the intersection of outcrops and topog-
raphy on a real geological map. Some explanatory
comments are added. The important thing when drawing
stucture contours is not to try and apply a series of
memorised rules, but to understand the procedure. Always
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Fig. 3.8 An example of the use of borehole/well
information to constrain the routes of structure
contours drawn from topography. (a)
Topographic contours (solid lines) and known
outcrops of coal seam at X, Y and Z (solid black
circles). At location ZY, halfway between Z

(200 m) and Y (400 m), altitude of seam is
presumably 300 m, enabling 300 m structure
contour to be drawn through ZY and X. Parallel
to this, 400 m structure contour is drawn through
Y and 200 m structure contour through Z.
Additional structure contours are equidistant,
assuming uniform dip of the seam. (b) Borehole
at A encounters coal seam not at the 80 m
predicted from (a) (0 and —100 m structure
contours of (a) shown as dotted lines), but at 0 m.
This suggests dip increases north-eastwards;
structure contours in (b), with increased spacing,
reflect this new information. Borehole at B
confirms seam at —300 m, as predicted. Structure
contours of (b) are best interpretation of
information from three outcrops and two
boreholes. (c) Further borehole at C fails to
encounter seam at —460 m as predicted from (b).
(—400 and —500 m structure contours of (b)
shown in dotted lines), but at =300 m. This
could indicate a reversal of dip direction in the
north-east of the area (i.e. seam dips south-west),
in which case borehold D should encounter seam
at about —320 m. However, seam at D is met at
—400 m, suggesting that structure contours are
not parallel, leading to the refined interpretation
shown in (c).

try to visualise in three dimensions what you are doing. 3.7 Structure contours from topography and
Working geologists do not spend vast amounts of time boreholes

carrying out these constructions, especially in these days of

assistance from computers, but an understanding of how Deriving structure contours from outcrop and topography
the methods work is paramount. is useful in near-surface operations, but the reliability of



Fig. 3.9 The significance of straight structure contours (strike lines). (a) Straight topographic contours resulting from
smooth hillslope with consistent direction. The varying gradient is represented by the spacing of the contours. (b) Straight
structure contours representing a smooth geological surface; the even spacing reflects a uniform angle of dip.

underground predictions falls off as increasing extra-
polation becomes necessary. It may become too approxi-
mate for commercial work on more deeply buried rocks.
Then it becomes necessary to supplement the map infor-
mation with some direct underground data. Drilling is
expensive, but a carefully sited borehole or two can greatly
constrain where the structure contours can be drawn.
Figure 3.8 gives an example. Map 5 provides an exercise
using outcrop and borehole information in conjunction.

3.8 Straight structure contours

Structure contours are exactly the same as topographic
contours except that they represent some underground
surface. They can, however, look a bit different. Figure
3.9a shows the topographic contours for some hypothetical
smooth hill slope of fairly even gradient. The topographic
contours are straight and evenly spaced, merely becoming
closer where the gradient is steeper. Rarely are topographic
contours actually like this on maps because natural hill
slopes usually have various irregularities due to erosion.
Bedding surfaces, however, can have this appearance on
large-scale maps if the inclined plane is smooth and non-
undulating (Fig. 3.9b). Here, the structure contours will
appear as straight lines. They are, however, unlikely to be
dead straight. You should not construct contours with a
ruler; natural planes are not that smooth!

Straight structure contours are sometimes referred to as
strike lines. This is because structure contours everywhere
parallel the strike of the surface they are representing,
which is conspicuously constant in direction if the lines are
straight. The strike direction is therefore readily visualised
and measured from them. Knowledge of the strike direc-
tion is essential in assessing the orientation of geological

surfaces. The idea of strike and dip was introduced in
section 2.3.1. but we now need to look more closely at this
much used geological concept.

3.9 Summary of chapter

1. Structure contours are similar to topographic contours,
but represent some underground surface such as the
boundary of a rock unit rather than the land surface.

2. They depict in map view the position and form of the
underground surface, and are therefore a highly useful
construction.

3. They can be constructed from borehole/well inform-
ation by interpolating the elevations of the surface
between the holes.

4. Structure contours for outcropping surfaces can be
constructed from the topographic elevations at which
they outcrop.

5. The drawing of structure contours from outcrop ele-
vations is more closely controlled if there is borehole
information in addition.

6. Structure contours for smooth, uniformly-inclined
surfaces are straight, and are also called strike-lines.

3.10 Selected further reading

Badgley, P. C. (1959). Structural Methods for the Explor-
ation Geologist, New York, Harper and Brothers.
(Chapter 4 of this excellent, advanced book is about
structure contour maps. It includes a list of properties of
structure contours and constructing hints.)

Ragan, D. M. (1985). Structural Geology. An introduction
to geometrical techniques, 3rd edn, New York, Wiley.
(Chapter 18 is a brief treatment of structure contours.)
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MAP 1 Raton, New Mexico, USA

In northeastern New Mexico, between the towns of Las
Vegas and Raton, is a thick sequence of Palaeozoic and
Mesozoic clastic sedimentary rocks. Gas has been ex-
tracted from some of the Cretaceous rocks. In fact, there
are signs that hydrocarbons have been widely generated in
the area, but suitable traps have proved elusive. In the
search for oil and gas traps, numerous structure contour
maps have been constructed for various stratigraphic
horizons.

It turns out that the overall control on the form of the
sedimentary basin is the Precambrian basement. On its
surface the sedimentary pile accumulated. The form of this
surface is depicted in the structure contour map opposite,
reproduced with slight modification from Woodward
(1984), by permission of the American Association of
Petroleum Geologists.

Where in the area is the thickest accumulation of sediments
likely to be? If the present-day land surface at that site is
2000 m above sea-level, how thick are the sediments there?
Describe in words the form of the Precambrian basement
in the vicinity of that site.

Away from the structure just discussed, where is the next
thickest sedimentary accumulation likely to be? How does
the structure here differ from that described above? What
kind of structure separates the two areas? Describe its
orientation.

Where in the map area is the highest point on the Pre-
cambrian surface? Where does it show the steepest
gradient? Where is it least steep?
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MAP 2 Lacq gas field, Aquitaine, France

During the decade 1950-60, extensive drilling defined Lacq gas field, Aquitaine: well depths.
what was to become France’s largest gas field. On the map
opposite, slightly modified from Winnock and Pontalier Well number Depth* Well number  Depth*
(1970), by permission of the American Association of
Petroleum Geologists, the locations of some of the wells 3 11070 117 14420
are shown. The table opposite gives the depth at which 101 11250 118 11960
each well encountered the top of the Neocomian rocks (a 102 12300 119 11790
.. . L . . 103 11390 120 11040
division in the lower Cretaceous), within which gas is 104 10730 121 13150
trapped. 105 10300 122 11590
106 12070 123 12200
From these data draw a structure contour map of the upper 107 13010 124 12 640
surface of the Neocomian. Describe in words the form of 108 12 360 125 12 490
the Lacq structure. Sketch a NE-SW cross-section, say 109 14 300 126 14 000
through wells 118 and 126, to illustrate the structure. 110 13880 127 12740
111 12950 128 11810
112 11540 129 11370
113 10500 130 11790
114 12850 131 11690
115 12950 132 12940
116 13 460 133 10 680

* Depth quoted is to top Neocomian, in feet below sea-level.
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MAP 3 Bear Hole, Montana, USA
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The map opposite is of an area in south-central Montana,
in the Big Horn Mountains. The land is part of the Crow
Indian Reservation. The geology also appears, in very
simplified form, on Plate 2 (note the values of latitude and
longitude). The map is part of the USGS 1:24 000
Preliminary Geological Map of the Bear Hole Quadrangle,
Map MF-1885, reproduced by permission of the USGS. It
was produced using a combination of field reconnaissance
and air photo interpretation, together with a computer-
assisted method of determining the strike and dip of units
from the air photos. The technique was feasible because
the units are uniformly dipping and of reasonably
consistent thickness. The formations in the area range in

age from Precambrian to Mississippian (Lower Carbon-
iferous), as indicated on the above key.

Identify the Upper Devonian by adding colour to its out-
crop. Locate its top and its base. Draw structure contours,
say the 8200, 8400, and 8600 ft values, for the top and
bottom surfaces of the Upper Devonian. Comment on the
form and spacing of the structure contours, and hence the
form of the Upper Devonian.

The formations appearing in the northeast corner of the
area are unlabelled. Deduce what they should be.
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MAP4 Maccoyella Ridge, Koranga, New Zealand

The facing map is based on part of the New Zealand
Geological Survey PTS Sheet N87/9, N88/7: Geology of
Koranga, Raukumara Peninsula, by permission of the
New Zealand Geological Survey. It is enlarged here from
the 1:15840 (four inches to a mile) of the original to
approximately 1:10 000. The grid reference numbers can
be used in an analogous way to the UK National Grid.

The map shows a sequence of sedimentary rocks of
Jurassic~Cretaceous age. There is some variation in
thickness, shown particularly by the Koranga sandstone,
which in some places is absent altogether. Also, the units
are slightly folded, so that structure contours will tend to
curve, and their spacing may vary, reflecting differing
amounts of inclination.

From the age relations given in the key, in what overall
direction are the units dipping?

On the map, is the top surface or the base of the Te Were
sandstone further towards the southeast? Carefully draw
structure contours for the base of the Te Were sandstone.

Describe in words the form of this surface.
Assuming all the other units dip by the same amount as the

Te Were base, sketch a cross-section across the area to
show the overall geological structure.
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MAPS5 Coalbrookdale Coalfield, Shropshire, England
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The Coalbrookdale Coalfield lies between Shrewsbury and
Wolverhampton. It is small, but because of the nearby
ironstone, is one of the places where the Industrial
Revolution began. Like almost all other UK coalfields, the
rocks are of Carboniferous age. Locate it on the part of the
Ten Mile map reproduced here as Plate 1. What is the
oldest unit that the coal-bearing rocks (Lower West-
phalian) are in contact with?

Opposite is a map of the kind of geology found in the
Granville Colliery area. What is the overall structure of the
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(thickness 1917)
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sandstone
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bands, and fireclays.
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. — . — | sandstones, with plant
fossils in places.

| = _—_=_=1shale,with minor coals
and brickclays

Fungus Coal in this area?

A new mine-shaft is being constructed in the area where
borehole G130 has been sunk. Make a vertical column (like
those in the key) of what you predict this borehole should
contain. In particular, state the depth at which you predict
the Fungus Coal will be reached. (Note that all these
problems are best tackled by first drawing structure
contours for the Fungus Coal. This is done most accurately
by combining the topographic and the borehole inform-
ation on its elevations.)
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4 Measurements inthree dimensions:
strike and dip, formation thickness

and depth

4.1 Introduction

We are beginning to see why geological maps are such a
powerful and convenient means of conveying information
about the three-dimensional configuration of rocks. Never-
theless, it is often necessary to specify the arrangement in
words or numbers. Geologists do this by using the concept
of strike and dip. The general idea was introduced in
section 2.3.1; the first part of this chapter explains it in
detail. The second part of the chapter expands on methods
of subsurface projection and some useful measurements
that can be made from maps. These techniques are of use
in applied geology where, for many purposes, the work will
have to be done as accurately as possible, especially if sums
of money are at risk. Some of the corrections that may have
to be borne in mind for this kind of mapwork are
introduced.

4.2 Strike and dip

Strike and dip are used to specify the orientation of a geo-
logical surface, such as the top of a bed of sedimentary
rock. The strike of bedding is the direction of any
imaginary horizontal line running along a planar bed. It
has no position, just direction. It therefore does not matter
where on the plane the strike is measured. It is usually
given as a compass direction, either loosely in words, say,
NE-SW, or in degrees measured clockwise from north and
quoted as three figures, say 045°. The angle of dip is the
maximum inclination of the bed in degrees from the hori-
zontal. To avoid confusion with strike it is quoted as two
figures, say 08° or 30°, and is always given after the strike
value. In addition to the angle of dip, there is the direction
towards which the surface is inclined, called the dip
direction. This will always be at right angles to the strike.

Notice that it is not some arbitrary decision by geologists
to define the dip direction as perpendicular to strike, or
vice versa. It is a property of any tilted plane that the line at
right angles to the maximum inclination will be horizontal.
Consider the sloping roof of a house (Fig. 4.1a) and
imagine rain falling on it. The water will trickle down the

steepest slope, that is, in the dip direction. The line at right
angles to that direction will be parallel to the ridge of the
roof] that is, horizontal. The ridge line of the roof therefore
parallels the ‘strike’ direction. Thus, if the house in Fig.
4.1 is south-facing, in geological terms the front half of the
roof is dipping S and striking E-W. If the slope of the roof
were 45° we could express its orientation as 090/45° S.
This expression conveys precisely and concisely the orien-
tation of that part of the roof. Note that there would be
ambiguity without the ‘S’ at the end. The northern half of
the roof is oriented at 090/45° N.

Strike and dip, then, are ways of expressing the orienta-
tion of beds of rock (Fig. 4.1b). Any other geological plane
can be treated in just the same way. The boundary surfaces
of a map unit will have a strike and dip. If the formation
comprises bedded sedimentary rocks, its boundaries are
likely to be parallel to the beds within it.

The orientation of geological planes is commonly
measured in the field during the map survey, and repre-
sentative values added to the completed map by means of
symbols. The map key will explain these. A variety of
different symbols have evolved, both for bedding surfaces
and for the various other structures to be discussed in later
chapters. Some examples are given in Fig. 4.2. If the strike
and dip direction of the map unit is not known, an approxi-
mate orientation can be judged from the outcrop pattern of
the formation (see chapter 6), and an accurate value can be
derived by plotting some structure contours.

The strike direction of a formation is paralleled by struc-
ture contours. Because the contours are joining points of
equal elevation, each contour line itself must be horizontal.
Strike direction is horizontal, by definition. There can be
only one horizontal direction on an inclined plane, there-
fore, at any place along a structure contour, the course of
the line represents the strike direction. Straight structure
contours indicate a consistent direction of strike; curving
structure contours show that the strike direction varies. At
right angles to structure contours, decreasing in elevation,
is the dip direction, and the spacing of the structure
contours reflects the amount of dip. The dip value can be
found from trigonometry or graphically (Fig. 4.3).

Because strike is horizontal, a horizontal bed cannot have



Fig. 4.1 The concept of strike and dip. (a) Analogy with a house roof. (b) The strike and dip of inclined beds. The front
edge of each diagram is oriented N=S. Only in the top diagram does this parallel the dip direction, at right angles to strike; in
the bottom two diagrams the beds strike and dip obliquely to the edges of the figures.
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GEOLOGICAL CONTACTS:
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Fig. 4.2 Some symbols commonly used on geological maps. The terms used are explained in the relevant chapters: chapter
8 for folds, and chapters 9 and 10 for faults. Numerous further symbols are given, for example, in Compton (1985, Appendix
7), and the specifications issued by geological surveys and companies.

i«Strike direction
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Fig. 4.3 Deriving the direction and angle of dip from structure contours. (a) By graphical construction. Note that the

section is drawn at right angles to the structure contours, i.e. in the true dip direction, and with a vertical scale equal to the
horizontal scale. (b) By trigonometry.



a strike direction. Rather it will have an infinite number of
horizontal directions. Any slight irregularities in near-
horizontal beds will have a great effect on the strike
direction. This is why the structure contour map of the
Entre-Deux-Mers region (Fig. 3.3) looks so complex. The
Calcaire a Astéries has a very low dip, and so its strike
direction is highly variable, as indicated by the structure
contours. Conversely, steeply dipping beds tend to have
well-defined strike directions and, therefore, regular
structure contours.

The strike and dip concept will not work for linear
geological features, for example, the intersections of
unconformities or faults with the land surface. Here,
plunge and trend are normally used (Fig. 4.4). Plunge is
the inclination of the line from the horizontal, measured in
a vertical plane. Trend is the direction of the line,
measured in the horizontal as a compass bearing. The two
systems of recording orientations exist because it is not
possible to find the strike and dip of a line, nor the trend
and plunge of a plane. The important practical difference
between the two is that the angle of dip is measured at right

Fig. 4.4 Diagram to illustrate the plunge
and trend of a line.

angles to strike but the plunge is measured in the same
direction as the trend.

4.3 Apparent dip

If we draw a geological cross-section in the dip direction,
the dip of the beds will be portrayed. On the other hand, a
cross-section parallel to the direction of strike will show
each bed as horizontal. It has to, because by definition the
strike direction is a horizontal line running along the bed.
Therefore, a section along a line somewhere in between the
dip direction and the strike direction will show the beds
inclined somewhere between the dip angle and the hori-
zontal. The closer the section line to the strike direction,
the flatter the beds will look. The closer the dip direction,
the steeper they will appear. In the actual dip direction the
inclination reaches its maximum and is therefore the true
dip. The intermediate angles of inclination are known as
apparent dips (Fig. 4.5).

In map work, true dips are used wherever possible.

Fig. 4.5 True and apparent dips. Any horizontal line along the inclined plane, i.e. the strike direction, parallels the front
and rear edges of the block. At right angles to this direction is the true dip direction, parallel to the side edges of the block,
and showing the true angle of dip. Dip angles in other directions, say a and f3, are apparent angles of dip.
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Sometimes in practice, however, the surveyor can measure
only an apparent dip, and it is this that is recorded on the
map. An adjustment will be required to find the true dip.
More commonly, the true dip is provided on the map, but
for some reason the dip in another direction is required. It
may be needed, for example, in engineering work where a
road-cut or tunnel is being sited.

The conversion between true and apparent dips can be
made in numerous ways, involving various permutations
of trigonometry, construction, and cunning predetermined
devices. Travis and Lamar (1987) listed over a dozen
different methods. Explanations of the more common

BY TRIGONOMETRY

. tan apparent di
tan true dip = L P

cos angle between true and apparent dip directions

tan . tan true dip X
apparent dip =

cos angle between apparent and true dip directions

Fig. 4.6 Converting between true and apparent dips using
trigonometry. Note that the directions of both the true and’
apparent dips have to be known, and either the true or the
apparent dip angle.

Fig. 4.7 Formation thickness. The diagrams illustrate the trigonometric relationships between outcrop width and true
thickness (assuming level ground), and vertical thickness (as observed in a borehole or well) and true thickness.



techniques are given by Rowland (1986), Ragan (1985) and
Dennison (1968), and Fig. 4.6 shows the basic trigono-
metric relations. The important thing, whichever tech-
nique you adopt, is to visualise and understand what you
are doing.

4.4 Formation thickness

Geologists often need to find from a map the thickness of
a particular unit. It may be a matter of seeing how the
thickness varies from place to place in order to build up a
better picture of how the formation was laid down, or the
thickness may be required in order to decide whether or
not there is sufficient quantity of material of commercial
interest for it to be worthwhile extracting. On published
maps the thickness of units may be indicated on the key. If
the thickness is variable, it may be given as a range. Some
newer geological maps show the thickness to scale in a
vertical column, sometimes incorporating a depiction of
any lateral variations in thickness. Note that the vertical
scale of such columns will be specified, and will not
necessarily be the same as that of cross-sections or the
horizontal scale of the map. Many maps, however, do
not state thicknesses, and the geologist has to work them
out.

The true thickness of a unit is the distance between the
top and the base of the unit measured ar right angles to
these bounding surfaces. It is the shortest distance between
the top and bottom boundaries. Measurements at any
other angle will give a greater value, called the apparent
thickness. When we look at the units appearing on a
geological map, only in the case of the units being tilted to
vertical will their outcrop width equal the true thickness
(Fig. 4.7). In any other inclination of bedding, the outcrop
width as seen on the geological map will be an appar-
ent thickness only. Formation thicknesses encountered
in a borehole or well, or derived from the differ-
ence in elevation between the top and bottom surfaces,
will be vertical apparent values. Only in the case of
horizontal beds will these equal the true thickness (Fig.
4.7).

As with apparent dips, there are various approaches to
making the necessary conversions; simple trigonometric
relationships are shown in Fig. 4.7. Note that the outcrop
width/true thickness correction given there assumes that
the land surface is horizontal. This is often a reasonable
approximation on small-scale maps, unless it is exception-
ally rugged terrain, but a thickness value derived from a
small-scale map is not going to be very accurate anyway. It
is on large-scale maps that thickness determinations are
most accurately made, and here, the ground slope may
have to be taken into account. If the slope is reasonably
uniform and can be approximated in cross-section to a
straight line, then the trigonometric methods shown in

Fig. 4.8 can be applied. If the map scale is so large that
considerable irregularities occur within the outcrop of the
unit of interest, then the unit will have to be broken down
into sub-units which adequately approximate to a straight
line (Fig. 4.8d). An alternative approach, avoiding the
problems of the land surface, is to construct an accurate
scale drawing in the true dip direction of the unit and
simply to measure its scaled true thickness.

If the thickness of a formation is known at a number of
places, the values can be plotted on a map and interpolated
as a series of contours joining points of equal thickness,
called isopachs. Where structure contours have been
drawn for both the top and bottom surfaces of a formation,
the difference between the two elevations at given points
readily gives vertical thicknesses, which can also be con-
toured, as isochores. The oil industry makes much use of
isopach and isochore maps, both in exploration and the
calculation of reserves (see also Badgley (1959) and section
15.2.3).

4.5 Formation depth

The depth of a formation is the vertical distance from
ground level to the subsurface unit. If the formation has
appreciable thickness, it will be necessary to specify
whether the depth is being given to its upper or lower
surface. Although depth is commonly measured to the top
boundary, where the unit would be first encountered by
vertical drilling, it is BGS practice to quote depths to the
base of a formation. However, provided that the map trace
of the upper or lower boundary is employed as appropriate,
and that the dip angle as recorded at the land surface can be
assumed to continue underground, either way it is a
straightforward matter to calculate the depth of the unit,
especially where the ground is reasonably flat (Fig. 4.9a). A
simple correction can be made if the ground level is sloping
(Fig. 4.9b,c). Of course, rarely in nature will the dip of the
bed be constant. If there are indications on the map that the
dip is variable, the method can only be approximate, and
the error margin will grow with increasing distance of pro-
jection. In commercial applications where accuracy is
imperative, it is common to obtain further information
such as borehole/well data or seismic sections with which
the map predictions can be compared.

Bear in mind the matter of apparent dip (section 4.3): if
the depth measurements on the map are not being made in
the true dip direction, adjustments will have to be made. A
further value of structure contours emerges here, for if they
have been constructed on the map, the numerical
difference between their elevation and that of the ground
surface gives the bed depth directly, at any point of
interest.
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Fig. 4.8 Diagrams to show trigonometric methods of deriving true thickness from outcrop width on various land surfaces.

4.6 The ‘three-point’ method unit from knowledge of its elevation at only a few places.

Assuming the unit is reasonably planar, a minimum of
A common situation in applied geological work is the need three elevation points is required (Fig. 4.10). Each can be
for information about the underground arrangement of a underground or at surface. Simple graphical constructions
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Fig. 4.9 Formation depth. Diagrams to show
trigonometric methods of finding the depth of a dipping
formation.

Fig. 4.10 The ‘three-point method’. Given a regularly
dipping unit and its elevation at three points, various
aspects of its orientation can be derived. The first step is
to view the three points, here shown as boreholes to a
buried unit, as corners of a triangle. The remaining
procedures are given in Fig. 4.11.
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Fig. 4.11 Some applications of the ‘three-point method’.



can provide different kinds of information on the dipping
plane (Fig. 4.11). Of course, the greater the number of
elevation points the greater the control, especially if the
unit is thought to vary somewhat in dip. Actually, the tech-
nique has already been employed here, in section 3.4 and
Figs 3.4 and 3.8, for deriving structure contours from bore-
hole data.

An alternative way to derive information from a map on
bed dips, thicknesses, and depths is to make a scale
graphical construction in the vertical, a kind of cross-
section. The accuracy of this approach for measurements
depends a lot on drafting precision, but has the advantage
of showing the situation pictorially. In fact, fully drawn
cross-sections are the most visually effective way of
representing the subsurface arrangement of rocks. We turn
now to take a closer look at this extremely important facet
of mapwork.

4.7 Summary of chapter

1. The orientation of a geological plane is specified by its
strike — the compass direction of a horizontal line on
the plane, and its dip angle — the maximum inclination
from the horizontal. The general dip direction has also
to be given.

2. The direction of dip is always at right-angles to the
strike direction.

3. In other directions, the dip is a lesser value, called the
apparent dip.

4. The thickness of a formation is measured at right-
angles to its bounding surfaces. Except for vertical
units, the outcrop width is an apparent thickness only.

5. The depth to a formation at a given point can be
derived from the dip of the unit at a nearby outcrop.

6. Given the elevation of a plane at three or more points,
the orientation of the plane can be derived.

4.8 Selected further reading

Rowland, S. M. (1986). Structural analysis and synthesis,
Oxford, Blackwell.

(Chapter 1 presents four methods for dealing with ap-
parent dips; chapter 3 discusses thicknesses.)

Ragan, D. M. (1985). Structural Geology. An introduction
to geometrical technigues, 3rd edn, New York, Wiley.
(Chapters 1 and 2 give methods for working with dips,
thicknesses, and depths of formations.)

Dennison, J. M. (1968). Analysis of geologic structures. New

York, Norton.
(Chapters 1-3 cover true and apparent dips, thickness
determinations, and depths, respectively. Derivations of
the trigonometric equations are given. Chapter 5
includes three-point problems.)
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MAP 6 Boyd Volcanics, New South Wales, Australia

Part of the extreme southern tip of New South Wales
appears on the map opposite, enlarged to about 1:14 500
and slightly simplified from Fergusson ez al. (1979), by
permission of the Australian Journal of Earth Sciences. The
bedding symbol with ‘facing determined’ indicates that the
beds become stratigraphically younger in the direction of
the arrow in the normal way, i.e. in this map area there are
no inverted successions.

What is the approximate orientation of the Banded rhyolite
facies? Quote it as a strike and dip.

The main E-W road in the area crosses the Arkosic facies
obliquely, for example, at the point marked a. If there were
road-cuts (parallel to the road) in these rocks, at what angle
would they be seen to dip? How thick is the unit at the
north side of the road?

The base of the Basalt facies is shown to be dipping at 30°.
At the point labelled f3, at what depth are the phyllites and
metaquartzites of the Mallacoota Beds? (The elevation of
the stream at f3 is about 125 m.)

Further exercises on subsurface calculations

Referring to Map 1, of Raton, New Mexico, what is the
approximate strike and dip of the Precambrian surface
northeast of Las Vegas? Calculate from the structure
contours the dip angle of the Precambrian surface a) ESE
of Maxwell, and b) SW of Cimarron.

Select three adjacent points on Map 2, say wells 115, 126,
and 127, and find the dip direction and angle of the
Neocomian in that part of the Lacq Gas Field. What is the
strike direction and dip angle of the Neocomian surface in
the vicinity of wells 122, 124, and 132?

Consult Map 3, of the Bear Hole area of Montana. Quote,
in the conventional way, a representative strike and dip for
the Mississippian. Calculate the thickness of the middle
and upper Cambrian, bearing in mind the ground slope. At
a point 1.5 km north of Long Ridge, at the 8° dip symbol,

find the depth of the Upper Devonian using structure con-
tours, and by using trigonometry. Account for any dis-
crepancy between results from the two methods. On the
track northwest from Commissary towards Spruce, at what
angle would the beds be seen to dip?

On Map 4 of Maccoyella Ridge, New Zealand, what is the
true thickness range of the Te Were sandstone? At what
depth is the Te Were sandstone below the airstrip?

Vertical thicknesses of some of the units on Map 5 are
readily derived from the depths given in the borehole logs.
Convert these values to the true thicknesses for the Coal
Measures fine sandstones in borehole G141, and for the
whole of the Coal Measure sandstones as seen in boreholes
G153 and G140.



Quartzose cobble
conglomerate

Unconformity

Banded rhyolite
facies

Basalt facies

.} Arkosic - volcolithic
= clastic facies

and metaquartzite

Outcrops mapped

Quartz-mica phyllite

Merrimbule

Grou
P / Bedding
Bedding - facing
Boyd determined
Volcanic

Complex
/ Cleavage

Unconformity,with some fault movement

} Mallacoota Beds

0 250 500
1 —]

1
r

Metres

AYAUCS
NAY AR LS
[ECEAESA)

47



48

MAP 7 The 'northcrop’ of the South Wales Coalfield

Scale 1:10 000

The map opposite is part of a series of 1:10000 maps
produced during a study of limestone subsidence com-
missioned by the Welsh Office. It is reproduced here by
permission of the Controller of Her Majesty’s Stationery
Office. The map details part of the Carboniferous
succession which comprises the northern flank, or
‘northcrop’, of the S Wales coalfield. Part of this north
crop falls within Plate 1; the area enlarged here is around
[SO09111].

Draw structure contours for the top of the shale group of
the Millstone Grit. What is the strike and dip of the
surface? Comment on its structure.

oo Millstone Grit
° %o °|Basal Grit
—_’— Fault
metres
L 1 1 | | I | | | | I
0 500

1000

What is the thickness of the shale group? (If you are solving
this question by using outcrop width and dip angle,
remember (a) to measure the outcrop width in the true dip
direction, and (b) to allow for any topographic slope.)

If a borehole/well was sunk at Pen March, predict what
rocks the core would contain. Draw a vertical section for
Pen March, showing on the column the stratigraphic suc-
cession and, as far as possible, the thicknesses that would
be observed in the borehole. (Remember that borehole
thicknesses, being vertical, will not be the same as the true
thickness of inclined beds.)
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MAP 8 Long Mountain, Powys, Wales

Key to letters on map

UL Upper Ludlow

Mi Monograptus leintwardinensis
Mt Monograptus tumescens

Mn Monograptus nilssoni

Mv Monograptus vulgaris

Cl Cyrtograptus lundgrendi

0 Metres 1000

Opposite is a map at 1:10 000 scale of the area south of
Long Mountain, near Welshpool, in mid-Wales. The area
can be seen on Plate 1 around [S]2906].

What, from Plate 1, appears to be the overall structure of
the rocks forming Long Mountain?

On the area covered by Map 8, the beds are of reasonably
consistent in orientation. Structure contours therefore
need few control points for their construction. Note, from
the map key, that the units on the map are mostly defined
on the basis of the fossils they contain. The oldest unit, as
always, is at the bottom of the list and the youngest at the
top. In which stratigraphic system, according to the BGS
Ten Mile map (Plate 1), do these units occur?

Draw sufficient structure contours to be able to specify the

strike and dip of the rocks. Quote the strike and dip in the
conventional way (e.g. 110/30°N).

Plot the strike and dip on the map using a conventional
symbol.

Using this value of strike and dip, calculate the depth to
the top of the Cyrtograptus unit at Walton Hall and at
Rowley Farm.

Draw some structure contours for this same surface and
use them to predict its depth at the same two localities.
What might the reasons be for any discrepancy with the
depths obtained using trigonometry?

If rocks are exposed along Binweston Lane, at what angle
would they be seen to dip?
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5 Geological cross-sections

5.1 Introduction

Rock formations are readily observed in steep faces, such
as cliffs, canyons, and mountainsides, in a kind of natural
cross-section. It is perhaps for this reason that cross-
sections seem more immediately familiar than geological
maps, and give a more striking picture of the arrangement
of the beds. This is borne out historically, as sections were
being drawn long before geological maps. Cross-sections
portray the arrangement of the rocks as seen in a vertical
plane. They are extremely useful devices but, nevertheless,
they are strictly two-dimensional. It is the combination of
the vertical cross-sections with horizontal geological maps
that forms such an effective means of working with three-
dimensional geology on paper.

As with maps, cross-sections can be treated in a recon-
naissance way, or they can be constructed accurately to
enable measurements to be made. As mentioned in the last
chapter, quantities such as bed dip, thickness, and depth
can often be arrived at more conveniently from cross-
sections than by using trigonometry. These days the more
routine aspects of constructing and manipulating cross-
sections are being done increasingly by computers. The
present chapter is mainly concerned with the understand-
ing of cross-sections, so that any available computer facili-
ties can be used to best advantage.

The first half of the chapter discusses some fundamental
aspects of cross-sections and their construction. The
second half extends the concepts to three-dimensional
devices such as block diagrams. In the present context we
are largely concerned with constructing cross-sections
from existing geological maps. However, geological sur-
veyors normally develop at least sketch cross-sections as
part of their fieldwork, so as to keep in mind the spatial ar-
rangement of the rocks. In some situations, particularly in
the oil industry (e.g. see Langstaff and Morrill, 1981), it is
common for maps to be derived from geological sections.
Wells and seismic lines provide much of the subsurface
data, which are compiled onto various kinds of cross-
sections from which the geological maps are in turn
produced. All this illustrates the importance of cross-
sections and the way they complement geological maps.

5.2 Line of section

Normally the line across a map along which the cross-
section is drawn should be at right angles to the dominant
strike of the rocks. This not only gives the best visual
impression of structural relationships but, being in the dip-
direction, will allow the direct measurement of the true dip
of the beds (provided there is no vertical exaggeration, see
section 5.3). If the section is not perpendicular to strike, it
will show apparent dip values only, and the trigonometric
corrections given in Fig. 4.6 will have to be applied. Strike-
parallel sections will show nothing of the dip of the beds,
although they do have their uses, such as illustrating thick-
ness changes along strike.

If you are planning to draw a cross-section across an area
of variable strike, say with two differently oriented rock
sequences, you have several options. If one of the
sequences seems more important, then the section line
could be sited perpendicular to these rocks, with the under-
standing that the other sequence will have a somewhat
illusory appearance on the section. If the section is being
constructed by underground projections of dip readings at
the surface (section 5.4) rather than from structure
contours, the dip amounts for the oblique beds will have to
be adjusted to an apparent value (Fig. 4.6). For most
purposes, however, corrections to section lines not more
than about 15° away from the true dip direction are
negligible. An alternative procedure would be to draw two
sections, each perpendicular to one of the sequences. In
fact, a typical geological map needs several cross-sections
to illustrate adequately the subsurface structure of the area.
A third possibility is to bend the section line.

The problem of section line arises particularly where a
section is being drawn from a map but is utilising some
subsurface data. Such added information will probably
greatly improve the reliability of the cross-section, but it is
unlikely that seismic lines, boreholes, mine adits, etc., will
lie exactly on the ideal line of section. Here, it may be
better to deflect the section to incorporate directly the
subsurface information. Cross-sections used in oil explora-
tion typically have highly zigzag paths, passing through
the greatest practicable number of wells. However, where
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Fig. 5.1 Vertical exaggeration and its effect on topographic slope.

the section is being drawn from a map but it is desired to
incorporate some information not far from the strike-
perpendicular section line, it may be better to project the
data to the section rather than bend the line (see Fig.5.6).

5.3 Scale and vertical exaggeration

In the great majority of cases in which a cross-section is
being drawn from a map, the horizontal scales of map and
section should be the same. It is with the vertical scale that
an element of choice arises. Essentially, using a vertical
scale greater than the horizontal one allows greater detail to
be included on the section but introduces distortion. In
general, it is best to use the same horizontal and vertical
scales unless there is a strong reason for doing otherwise. If
a larger vertical scale is employed it leads to vertical
exaggeration (Fig. 5.1). This should be quoted on the
section. Many published sections are clearly exaggerated,
but leave it to the reader to divine by what amount.

If a cross-section is used for carrying out the kinds of
measurements discussed in chapter 4, then any vertical
exaggeration has to be allowed for. An important effect
arising from vertical exaggeration is the steepening of
sloping lines on the section. By expanding the vertical scale
on topographic sections subtle changes in landslopes can
be magnified, say for geomorphological purposes (Fig.
5.1). But the disadvantage is obvious — realism is lost.
Gently undulating land can look like alpine mountains!

In the same way, dips on geological cross-sections are in-

creased by vertical exaggeration (Fig. 5.2). All dips, except
perfectly horizontal and vertical features, are steepened.
The shallower the dip the more it is affected (Fig. 5.3). Asa
result, two faults, for example, one of steeper inclination
than the other, could appear misleadingly similar on a
highly exaggerated section (Fig. 5.2). On the other hand,
vertical exaggeration can be useful in bringing out small
but potentially significant differences between shallow-
dipping beds. This could be important, for example, in
stratigraphical and sedimentological studies.

The thickness of beds is distorted on sections which
employ vertical exaggeration (Fig. 5.4). The overall effect
is to expand the thicknesses. Thickness differences will also
be increased, so that exaggerated sections can be used to
show small variations more clearly. However, there is a
complication to enhancing thickness differences in this
way. The amount of thickness increase depends on the dip
of the bed. The thickness of horizontal beds increases most
in the same ratio as the vertical exaggeration; vertical beds
are not affected at all; and intermediate dips are influenced
by various amounts. Dips in the range 1-20° are most
susceptible. Two beds of the same real thickness but of
different shallow dips will appear of differing thickness on
an exaggerated section. A folded bed of constant thickness
can take on an attenuated appearance (Fig. 5.4). Folded
beds can look like this in nature, but here it is a purely
artificial consequence of the vertical exaggeration. As long
as you are aware of these effects, they can usually be
allowed for when looking at exaggerated sections. The
difficulties are that small real variations in thickness can be
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Fig. 5.2 The effects of vertical exaggeration on geological surfaces. Note that, because vertical exaggeration affects shallow-
dipping surfaces more than steep ones, angular differences berween shallow-dipping surfaces are increased whereas angles
between steep planes are reduced.

Fig. 5.3 Trigonometric and graphical relations between vertical exaggerations and dip angles.



——————

veical 00 =, S
exaggeration = 1 ¥ R

Fig. 5.4 The effects of vertical exaggeration on formation
thickness. Note the large effect on the thickness of
horizontal units, the small effect on steep units, and the
intermediate effect on moderately dipping beds. If the dip
of a unit varies, an apparent attenuation effect can be
introduced.

Fig. 5.5 A simple graphical method for finding the true
thickness of a unit shown in a cross-section with vertical
exaggeration. Note that the method assumes the section to
be drawn at right angles to strike, i.e. in the true dip
direction.

masked, and that cumbersome corrections will have to be
applied to any thickness measurements (Fig. 5.5).

Where the exaggerated section is used to find depths to
subsurface horizons, the necessary correction is less
awkward than that for dips and thicknesses. The depth, by
virtue of being measured vertically, is greater than the real
depth by the same amount as the vertical exaggeration of
the section. There may, therefore, be good reasons for ex-
panding the vertical scale of the section, although the fact

that the construction can be made with less care is not one
of them. If vertical exaggeration is employed for some
reason, the results have to be treated with care. It is gener-
ally better to have the vertical scale of the section the same
as the horizontal.

5.4 Manual drawing of cross-sections

Cross-sections can either be sketched or accurately con-
structed, depending on the purpose for which they are
being produced. When visualising the three-dimensional
arrangement of rocks from a map, it is often useful to
sketch cross-sections, both to clarify your own mental
picture and to communicate it to others. The overall
outcrop patterns are paramount in suggesting the arrange-
ment to be sketched on the section. The principles of
outcrop assessment were introduced in section 2.3 and are
developed further in chapter 6. Any dip values provided on
the map allow the subsurface lines to be sketched more
realistically. With small-scale maps it is usually not
possible to draw anything more precise than a sketch
section, simply because more detailed information will not
be shown.

On larger scale maps, say around 1:50 000 and larger, it
should be possible to construct an accurate cross-section to
the same scale as the map. Figure 5.6 shows the method.
Good strike and dip information will be necessary to allow
judicious location of the section line and sound projection
to depth. Ideally, it will be possible to draw some structure
contours in the vicinity of the section line. They can then
be plotted on the section in the same way as topographic
contours.

It is usual to construct the topographic profile first and
then project the subsurface geology from it. However, if
structure contours are being used to position the geological
surfaces, it is more accurate to draw the topography last, as
the elevations of the outcrops of those surfaces can be used
in addition to the topographic contours to control the
course of the topographic profile. Good information on the
subsurface form of one formation will help constrain the
projections of adjacent surfaces. The greater the control on
the cross-section, the more reliable any measurements
from it are likely to be. The completed section should
provide a basis for confident advice about subsurface con-
ditions.

If the section is drawn in a direction other than that
of true dip, dip values given on the map may have to be
adjusted (section 5.2). Formations are assumed to retain
constant thickness at depth, that is, the lines represent-
ing the top and bottom of a unit remain parallel, unless
there is evidence on the map of thickness change.
Folded beds are extrapolated at depth with curvature,
although for more advanced work there is a range of
techniques for more refined projection (e.g. see Badgley,
1959, chapter 3; Ramsay and Huber, 1987). Many
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Fig. 5.6 Instructions for drawing a geological cross-section from a map. Map reproduced from Pennsylvania Geological
Survey Bulletin C56A, S Somerset County, by permission of the Geological Survey of Pennsylvania.

faults dip at about 70°, but it is conventional to show
faults as vertical, unless there is direct evidence other-
wise. Faults may flatten to give listric geometry (section
10.2.1), but additional subsurface information is usually
necessary to support projections beyond shallow levels.
Indicate the sense of fault displacement (section 9.3) if
it is known.

The same ornament as used on the map should be added
to the section; the datum, horizontal and vertical scales are

indicated; and any named structures in the rocks and
important topographic landmarks are labelled. Make sure
that the line of section is indicated on the map. It is not
possible to lay down rules on how rocks should be
projected underground. Each situation has to be con-
sidered on its own merit. In general, aim for the simplest
arrangement which is compatible with the known informa-
tion. Study examples of published cross-sections; a
selection is reproduced in Fig. 5.7.



Fig. 5.7 Some examples of published geological cross-sections. (a) An early cross-section, now looking very diagrammatic,
across the Bohemian basin, Czechoslovakia, published in 1852 by Joachim Barrande. (b) Four cross-sections of the Iberian
fold belt of W Spain. Reproduced from Lemoine (1978), by permission of Elsevier BV. (c) Cross-section of the Coast Ranges,
California, USA. Reproduced from Page (1966), by permission of the California Division of Mines and Geology. (d) Cross-
section of the Naukluft Mountains, SW Africa. Reproduced from Holmes (1965) after reduction from Korn and Martin
(1959), by permission of Thomas Nelson and Sons.

5.5 Structure and stratigraphic sections section. Each formation or feature on the section is shown

at its scaled elevation with respect to this datum. By far the
All cross-sections are drawn with reference to a particular most common datum is sea-level. Some other marker could
datum plane, which appears as a horizontal line on the be used, and especially on large-scale maps a local datum
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Fig. 5.8 Illustrations of structural and stratigraphic sections, and a simple graphical method for converting between them.

may be preferred, perhaps a nearby benchmark if the area
is in high terrain or deep in a mine. Irrespective of the
elevation of the datum used, the effect of the section is to
depict the structure of the rock units. Therefore, these
cross-sections are properly called structure sections.
They show the configuration of the rocks, as they are now.

For some purposes, however, the present-day arrange-
ment of the rocks is of less interest than the relationships at
some past geological time. In this case, a cross-section can
be drawn for which the datum is a stratigraphic boundary
that formed at the time of interest. Such a construction is
called a stratigraphic section. The datum horizon
normally has to be a reasonably prominent, persistent,
stratigraphic unit. It appears on the stratigraphic section as
a straight line and the positions of all the other surfaces are
referred to it. Rocks below the datum will show the
arrangement they had at the time of formation of the
datum surface. For example, any intertonguing between
units and thickness variations will be highlighted, together
with any sedimentary features such as reefs or channels.
Any tilting, folding, etc. subsequent to the datum will not

appear, otherwise the datum surface would not be hori-.

zontal. Such later effects cannot therefore obscure aspects
of stratigraphic interest around the time of the datum.

A straightforward way of manually constructing strati-
graphic sections from structure sections is shown in Fig.
5.8. It is only approximate because of the implication that
the originally horizontal beds got to their present-day form
by purely vertical movements — which this construction
method simply reverses — and this will not usually be
realistic. Any obvious non-vertical displacements, such as

low-angle faults (chapter 10), will have to be restored
separately.

Stratigraphic sections are much used in the oil industry,
partly because the stratigraphic information is important
in exploration, and partly because this kind of section is
readily constructed from well data. Elaborations of the
device are employed too, so it becomes important where
different kinds of cross-sections are being employed to
specify their nature. This is by no means always done,
leaving the reader to work out which datum has been used.
However, in most fields of geology, constructions which
are called by some combination of ‘section’, ‘cross-section’,
and ‘geological section’, will almost certainly be structure
sections.

5.6 Three-dimensional diagrams

Although the usual way of representing the geometrical
arrangement of rocks is to use sections and maps in
conjunction, the role of cross-sections can be extended by
giving them a three-dimensional aspect. The two main
ways of doing this are to construct either a fence diagram or
a block diagram. Each takes two or more conventional
cross-sections and converts them into diagrams which look
three-dimensional. They are still drawn on a flat surface,
but are more strikingly three-dimensional to the eye, and
are a highly effective way of visually conveying the spatial
arrangement of rocks. The following section avoids detail
on manual methods of construction, but outlines the
principles behind them.



will be translated to the fence diagram. In this case, and if
the panel spacing is close, there may be an unacceptable
obscuring of the rear panels. A different line of sight may
help, but it may be useful to transform the fence diagram
and its map base to an isometric projection (Fig. 5.10). The
rectangular map base becomes a parallelogram, the sides of
which are paralleled by lines that were N-S or E-W on the
map. Vertical lines remain vertical. All these lines, which

Fig. 5.10 Some aspects of fence diagrams. (a) The
orientation of some of the panels, particularly in the west,
suppresses the visibility of the information. (b) Greater
visibility is gained by transforming (a) into an isometric
projection. The gridded base allows this to be done
manually. Note, however, that only the vertical lines and
those parallel to the N-S and E-W axes preserve their
length; in other orientations some distortion is introduced.
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were originally at right angles, retain the same linear scale
in the isometric projection. However, any lines at inter-
mediate angles will change in length, so a grid system such
as that shown on the map base in Fig. 5.10 will aid in trans-
ferring their locations.

5.6.2 Block diagrams

Block diagrams are two-dimensional drawings of a rec-
tangular block (e.g. Lobeck, 1958). The top of the block is
the map plane, and the sides are cross-sections. It is a fairly
intuitive way of visualising three-dimensions on paper, and
has been used frequently already in this book (e.g. Figs 2.1
and 2.2). However, for quantitative work there are snags,
and the kind of projection used to draw the block diagram
has to be considered.

Isometric block diagrams are both easy to draw and
amenable to direct vertical measurements, because the
vertical scales are the same as on cross-sections. However,
they have an awkward visual effect (Fig. 5.11). They are
constructed in a similar way to isometric fence diagrams,
so a horizontal grid is helpful here, too, in manually
transferring the information from the starting cross-section
to the block diagram.

Perspective block diagrams, on the other hand, give
a much more realistic appearance to the block, but
introduce further distortion. Block diagrams can be drawn
in one-point perspective, where the front of the block faces
the observer squarely, and all lines not in the plane of the
paper meet at one point on the horizon. Sketch versions
can achieve the effect by simply making the back of the
block narrower than the front.

Block diagrams in rwo-point perspective have their front
corner pointing towards the observer, with all non-vertical
lines merging to one of two points on the horizon. With
both kinds of perspective, the amounts of rotation and tilt
of the block can be selected in order to display features to
the greatest advantage (Fig. 5.12). However, all the
changes in dimensions made in drawing block diagrams

Fig. 5.11 Isometric block diagrams. Note that opposing
faces of the blocks are parallel. The left-hand block has a
high rotation angle (measured in the horizontal plane and
indicated by the arrow) giving a good view of the front of
the block but not of the sides. It also has a high tilt angle
(measured from the horizontal in the vertical plane) to
emphasise the top of the block. The right-hand block has a
medium tilt, indicated by the arrow, and a medium
rotation, giving adequate views of the top and sides of the
block.

interfere with any measurements that are to be made. The
manual construction of properly scaled drawings is
laborious, and corrections to measurements tedious.
Hence, block diagrams are used less for quantitative pur-
poses than for the rapid visual communication of three-
dimensional relationships.

Computers are ideally suited to the construction and
manipulation of cross-sections and three-dimensional
diagrams (section 15.2.3). Trying various lines of section
and different amounts of vertical exaggeration; trans-
ferring structure sections to stratigraphic sections, and
sections to fence and block diagrams; transforming
between isometric and perspective projections; varying the
amount of rotation and tilt: all these tedious procedures are
executed swiftly and effectively by the kinds of computers
and graphic capabilities available today. Undoubtedly,
these applications will grow. However, the software con-
tinues to have built-in limitations, varying according to its
complexity and cost. Mistakes can be made in the process-
ing, and any section or diagram can only be as reliable as
the geological information on which it is based. Pity the
geologist who does not understand what it is that the com-
puter is doing!

5.7 Summary of chapter

1. Cross-sections are drawn in a vertical plane.
They therefore closely complement maps, with which
they make a powerful way of communicating the three-
dimensional arrangement of rock formations.

3. Sections should be drawn at right-angles to the



dominant strike, as far as possible, and should not
involve vertical exaggeration unless for good reason.
Structure sections are drawn with an altitude such as
sea-level as the datum surface; stratigraphic sections
have some stratigraphically significant surface as the
datum.

Accurate fence diagrams, and isometric and per-
spective block diagrams, are laborious to construct
manually. Sketched diagrams are effective at rapidly
conveying the overall structure of the rocks.

5.8 Selected further reading

Langstaff, C. S. and Morrill, D. (1981). Geologic cross
sections, Boston, International Human Resources
Development Corporation.

(A straightforward introductory account of the use of
sections and three-dimensional diagrams in the oil
industry.)
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MAP9 Zambian copper belt

Opposite is a 1:100 000 reconnaissance map of the region
containing the Zambian copper belt. The geological units
recognised during this preliminary survey are listed below
the map, but not necessarily intheir correct stratigraphic order.

Make a cross-section to display what appears to be the

regional structure. (To do this, it will first be necessary to
utilise the principles of cross-cutting relationships and
younging directions introduced in chapter 2 to establish
the stratigraphic sequence.) List the units in stratigraphic
order. Indicate any units which are of unclear stratigraphic
age.

Kilometres

5

l

Further exercises in cross-section work

Construct a cross-section at right angles to strike across the
Bear Hole, Montana, area in Map 3, and from C-D on
Map 6 of the Boyd Volcanics, Australia.

Cross-section work is involved with the questions that
accompany Plates 3 and 4, of Epernay, France, and Root
River, Canada.
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MAP 10 Builth Wells, Powys, Wales

The facing map is of a small area near Builth Wells in mid-
Wales. The map units are largely defined on the basis of
fossils. The area appears on Plate 1, centred on [SO0950].

According to Plate 1, what is the stratigraphic age of the
units?

Construct, as accurately as possible, a geological cross-
section. Select carefully the appropriate scales and line of
section. (Even if structure contours are not used through-
out for the section construction, a few will be needed to
establish representative strikes and dips of the units.)

List the true thicknesses of the units, as derived from the
cross-section, as closely as you can (i.e. quote minimum
thicknesses if the bases or tops are not available).

List the vertical thicknesses as they would be seen in a
borehole or well.

Draw an isometric block diagram to illustrate the geologi-
cal structure of the area. (Make the sides parallel to the dip
direction, and the front and back parallel to the strike.
Establish the four corners of the diagram at right angles on
the map, and trace their positions on to a separate sheet.
Erect vertical columns at each corner, draw the skeleton of
the block, add altitude scales, and transfer the vertical
stratigraphic successions to the three visible corners and a
few intermediate locations on the two visible panels.
Connect the subsurface units. Add topographic profiles to
all four panels, and sketch in the surface geology and
drainage.) Comment on the angles of rotation and tilt of the
block diagram.
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6 Visual assessment of

outcrop patterns

6.1 Introduction

The previous three chapters dealt with using maps in a
quantitative way. Methods were discussed of making
precise measurements, where in commercial applications
small errors could be costly. Now we return to the other
approach to geological maps, that of making rapid visual
assessments of the geology of an area. Central to this issue
is an understanding of the outcrop patterns which appear
on maps. Strictly, it is the junctions of outcrops, the trace
showing where adjacent units meet, that we look at. The
idea was introduced in chapter 2, and even at that stage we
deduced from the maps the presence of features such as
variably dipping beds, folds, unconformities, and faults.
However, we have assumed so far that the land surface is
fairly level. This is reasonable on the small-scale maps we
worked with in chapter 2, but on large-scale maps the relief
can become significant. This can greatly complicate the
outcrop patterns and produce misleading effects. On the
other hand, much can be deduced by looking at how the
map units interact with the land surface. Here, we develop
some general points to aid the visual appraisal of outcrop
patterns on large-scale maps. We start by looking at hori-
zontal beds, and then the effects produced by successively
steeper beds.

6.2 Horizontal formations

Horizontal beds make horizontal outcrops on the ground,
irrespective of the gradients and irregularities of the land
surface. Steep cliffs or slight incline: the outcrops are still
horizontal. Also, because topographic contour lines are
horizontal (they must be, connecting as they do points of
equal altitude), the outcrops of horizontal units always

parallel the topographic contours. In terrains of intricate
relief the outcrop patterns can therefore be highly
irregular.

A famous example is the Grand Canyon. The deeply dis-
sected canyon walls give very jagged topographic contours
and hence a distinctive outcrop style (Fig. 6.1). The out-
crops may look complex at first glance but they are simply
following the topography. A look at the canyon walls leaves
no doubt that the beds are virtually horizontal.

6.3 Dipping formations

6.3.1 Recognition

Section 2.3.1 introduced the appearance of dipping for-
mations on small-scale maps. It was mentioned there that,
if the relative ages of the rocks are known, the dip direction
can be inferred from the direction in which the units
become successively younger (providing they are not
inverted). On large-scale maps, however, the effect of
topography will be more marked, and can be a compli-
cating factor. In fact, the outcrop shapes made by gently
dipping beds intersecting with an irregular land surface
can be very awkward to assess visually.

Outcrops of units dipping gently in the same direction as
the land slope are not too difficult to work with. They tend
to follow topographic contours in the same way as
horizontal beds. The tendency decreases as the dip of the
formations increases. It is not realistic to give a dip angle at
which the mimicking effect ceases, partly because topo-
graphic slopes can be so intricately variable and partly
because the beds themselves may be influencing the relief.
For example, the tendency for durable beds to form escarp-
ments is well-known (e.g. see the bottom illustration of
Fig. 6.5), and the topographic contours of the escarpment

Fig. 6.1 (opposite) Outcrop patterns of horizontal beds: the Grand Canyon, Arizona, USA. The area shown here is Marble
Canyon, about 40 km north of the main canyon. Reproduced from the 1:62 500 Preliminary Geologic Map of the Grand
Canyon and vicinity, Arizona, by permission of the Grand Canyon Natural History Association. The inset engraving is
reproduced from J. W. Powell’s account of the surveying of the Grand Canyon (Powell, 1895), described briefly in section

14.3.5.
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Fig. 6.2 Some examples of the visual assessment of outcrops crossing hills. In each example, the formation is regularly
dipping and the hillside of roughly uniform gradient. In practice, less regular outcrops are likely.

tend to parallel the outcrop of the dipping bed. The
parallelism does not extend to any irregularities in the
escarpment in the way that would happen with horizontal
beds, but it does mean that the interpretation of dips from
roughly parallel topography and outcrop has to be treated
with some care.

Formations dipping gently in the opposite direction to
land slopes can, depending on the irregularity of the
topography, produce very complex looking outcrop pat-
terns. The safest approach to determining the direction and
amount of dip is to look for where the outcrops cross a series
of topographic contours, and see in which direction the beds
consistently lose overall altitude (Fig. 6.2). Rapid crossing
of successive topographic contours implies a steep dip.

Outcrops of formations with moderate dips, in general,
cross rounded hills with an arcuate pattern (Fig. 6.3). If the
arc curves in the same direction as the topographic
contours, the dip direction is opposite to the downslope
direction of the hill. If the outcrop arc is in the opposite
direction to the curve of the topographic contours, the dip
direction is the same as the downslope direction of the hill.
In both cases, the openness of the outcrop arc increases as
the dip steepens. But hills are so diverse in form that these
ideas can be precarious in practice. Visualising the structure
contours is a better guide: their direction will be at right
angles to the dip direction and their spacing reflects the
amount of dip. In desperation you could sketch in a few
structure contours temporarily!



Very gentle dip N Gentle dip N Steep dip N

Fig. 6.3 Outcrop shapes made by a uniformly dipping surface crossing a rounded hill. The trace of the boundary between
two formations is shown in a heavy line and topographic contours in a dot-dash line. Some structure contours, in light
continuous lines, have been added to indicate the differing amounts and directions of dip that produce the different outcrop
shapes. North is to the top of the page; south and north below the sketches are approximate directions.

6.3.2 Assessment of formation dip in valleys

The one situation in which rules for visual assessment can
be applied with some confidence is where formations cross

a valley. Drainage patterns or topographic contours enable

any valleys to be identified on a map; the so-called ‘V-rules’
refer to the outcrop shape typically made by formations
crossing the valley (Fig. 6.4):

1. the apex of the ‘V’ points in the direction of bed dip;
2. acute ‘V’-shapes reflect shallow dips;
3. open ‘V’-shapes indicate steep beds.

These are useful guides for swift outcrop appraisal.
However, beware of the exception that proves the rule:

4. beds dipping less steeply than the valley floor give ‘V’s
pointing in the direction opposite to bed dip! This
uncommon circumstance can be recognised by the
topographic contours having an even more acute
‘V’-shape than the outcrops.

Regarding very steeply inclined units, their outcrop
patterns are normally straightforward to analyse. The
‘V-rules’ work well. The complicating effect of topography
progressively lessens as beds become steeper.

69



70

Upper beds horizontal
- outcrops follow
topographic contours

Lower beds dip downstream
- form 'V’ outcrop pattern

'V' POINTS IN
DIRECTION OF DIP

Beds dip upstream —
form 'V' outcrop pattern

'V' POINTS IN
DIRECTION OF DIP

Acuteness of 'V
reflects amount of dip

Vertical dyke —
transects topography

Beds dip at same
gradient as valley -
form parallel outcrops

NO 'V' PATTERN

Beds from 'V' outcrop
pattern, but dip is less
than valley gradient.
In this unusual case!
'V' POINTS OPPOSITE
TO DIRECTION OF DIP

Fig. 6.4 Block diagrams and maps to illustrate the ‘V-rules’ of outcrops crossing valleys.



6.4 Vertical formations

Vertical beds are characterised by straight-looking out-
crops. They completely ignore topography (Figs 6.3 and
6.4). With horizontal beds they form two ends of a
spectrum of the influence topography has on outcrop
shape. Any twists in the outcrops of a vertical unit
represent a real change of the strike of the formation.
This behaviour applies to any vertical geological
features, not just beds of rock. Igneous dykes commonly
appear on maps with straight traces because they are
typically vertical. Faults are usually depicted as fairly

straight lines. This is no intrinsic property of faults but
simply follows from many faults being oriented very
steeply or vertically.

6.5 Assessment of formation thickness

It was mentioned in section 2.3.1 that knowing something
about the thickness of a map unit allows us to judge, on a
small-scale map, the amount of dip from the outcrop width
of the unit (Fig. 6.5). Steeper beds make narrower outcrops
than shallower beds of the same thickness. Conversely, if

Fig. 6.5 Block diagrams to illustrate the three factors which influence the outcrop width of a formation. The equation
relating outcrop width to bed thickness assumes level ground, and is a rearrangement of the equation given in Fig. 4.8.
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Fig. 6.6 The relationship between outcrop width and topography. All the formations shown have the same thickness and
dip angle. Note that steeper land slopes suppress the outcrop width: compare a with a’, both slopes inclined in the same _
direction. Slopes inclined in the opposite direction to the formation dip tend to suppress outcrop width relative to slopes in

the same direction: compare a with b’, and a’ with b.

we know something about the dip, we should be able to
estimate from the outcrop width the approximate thickness
of the unit. Thicker beds make wider outcrops than
thinner beds of the same dip. However, there is a further
factor — the relief of the land surface. On a small-scale map
its effect will be diminutive and can be neglected. The
ground can be treated as being flat.

On large-scale maps, especially of rugged areas, the
effect of topography can be very significant. In general,
increasingly steep slopes progressively suppress outcrop
width (Fig. 6.6). With horizontal beds, the effect of
topography will be at its greatest and the land gradient will
have a profound influence on outcrop width. The effect is
well illustrated by the Grand Canyon (Fig. 6.1). Shallow-
dipping beds, too, give outcrop widths which are highly
dependent on topographic slope, but the effect diminishes
as beds become steeper. Vertical beds form the other end of
the spectrum — their outcrop width equals their thickness
irrespective of the topography. So, on large-scale maps the
visual assessment of formation thickness knowing the
approximate dip, or the estimation of dip knowing the
thickness, has to be made with a careful eye on the topo-
graphic slope.

6.6 Summary of chapter

1. Outcrops of horizontal formations parallel the
topographic contours.

2. The tendency for dipping formations to parallel topo-
graphic contours decreases as the angle of dip
increases.

3. It is important to visualise mentally in three-
dimensions how dipping formations cross landforms,
but some generalisations can be made, particularly

regarding the ‘V’-shapes of outcrops crossing valleys.
4. Outcrops of vertical formations ignore topography and
tend to be straight.
5. Outcrop width depends not only on formation thick-
ness and dip, but on the land slope. Increasingly steep
slopes progressively suppress outcrop width.

6.7 Exercises on visual assessment

Find areas on Map 3, of Bear Hole, Montana, where the
outcrop patterns do not follow the normal ‘V’-rules.
Indicate an area where the ‘V’-rules are obeyed.

On the basis of visual assessment, what is the approximate
orientation of the units appearing on Map 8, Long
Mountain, and on Map 10, near Builth Wells, Wales?

Using visual assessment alone, deduce the overall
orientation of the beds on Plate 3, Epernay, France, and on
the eastern half of Plate 8, of Malmesbury, England.
Comment on the dip of the andesites and basalts (Ac') on
Plate 5 (Sanquar, Scotland). What is the likely dip of the
Southern Upland Fault which appears on Plate 5?

On Plate 6, of the Heart Mountain district, Wyoming,
USA, explain why the Carboniferous and Permo-Trias
units in the southeast of the area have more pronounced
‘V’-shaped outcrops than the Cretaceous formations in the
east, yet both sequences have approximately similar dips.
What is the approximate orientation of the Carboniferous
rocks in Paint Creek (long. 109° 20', lat. 44° 43'), and of
the Cambrian Pilgrim Limestone in Dead Indian Creek
(long. 109° 0', lat. 45° 42')?
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Plate 1 Part of the ‘Ten Mile’ map of the UK

Reproduced opposite with a simplified key is a portion of
the 1:625000 map discussed in chapter 2. Some back-
ground on how the map was made is mentioned in section
14.2.6. The numbers shown in red on the map refer to
BGS. One-Inch and 1:50 000 sheets; the heavy dot-dash
lines are faults.

Where on the map area do the oldest rocks occur?
Where are the youngest rocks?
Where are the oldest sedimentary rocks?

Why might the ground making the Longmynd [S04293]
be higher than the land around it?

Following the principles introduced in chapter 2, it should
be possible to make interpretations of the outcrop patterns
on the map. A journey southwards from Llangynidr
[SO1619] would cross rocks dipping in what direction?

Why might the outcrop width of the Carboniferous rocks
around Brynamman [SN7214] be greater than the same
rocks at Abersychan [SN2604]?

Between Cemmaes [SN8406] and Llanelltyd [SN7219],
the overall dip of the rocks is in which direction?

What is (a) the strike direction, and (b) the dip direction of
the Silurian rocks around Wenlock Edge [SO5090]1?

Comment on the nature of the junction at the base of the
Silurian rocks around [SO2694].

What is the nature of the junction of the Permo-Triassic
sandstones (unit 89) with older rocks?

Explain the junction of the base of the Lower Old Red
Sandstone (unit 75) with older rocks at [SO3505].

Why do the outcrops of Silurian rocks around Leintwar-
dine [SO4173] have a curving pattern?

What geological evidence is there on the map for the ex-
istence of a fault running NE-SW from Church Stretton
[SO4693]? What can you say about the stratigraphic age of
this fault?

If a borehole (well) were sunk at Michaelchurch Escley
[SO3332], what is likely to be the first unit to be en-
countered below the Lower Old Red Sandstone?

(Map reproduced by permission of the Director, British
Geological Survey: Crown/NERC copyright reserved.)






Plate 2 Part of the 1:2500000 map of the US

STRATIFIED SEQUENCE
(mainly marine)

CONTINENTAL
DEPOSITS

VOLCANIC PLUTONIC AND
ROCKS INTRUSIVE ROCKS

METAMORPHIC
ROCKS

—

E}Quaternary

Tpc |Pliocene

Tmc |Miocene

Toc Oligocene

Tec Eocene

Tel Eocene, lacustrine

Txc Palaeocene

uK4 |Navarro Gp.

K35
ukK3}=5{ Montana Gp.

uK2 |Colorado Gp. ukK

uK1 |Dakota Gp.

Upper Cretaceous

1

Lower Cretaceous

uPz | Upper Palaeozoic

Lower Mesozoic

Lower Palaeozoic

i

€

z Sedimentary rocks, 800 my to beginning of Cambrian

<

Sedimentary rocks, 1600 to 800 my

Metasedimentary rocks,

2500 my and older

Reproduced opposite, by permission of the US Geological
Survey, is a portion of the map discussed in chapter 2. The
legend given above is abstracted from the comprehensive
explanation that accompanies the original map.

Towards which direction are the beds around long. 110°
20', lat. 45° 30’ dipping?

Comment on the nature of the junction at the base of the
Miocene continental deposits (Tmc) around long. 111°

T Y R

[ ov | [ o |

Quaternary volcanic rocks. Qf felsic

Pliocene felsic volcanic rocks
Lower Tertiary Tertiary intrusive
volcanic rocks o lgranite rocks

Latest Cretaceous
-
granite rocks
Cretaceous volcanic rocks

€, Cambrian separated in part

Granite, . Orthogneiss
2500myand Mafic  and

older Intrusives paragneiss
(e ] [(Wm] [wan]

30', lat. 45° 50'.

Describe the structure W of Cody, centred on long. 109°
15', lat. 44° 30'.

What can be inferred about the fault in Madison County,
Montana, centred on long. 111° 30', lat. 45° 0'? (An earth-
quake in this vicinity in 1959 caused serious damage and
numerous fatalities.)






Plate 3 Epernay, France

SUPERFICIAL AND ALLUVIAL FORMATIONS

C CF - colluvium in depressions and valley bottoms
c c C - slope formations, - slipped
ey, C| cFx-yCle3 slope formations on
Y, e3| known substrate
LP Loess
Rg1 Formations weathered in place

li f tions
/5"0\,0\ Slipped formation

«T~ -slipsurface

- Fz, - sub-recent alluvium
\Q Fz - modern alluvium (Holocene)
Fz o 1-ancient channels

oy iy
Py Fz

Fy o modern over ancient alluvium
Y

alluvium of Marne river terraces
Fy - lowest, 3-6 m
Fx-y Fx-y - mixed

Fx Fx - middle, 20-25 m

_’ Fault, dashed where covered

[ Borehole

Open quarry, sgr = sand and grave!
sab = sand

Reproduced opposite is part of the French BRGM
1:50 000 map 157, ‘Epernay’, published in 1977. It is of
the area around the river Marne, in the Champagne region
of N-central France. The key given above is translated
from the French of the original, and various details have
been omitted.

Looking at the topographic contours, printed in brown,
and the outcrop patterns, what is the overall orientation of
the Tertiary beds? Which of the superficial formations
tend to be arranged horizontally and which do not? Where
do the Tertiary beds have the steepest dips?

What is the dominant control on which bedrock unit out-
crops at a particular place? Which bedrock unit tends to

TERTIARY FORMATIONS

glb Stampian : g1b red clays

gla glagreen clays

elc Upper Ludian

e7b Ludian : 'Calcaire de Champigny'

Lower Ludian and

e6b2-7a Upper Marinesian
e6b1 Lower Marinesian
Auversian
eba {1 . .
1: margin facies
ebc Upper Lutetian

eb5b Middle Lutetian

e4 Upper Ypresian
e3 Lower Ypresian
e2 Upper Thanetian
Kilometres
1 0 1 2

L

Lt |

make the steepest topographic slopes? Which units are
most prone to landslips? Draw a cross-section to show the
relation between relief and bedrock geology. What appears
erroneous about the portrayal of the geological succession
W of Courthiezy, around [6938 1510]?

The pink lines are structure contours for the top of the
chalk (Cretaceous). What do they indicate about the overall
arrangement of the chalk? Construct a cross-section to
show the structure. In the centre of the village of Chassins
[6943 15411, at what depth is the top of the chalk?

(Map reproduced by permission of the Bureau de Re-
cherches Géologiques et Miniéres, France)






Plate 4 Root River, District of Mackenzie, Canada
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Opposite is part of the 1:250 000 Geological Survey of
Canada map of the Root River district, in the Northwest
Territories of Canada. The area falls within an orogenic
belt, the Mackenzie Fold Belt, and so the rocks are deform-
ed, particularly by folding.

Are there any folds present for which the axial traces are
not marked? Find examples of periclinal synclines and
periclinal anticlines. Comment on the plunge direction of
the Delorme Syncline. Describe the orientation, attitude,
and style of the Delorme Syncline and the Whittaker An-
ticline. (Assess the limb dips by noting, for example, the

‘V’-shape of the outcrops of the Headless Formation in the
syncline and the Delorme Formation in the anticline).

Account for the irregular shape of the outcrops of Camsell
Formation in the Painted Mountains Anticline.

Draw a cross-section across the map, along the line in-
dicated between lat. 62° 44’ and lat. 62° 46'.

(Map reproduced by permission of the Geological Survey
of Canada.)






Plate 5 Sanquar, Southern Scotland
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Reproduced opposite is a part of the BGS Sheet 15,
Sanquar. It was published in 1937 after a series of revi-
sions, some involving famous BGS geologists such as Ben
Peach, John Horne, and Sir Edward Bailey (section
14.2.5). It is reproduced here at its original ‘One-Inch’
scale (1:63360), although it is now available as two
1:50 000 sheets. A remarkable amount of the geology of
southern Scotland is encapsulated in the portion of the
map given here.

Discuss the role of the Southern Upland Fault (the major
NE-SW fault in the centre of the area) in influencing sedi-
mentation, volcanism, and structure. Define its age. What
else may have influenced the distribution of volcanism?
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Judging from the lithologies, how might the environments
of deposition have changed from the Silurian to the Old
Red Sandstone, from the Old Red Sandstone to the Car-
boniferous, and from the Carboniferous to the Permian?

What are the main geological trends? Summarise the struc-
tural styles seen in the Lower Palaeozoic, the Old Red
Sandstone, and the Carboniferous rocks. What evidence is
there from the stratigraphic succession that earth move-
ments were active during this period?

(Map reproduced by permission of the Director, British
Geological Survey: Crown/NERC copyright reserved.)






Plate 6 Heart Mountain, Wyoming
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The map opposite is reproduced from parts of two USGS
15’ quadrangles in NW Wyoming (Pat O’Hara Mountain,
GC-755, and Deep Lake, GQ-478), by permission of the
US Geological Survey. It includes a famous structure
called the Heart Mountain Fault, described as a
‘showpiece’ of North American tectonics. Although the
geological history of the area was remarkably stable
throughout much of the Phanerozoic, at one point huge
masses of rock, themselves intact, were dispersed over a

vast area along a detachment fault with a puzzlingly low
dip angle. How it happened is still the subject of debate.

Discuss the geological history of the area shown, paying
particular attention to the nature of the Cambrian -
Cretaceous succession, any tectonism before or after the
Heart Mountain Fault, and the fault itself, for example, its
attitude, any stratigraphic influence on its location, and its
timing.






Plate 7 Marraba, Queensland, Australia
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Facing is part of the 1:100000 Marraba Sheet 6956
produced jointly by the Bureau of Mineral Resources in
Australia and the Geological Survey of Queensland. The
area is immediately W of the town of Cloncurry in W
Queensland, one of the hottest parts of Australia, having
reached 53° in the shade!

The area reproduced here is just part of the extensive and
intricate complex of Proterozoic igneous and metamorphic
rocks that is finely portrayed on the full sheet. For simpli-
city, the numerous structural and other symbols have been
omitted from the key above. Also, mining details (the area

falls in the important Mount Isa Pb-Zn-Ag region) are here
omitted. Note that the cross-section reproduced here does
not extend across the width of the map because the section
line bends.

On the basis of the map patterns and the cross-section, des-
cribe the geological structure of the area, and interpret the
successive stages in its geological history.

(Map and section reproduced by permission of the Bureau
of Mineral Resources, Canberra, and the Department of
Mines, Queensland, Australia.)






Plate 8 Malmesbury, England
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Reproduced opposite is part of the BGS ‘One-Inch’ map (Map and section reproduced by permission of the
(1:63 360) of the Malmesbury district, England. The key Director, British Geological Survey: Crown/NERC copy-
given above is simplified from the scaled vertical sections right reserved.) :

which accompany the original map.

Interpret the geological history of the area shown.






7 Unconformities

7.1 Introduction

In the spring of 1788, James Hutton peered from his small
boat at the cliffs of Siccar Point in SE Scotland and, seeing
horizontal red sandstones lying directly upon vertical beds,
became the first to perceive the long time interval implied
by this kind of junction. The underlying material had to
have been buried, lithified, rotated, and uplifted before the
red sandstones were deposited on it.

The concepts of geological time have become central to
an understanding of this kind of junction, known as an un-
conformity. Use of the term has grown in a somewhat
complex and confused way, though the details do not con-
cern us here. The first part of this chapter summarises
current terminology. The important thing in the present
context is the identification and manipulation of un-
conformities on maps, and the interpretation of what they
mean. These aspects are developed in the second part of
the chapter.

7.2 Terminology

An unconformity is a significant time-break in the strati-
graphic succession of an area. It is usually visualised as the

Fig. 7.1 Diagrams to show the four main kinds of unconformity.

junction where the formations of differing stratigraphic
age come together, properly called the surface of un-
conformity. The time gap implied by the junction may be
relatively small and the unconformity developed only
locally, or entire stratigraphic systems may be missing and
the unconformity of regional importance.

Most adjacent formations in a stratigraphic succession
are probably separated by some time gap to account for the
production of the different rock types which define the
formations. However, this alone would not be considered
enough to call the junction an unconformity. There has to
be an indication that part of the known geological record is
absent. If the units are discordant at the junction, as at
Hutton’s Siccar Point locality, then an unconformity is
clearly indicated because there has to have been an interval
sufficient to allow tilting and erosion of the older rocks
before the younger ones were formed. However, if the two
units are arranged parallel to each other, their stratigraphic
age will have to be known in order to gauge whether or not
there is sufficient stratigraphy missing for the junction to
rank as an unconformity.

The main kinds of unconformity are depicted in Fig.
7.1. In this scheme, the discordant arrangement originally
described by James Hutton would merely be one kind of
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Fig. 7.2 The appearance of an angular unconformity, in block diagram and map view.

unconformable relationship, namely an angular un-
conformity. In contrast to the original use of the term, the
time gap is now central to the concept, rather than merely
following by implication from the geometrical discordance
between the adjacent units.

Geologists also talk about formations resting ‘uncon-
formably’ upon older rocks, or having an ‘unconformable
junction’. The surface of unconformity represents the
surface of the lower rocks upon which the upper material
was deposited. With most unconformities, the younger
materials are sedimentary rocks, but they could be volcani-
clastic or extrusive igneous rocks, such as the lavas in the
example of section 2.3.2. The contacts of igneous
intrusions are not regarded as unconformities.

7.3 Recognition on maps

Unconformities are surfaces and therefore appear on maps
as linear traces (Fig. 7.2). The map key may give some
indication of any unconformities that are present.

Some kinds of unconformity are easier to recognise than
others. Angular unconformities are among the most dra-
matic features that can be seen in rocks, and on maps, too,
they can have a conspicuous appearance. The uncon-
formable units meet at the line of unconformity with
discordance (Fig. 7.3a) which, if the angularity of the
unconformity is large, will be pronounced. The discor-
dance may have to be searched for if the angularity is small,
and it may be masked if the outcrop patterns are made
irregular by the relief of the land surface (Fig. 7.3b).

Parallel unconformities cannot produce a discordant
pattern on maps. They have to be recognised by the detec-
tion of missing units, by reference to the map key (Fig.
7.3c). Absence of some unit that may have been deposited
only locally is insufficient; the stratigraphic break has to be
significant at the scale of the map.

Unconformities can be difficult to distinguish from
faults, both in nature if the junction is not exposed and on
maps that do not distinguish faulted contacts. In most
cases, however, the surveyor will have made a decision in
the field, and indicated on the completed map any junc-
tions thought to be faults by some particular line symbol.
Unconformable junctions, on the other hand, are normally
drawn with the same line as for ordinary stratigraphic
boundaries, and their nature left for the reader to deduce.
That the geological surveyor can have this difficulty is
illustrated by the Ten Mile map of the UK. Part of the
third edition (1979) of this map is reproduced here as Plate
2. Ten kilometres SE of Whitchurch [SJ6035] rocks of
various Lower Jurassic age meet Triassic rocks with
discordance. The junction is depicted as a fault. However,
on the second edition (1957) of this same map, the junction
appears as an unconformity. Presumably in the years be-
tween the two editions of the map, new evidence came to
light which prompted the surveying team to reassess the
nature of this particular junction.

The analogous problem confronts the reader of a map
which does not distinguish between faulted and uncon-
formable contacts. There may be clues. For example, un-
conformities tend to be horizontal, unless they have been
tilted later, whereas faults tend to be steep. Some un-



Fig. 7.3 Some examples of the appearance on maps of unconformities. (a) SE USA. (b) Shaftesbury district, S England.

(c) Grand Canyon, Arizona, USA.

conformities have an irregular form, reflecting an uneven
surface of deposition, so their map trace is irregular, unlike
the smooth trace of faults. Although the rocks either side of
an unconformity may be influencing relief, the surface of
unconformity itself rarely has any direct topographic
effect. Faults, in contrast, because of the weakening effect
they produce on the rocks, commonly induce negative
topographic features such as valleys. Nevertheless, in the
absence of further knowledge of the rocks in the area, it
may remain impossible to distinguish on the map between
unconformities and faults.

7.4 Associated features

We can consider the relationship with the surface of
unconformity of the rocks below and those above.
Overstep is concerned with differences in the rocks below
the unconformity (Fig. 7.4a). It refers to the way in which
they are crossed by the overlying unit and depends largely
on the way the lower rocks happened to be disposed at the
time the material above the unconformity was being laid
down. Geologists speak, for example, of the upper unit
‘overstepping older rocks northwards’, ‘overstepping
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Fig. 7.4 Some features associated with unconformities. (a) The concealed coalfield of Kent, SE England, in cross-section,
showing three unconformities. The unconformity at the base of the Cretaceous shows overstep, the Cretaceous rocks
overstepping the Jurassic onto Coal Measures. (b) A map, simplified from the 1:1 000 000 map of France, showing Devonian
unconformably overlying Cambrian rocks (because Ordovician—Silurian strata are absent), and both systems unconformably
overlain by Mesozoic rocks. j’ overlaps j', and C? overlaps C'. (c) A map, simplified from the Ten Mile map of the UK,
showing examples of inliers and outliers. (The northern part of this area is included in Plate 1, and the south-central part
enlarged in Plate 7.)



highly folded rocks in the south’, or ‘overstepping
limestones east of the river’. Overstep can only arise with
an angular unconformity.

Other terms are concerned with the arrangement of rocks
above the unconformity. They are illustrated in Fig. 12.2.
If progressively younger formations come into contact with
the unconformity, they are said to overlap (Fig. 7.4b). If
they are sedimentary units, it is common for them to be-
come finer grained rock types as they progressively
overlap.

Fig. 7.5 Block diagrams of inliers and
outliers, to show some ways in which
they are formed. Inliers: (a) formed by
erosion down to the older rocks below
an unconformity; (b) by upfaulting;

(c) as they might appear on a map, with
a combination of erosion below an
unconformity and faulting. Outliers:

(d) formed by differential erosion leaving
an isolated patch of younger rocks; (e) by
downfaulting; (f) as they may appear on
a map, resulting from the faulting of a
plunging synform.

Offlap is the reverse situation. The oldest formation of
the upper rocks is everywhere forming the unconformable
contact with the lower rocks, and is overlain by succes-
sively younger units which have a less and less extensive
distribution. In general, fine-grained rocks such as shales
and fine limestones are replaced upwards by coarser rocks,
such as sandstones and conglomerates.

Two features that commonly arise in association with
unconformities, though they are produced in other ways as
well, are inliers and outliers (Fig. 7.4c). An area of older
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Fig. 7.6 Block diagram of the unconformity shown in Fig. 7.2, ‘exploded’ at the surface of unconformity to reveal its form
and the sub-crop of the older units. (a) Structure contour map of the surface of unconformity. Note that this is the
configuration as it is seen foday, presumably after post-Jurassic tilting had affected the area. Dotted lines indicate the
distribution of the Precambrian rocks. (b) Sub-crop map, at the base of the Jurassic.

rocks that appears in map view to be completely
surrounded by younger rocks, is called, particularly in the
UK, an inlier. The converse situation, of younger rocks
surrounded by older, is an outlier. Both effects can be
produced simply by differential erosion, but more sig-
nificant inliers and outliers are produced where the
junction between the younger and older rocks is an un-
conformity or set of faults, or a combination of both (Fig.
7.5). Inliers provide ‘windows’ through the covering rocks
to what is below. Outliers can give a glimpse of the
younger rocks that were once more areally extensive.

7.5 Use on maps

Probably the most usual application of unconformities as
they appear on maps is their great value in helping
decipher the geological history of an area. The gap in the
stratigraphic record will prompt palaeoenvironmental
explanations why beds were not deposited during the
unrepresented interval, or why they were removed by
erosion. Moreover, the three-dimensional shape of the
unconformity surface provides a record of the land surface
at the time the upper beds were deposited. The pattern of

covering of the lower rocks — whether they are ‘blanketed’
by the upper material or overlapped by successively
younger beds — gives information on the depositional
environments of the younger sediments. Interpretations of
geological histories in these ways are developed in section
12.2.

Unconformities can have practical significance, too. For
example, impermeable beds overlying porous reservoir
rocks can form important ground water accumulations and
petroleum traps. A number of the oil and gas fields in the
North Sea involve unconformities. Here, the precise shape
of the unconformity can influence the location and method
of hydrocarbon production and the economics. In situ-
ations like this, it is necessary to treat unconformities in a
more quantitative way. Because unconformities are sur-
faces, structure contours can be drawn to quantify their
shape. The contours are drawn in exactly the same way as
for other geological boundaries. If the unconformity
outcrops at various known altitudes (section 3.5), it may be
possible to draw the structure contours from a geological
map alone, although usually supplemental borehole infor-
mation will be required, especially if the surface of
unconformity is irregular.
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In the diagrammatic example shown in Fig. 7.6, the sur-
face is fairly smooth and so its structure contours are
reasonably straight and evenly spaced. In contrast, the
irregular unconformity at the base of the Triassic in the
Cheddar area of W England produced the contour pattern
shown in Fig. 7.7.

7.6 Palaeogeological maps

The structure contours for the unconformity in Fig. 7.7
can be thought of in a different way. They could equally be
regarded as topographic contours for the land surface as it
was in Triassic times, when the Triassic sediments were

first being deposited. In other words, drawing structure

contours for an unconformity can provide information on a
past landscape. In the example of Fig. 7.6, the structure
contours reflect the land surface when the first Jurassic
sediments were being deposited, except that here, judging
by the dip which the Jurassic rocks now show, there has
been subsequent tilting.

Extending this concept further, it is possible to draw the
actual geology of this land surface, as well as its relief, as it
was in Triassic times. The younger rocks are mentally
stripped away (Fig. 7.6) to reveal the intersections of the
older rocks with the Jurassic land surface — what is now the
surface of unconformity. Such a map would show the rock
outcrops at the land surface in the normal way, but here it
is the Furassic land surface. Because those outcrops are
now subsurface, buried by the younger deposits, this kind
of construction is called a sub-crop map.

Maps such as those mentioned above, which attempt to
reconstruct some aspect of the geology of a bygone time,
are called palaeogeological maps (e.g. Levorsen, 1960).
Every palaeogeological map has to specify the stratigraphic
time for which it is constructed. Unconformities are
amenable to this kind of treatment, but in principle any
kind of evidence can be used to help assemble palaeo-
geological maps, hence they take on very varied forms.

In some instances, a whole series of palaeogeological
maps has been devised for a particular area, thus mapping
its evolution through geological time. Reconstructions of
past geological conditions is another major attribute of
geological maps, and the ideas will be developed later
(chapter 12). Before doing that, however, we have to
develop further the three-dimensional considerations of
maps; so far we have taken map formations to be more or
less planar, in the form in which they were deposited.
There are profound repercussions for mapwork if stresses
in the earth have deformed the beds from their original
shape.

7.7 Summary of chapter

1. An unconformity is a significant time break in the
stratigraphic succession of an area.

2. It is usually visualised as the contact between the
adjacent units that have differing stratigraphic ages.
This surface of unconformity represents the time-span
that separates the formations.

3. Angular unconformities are usually readily recognis-
able on maps from the discordance between units, but
the identification of parallel unconformities requires
stratigraphic information from the map key.

4. The unconformity may overstep the older rocks in
different ways, and the upper rocks may be arranged
with overlap or with offlap.

5. Unconformities are valuable in reconstructing the
geological histories of regions. Sub-crop and palaeogeo-
logical maps can sometimes be constructed from them.

7.8 Selected further reading

Roberts, J. L. (1982). Introduction to geological maps and
structures, Oxford, Pergamon Press.
(Chapter 7 contains a detailed discussion of the use of
unconformity and related terms.)

MAP 11 The Helderberg, South Africa

The map opposite is reproduced from de Villiers (1983),
by permission of the Geological Society of South Africa. It
is of an area known as the Helderberg, near Stellenbosch,
in the Cape Province of South Africa. Outside the
northeast corner of the area shown, the Table Mountain
Group, predominantly a tough sandstone, connects with
the rocks that make the famous Table Mountain at Cape
Town. The term foliation, mentioned in the key, refers to
planar structures developed in the metamorphic and
igneous rocks.

What is the nature of the junction at the base of the Table

Mountain Group?
What is its approximate orientation?

What term can be applied to the outcrop of the Table
Mountain Group around the Dome?

Why does the Table Mountain Group not appear else-
where in the area?

Draw a NE-SW cross-section across the map area to
illustrate the geological arrangement of The Dome.
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MAP 12 A sub-Permian unconformity and inlier

The map opposite is of the kind of geology found in the
north of England. The conspicuous unconformity is at the
base of the Permian, which in northern England includes
units known locally as the Magnesian Limestone and the
Brockram.

What evidence is there on the map for an unconformity at
the base of the Carboniferous?

Comment on any structure shown by the Lower Palaeo-
zoic, and by the Carboniferous rocks.

Trace with a coloured pencil the course of the unconfor-
mity at the base of the Permian. Notice that the surface of
unconformity is highly uneven, so that structure contours
drawn for it will be irregular. The locations of a number of

boreholes are indicated on the map, together with the depth
in feet at which they encountered the sub-Permian rocks.
Using this borehole data together with the topographic
information, carefully construct structure contours for the
sub-Permian unconformity.

Describe, from the structure contours, the form of the land
surface as it was in early Permian times.

Can you detect any structure in the pre-Permian rocks that
may help explain the form of this landscape?

Is there any other junction on the map area, besides the
sub-Permian and sub-Carboniferous boundaries, that
could be referred to as an unconformity?

Further examples of unconformities on maps

Say what you can about the unconformity at the base of the
Coalport Group on Map 5.

Discuss the nature of the unconformities that appear on
Map 6, of the Boyd area, Australia.

Locate and identify the various unconformities that appear
on Plate 5, of Sanquar, Scotland; on Plate 6, of the Heart
Mountain district, Wyoming, USA; and on Plate 8, of
Malmesbury, England.
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8 Folds

8.1 Introduction

Geologists are still discovering the extent to which the
rocks of the earth are mobile. Movements that take place
within the earth generate stresses which can be capable of
deforming rocks, that is, changing their overall shape. This
deformation can occur in a brittle way, where the rocks
change shape by fracturing, or in a ductile way. In the
latter case, because of factors that come about at depth in
the earth, such as increased pressure and temperature and
longer times of deformation, the rocks respond to any
stress by flow, and there is no fracture. The common way
in which bedded sedimentary rocks deform in a ductile
way is by warping into the wave-like shapes known as
folds.

We saw something in chapter 2 of the way folded units
are detected on maps. Any folds will certainly have to be
taken into account in our interpretations of the under-
ground arrangement of the beds. Folds can be of great
economic significance (in section 3.3 we had a glimpse of
the importance of certain kinds of fold to the oil industry)
and we now take a closer look at how to deal with folded
formations as they appear on geological maps and sections.
We begin by defining a few basic parts of folds in order to
be able to report the nature of any folds we see. The
chapter goes on to outline the great variety of appearances
which natural folds can have, and how they are recognised
and measured on maps.

8.2 Description from maps

8.2.1 The parts of a fold

Most folds do not look like half cylinders. In cross-section,
a fold typically has a narrow zone of sharper curvature,
called the hinge zone (Fig. 8.1). It occurs between two
broad, less curved zones called the limbs. We can imagine
the greatest curvature in three-dimensions making a line
running along the folded bed. For introductory purposes,
this is the fold axis. Advanced work requires a more
precise definition (e.g. see Fleuty, 1964; Ramsay and

Fig. 8.1 The parts of a fold.

Huber, 1987). Similarly, the definition of the fold axial
surface has to be rigorous if it is to cover all circumstances
but here it is sufficient to regard it as the surface which
passes through the axes of the successive beds in a fold.
Commonly, although by no means always, the axial surface
has the appearance of dividing the fold into two fairly
symmetrical halves.

The intersection of the axial surface with another sur-
face, such as a map, cross-section, or the ground, is called
the fold axial trace. It is often useful to draw on maps of
areas of folded rocks the courses of the axial traces. It will
emerge later that the axial trace on a map will not normally
coincide with the axis of the fold.

8.2.2 Fold orientation

The value of the terms fold axis and axial surface lies in
their ability to report succinctly the three-dimensional
orientation of a fold. However, as we shall see in sections
8.3 and 8.4, it is much more difficult than you might first
think to work out from a geological map the orientation of a



FOLD ATTITUDE

dip of axial surface:

upright

Fig. 8.2 Fold attitude and orientation.

fold. Hence, the geological surveyor usually makes a point
of measuring fold axes and axial surfaces in the field, where
it is a relatively straightforward operation (McClay, 1987).
These measurements are then reported on the map by sym-
bols such as those shown in Fig. 4.2. Even if the surveyor
cannot actually see a fold in its entirety, there are routine
methods for finding its orientation from indirect field
observations (e.g. see Ramsay and Huber, 1987).

Many geological maps, then, have marked on them sym-
bols to indicate the orientation of any folds in the area. A
fold axial surface is reported as a strike and dip (Fig. 8.2),
exactly analogous to bedding or any other geological plane
(section 4.2), and a fold axis or an axial trace, both being
lines, are given as a plunge and trend (section 4.2).

Remember, from section 4.2, that the trend is expressed as
a compass bearing from north. Thus geologists commonly
speak loosely of folds ‘trending northeastwards’ and the
like, though it really should be specified whether the axial
trace or the axis is meant. The plunge of the axial trace will
normally average out as horizontal, being in the horizontal
map plane, but it may fluctuate locally as the axial surface
crosses various topographic slopes.

8.2.3 Fold attitude

In addition to specifying the spatial orientation of a fold,
geologists often record in words how much the fold itself is
inclined on its side or tipped on end, that is, the fold’s
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FOLD SHAPE

FOLD STYLE

close tight

isoclinal

rounded

FOLD DIMENSIONS

angular

amplitude

Fig. 8.3 Fold shape, style, and dimensions.

attitude. The terms commonly used for this are given in
Fig. 8.2. For example, it is sometimes useful to speak of a
map area being dominated by steeply plunging folds, with-
out specifying in degrees the exact range of plunge values.

8.2.4 Fold shape

We saw in section 2.3.3 how map units can be folded into
basins and arches, synclines and anticlines. Although these
terms are useful on the regional scale being discussed
there, for smaller structures the terms antiform and
synform are used. They are illustrated in Fig. 8.3. As

introduced in section 2.3.3, a fold with the oldest rocks in
its inner part is called an anticline and with the youngest
rocks in the middle, a syncline (Fig. 8.3). It follows from
the discussion of the age sequences seen on tilted beds
(section 2.3.1 and Figure 2.1) that ordinarily antiforms will
be anticlines, and synforms will be synclines. This is not
necessarily so, however, because in highly deformed areas,
outside the scope of this book, folds can become entirely
inverted, such that synforms have the oldest rocks in the
middle, etc.

Figure 8.3 illustrates the single-limbed deflection of
beds known as a monocline, and also the term non-



cylindrical. This means that the axis varies in plunge
along its length. You should make sure you can visualise
what this signifies for the three-dimensional appearance of
a fold. A situation commonly seen on maps is a non-
cylindrical fold with steepest plunges at the ends of its
axial trace and least plunge in the centre. Such folds are
referred to as being periclinal. It is in effect a small-scale
dome or basin. Thus those folds discussed in section 2.3.3
with a roughly circular outcrop pattern must be non-
cylindrical.

Fig. 8.4 Some guides to the
visual assessment of folds on
maps.

8.2.5 Fold style

In addition to describing the basic shape of a fold using the
above terms, geologists find it useful to mention what is
called the style of a fold. The adjectives commonly used
for this are given in Fig. 8.3. Describing the fold style is
not just a point of detail, as it has major implications for
structural geologists interested in the mechanics of how
folds form, for more advanced graphical constructions in-
volving beds, and for quantitative estimates of the volumes
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DOWN-PLUNGE
VIEWING OF FOLDS

Geological map of

folded beds.

Down-plunge view shows

synform with highly-

overturned limb

of industrial materials involved in folded rocks (e.g.
Badgley, 1959).

8.2.6 Fold dimensions

Finally, to communicate usefully what a particular fold or
collection of folds looks like, the size needs to be indicated.
The simplest approach to this is to treat the folds as waves,
and to measure the fold amplitude and half wavelength
(Fig. 8.3).

8.3 Visual assessment on maps

Many folds are too large to be observable in the field
Therefore, it is common for their presence to be detected
through the compilation of information on a map. Dip
directions may systematically reverse, representing the
different limbs of folds, or outcrop patterns may emerge
which indicate folded units. Figure 8.4 shows the kinds of
outcrop patterns produced on maps by folds which are
horizontal or of very shallow plunge. They are essentially
symmetrical repetitions of the same beds outwards from

Fig. 8.5 Illustrations of the down-plunge method of
viewing plunging folds on maps.

the hinge zone of the fold. Note that this pattern of repeti-
tion differs from that produced by faults (section 9.5).
With increasing plunge of the fold axis there is a growing
tendency for the beds on the two limbs of the fold to con-
verge. If the plunge is sufficient, the beds meet and the
hinge zone of the fold then appears on the map (Fig. 8.4).
Open folds give arcuate patterns like those seen in Fig.
2.2c, whereas tighter folds give more rapidly convergent
shapes. Note, however, that on large-scale maps all these
appearances can be complicated by an irregular relief.
Unless we have some other information, it is not possible
to deduce anything further about the nature of the fold. In
fact, at first glance the converging appearance of the beds
can be confused with the effects of topography discussed in
chapter 6, such as the ‘V-shape’ made by dipping beds
crossing a valley. On a large-scale map without the top-
ography marked, it may not be possible to recognise folded
beds with certainty, but normally topographic effects tend
to be small and local in comparison with the appearance of
folds. If symbols are provided on the map or there is

.information on the topography, it should be possible to

assess the dip of the beds and hence to ascertain whether



the fold is a synform or an antiform. It may help to sketch
in a few structure contours on each limb to find which way
the limbs are inclined (Fig. 8.4).

An important point to understand is that the outcrop
pattern of the folded beds does not necessarily indicate the
shape or style of the fold. The converging pattern of the
beds on the map does not show directly whether the fold is
an antiform or synform. The map view is just a horizontal
section through the folds. These may well be plunging
and, especially if there is marked topographic relief,
producing illusory effects. Similarly, a cross-section can be
misleading. Only if the fold is horizontal will the cross-
section give a true portrayal of the appearance of the fold.
There will be distortion in a cross-section through a
plunging fold. To see plunging folds properly we should
construct a section through the fold az right angles to the
fold axis, a section which is called the fold profile.

A handy device for the visual assessment of fold profile is
‘down-plunge’ viewing of the map. By inclining your line
of sight to the map at an angle roughly equal to the fold
plunge, the outcrop pattern you see will approximate the
fold profile (Fig. 8.5). Sketching where you think the axial
surface runs in this profile view gives a better estimate of
its course than normal ‘head-on’ viewing of the map.
Figure 8.5 gives an example of how the axial trace drawn
this way can differ from where you might draw it without
looking down the fold plunge. It is necessary, though, in
order to employ this useful technique for visually assessing
folds, to have knowledge of the fold plunge. If this is
indicated on the map by a symbol there is no problem;
otherwise you will first have to visualise or sketch the
structure contours in the hinge zone of the fold (see next
section).

Figure 8.6 shows some of the outcrop patterns typically
seen on geological maps of folded areas. Almost all of them
have some element of the converging aspect so common
with folds. Folds can be highly non-cylindrical, so beware
of assuming that all the folds which look alike at first glance
are of the same kind. Notice also that to tell whether the
folds are anticlines or synclines, we must have information
on the relative ages of the units. This may well be provided
in the key; otherwise, it could be impossible to tell. In
weakly deformed areas it is likely that the beds become
younger in the dip direction, that antiforms are anticlines,
etc. but, if there is suspicion that beds may be inverted, this
assumption could be invalid.

8.4 Measurements on maps

If the locations of fold axes are known on a map and they
are horizontal, then true cross-sections can be constructed
in the normal way at right angles to the axes. Being a fold
profile, the attitude, shape, style and scale of the fold can
be determined directly. Difficulties arise where the folds
are not horizontal. If the plunge is less than 30° or so, then

the usual vertical cross-sections may well be sufficient for
most purposes, but otherwise the information from a cross-
section may be misleading, especially on the large-scale
maps likely to be used for measurement purposes. It would
be necessary to establish the fold profile, a time-consuming
procedure to carry out by hand.

The amount of fold plunge may be given on the map by a
symbol; if not, a few structure contours will have to be
drawn in the hinge zone of the fold. From their spacing the
plunge can be derived either graphically or by trigon-
ometry (Fig. 8.7). To obtain the axial trace on a map it will
be necessary to construct at least two sections across the
fold, and add vertical axial traces to each section in order to
derive points where the axial surface intersects the ground
surface. These can then be connected to route the axial
trace in map view. If the axial trace is suspected to curve,
several sections may be needed. Bear in mind, though, that
all this is only approximate if the folds plunge sig-
nificantly, when fold profiles should really be employed.

We are now in a position to consider the strike and dip of
the axial surface. If the fold axial trace is available on the
map and crosses topographic contours, it may be possible
to sketch in some structure contours in order to derive the
orientation of the fold axial surface. Its strike will be the
same as the trend of the axial trace, if the latter is horizontal
and not crossing topographic slopes. A vertical cross-
section, drawn perpendicular to the horizontal axial trace,
will reveal the true dip of the axial surface.

There are more sophisticated ways of dealing with folded
beds, such as the use of stereographic projections (e.g.
Ramsay and Huber, 1987). These methods provide a much
more direct treatment of plunging folds but can be difficult
for beginners. All this underlines the usefulness of obtain-
ing as much information as possible on folds while in the
field. This is why most completed geological maps, es-
pecially those concerned with folded units, have much of
the orientation data already marked on the map. Although
folds on maps commonly produce visually attractive out-
crop patterns, they have to be interpreted with care.

8.5 Summary of chapter

1. The axis and axial surface are useful concepts in speci-
fying the orientation of a fold — as plunge and trend,
and strike and dip, respectively.

2. This orientation information is awkward to interpret
from outcrop patterns; it is commonly provided on the
map by symbols.

3. Folds are recognised on maps by the symmetrical repe-
tition of units in a horizontal fold, and by the con-
verging outcrops of a plunging fold.

4. Tt may be possible to interpret from a map something
about the attitude, shape, style, and dimensions of
folds, but the appearance of plunging folds on maps
and sections can be illusory.
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Typical appearance of contours on non-cylindrical folds

Deriving angle of plunge from by construction:
structure contours
Vertical scale, 400 >~ +—X—>
+« sameas .. —
A® map scale {0 *~~ J——ange of fold plunge
0 T T i~
P map scale
by trigonometry:

altitude difference between
two structure contours

tan plunge angle = - -
horizontal distance between
same two contours

Fig. 8.7 [Illustrations of how structure contours represent folded surfaces, and simple graphical and trigonometric methods
for deriving fold plunge.

Fig. 8.6 (opposite) Examples of outcrop patterns of folds. (a) Arcuate outcrop pattern suggests a plunging fold; lack of
relation with cliff suggests a non-topographic effect. Dip symbols confirm presence of antiform. May be an anticline, but
relative ages of rocks not known. Near Crich, Derbyshire, England. (b) Symmetrical repetition of formations suggests a fold;
relative ages of formations suggest a syncline. Near Lake Bomoseen, Vermont, USA. (c) Arcuate pattern suggests folding
present; contours show it is not a purely topographic effect. Relative ages of rocks show a syncline in the NW, an anticline in
the S. Near Balclutha, Kaitangata Coalfield, New Zealand. Based on Harrington (1958). (d) Without further information,
arcuate outcrop could represent a fold, but is adequately explained by a uniformly dipping unit crossing a hillside. Compare
with Fig. 6.2. Near Llanidloes, Wales. (¢) Symmetrical repetition of units suggests a fold; unlikely to be a topographic effect
at this scale (note degrees of latitude and longitude). Relative ages (K = Cretaceous, ] = Jurassic, T = Triassic, etc.) indicate
an anticline. Black Hills, S Dakota, USA. (f) Relative ages of rocks show anticlines to NW and synclines to SE; doubly
convergent form of outcrops indicate periclinal nature of folds. Appalachians, Pennsylvania, USA.
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MAP 13 Llandovery, Dyfed, Wales

The map opposite provides detail of the district appearing
on Plate 1 around [SO8338], northeast of Llandovery. The
rocks at Llandovery were discussed in section 2.3.1 as
examples of dipping beds. However, in a number of places
on Plate 1 the outcrops curve, suggesting that, as there is
no indication of pronounced topography, the units are
folded. Notice, incidentally, that these rocks belong to the
lowest series of the Silurian, known in the UK and else-
where as the ‘Llandovery’. They are therefore in their
‘type’ area. Map 13 is based, by permission of the Geo-
logical Society, on a map by Jones (1949).

Based on visual assessment, what is the structure of the
area shown?

Draw lightly on the map where you gauge the axial traces
to run.

Carefully construct structure contours for the three
stratigraphic boundaries shown. (Draw the tentative con-
tours lightly in pencil; when ‘firming up’ use coloured
pencils or different line symbols to distinguish the dif-
ferent sets of contours.)

By what amount does the fold plunge in the Cwm
Crychan-Bryn Ffoi area? And by what in the Cwm Clyd-
Cefn-y-gareg area?

Is this fold showing any tendency to be periclinal?

How does its plunge compare with that of the adjacent
anticline?

At a point between Pen-y-rhiw and Cwm Coed-Oeron,
draw a NW-SE cross-section (note the orientation of north
on this map) across the Middle Llandovery outcrop. How
does the dip on the northwest limb of the fold compare
with that on the southeast limb?

On the cross-section draw a line representing the fold axial
surface. The intersection of the line with the land surface
gives the position of the axial trace on the map. How does
its position derived in this way from a cross-section com-
pare with your earlier location from the map alone? (Note
that the axial trace has still not been properly located. This
would require a fold profile, i.e. a section at right angles to
the fold axis, which the vertical section you have drawn is
not.)
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MAP 14 Folded Millstone Grit

The facing map, at a scale of 1:25 000, is of the kind of
geology found in parts of the Pennines of northern
England. The ‘Millstone Grit’ is a time-honoured name
for the coarse sandstones, once much used for millstones,
which dominate the Namurian series of the Carboniferous
in this region. Many parts are uniformly shallow-dipping,
but in some places the beds have been folded by the
Variscan earth movements that arose towards the end of
the Palaeozoic era.

Describe, from visual assessment, the kind of fold
illustrated in Map 14.

One of the Millstone Grit bands has a much wider outcrop

in the northwest of the area than in the east. Why might
this be?

Using the dip information provided, draw an E-W cross-
section in the vicinity of Black Gill.

In order to illustrate the plunge of the fold, draw a N-S
cross-section across the hinge zone outcropping in the
south of the area. Because the values of dip indicated are so
variable, a more accurate section will result from drawing
structure contours for some of the surfaces.

Is there any relationship in the area between the geology
and the relief of the land surface?

Further examples of folds on maps

On Map 4, of Maccoyella Ridge, New Zealand, having
constructed structure contours for the base of the Te Were
sandstone, calculate the plunge of the major synform and
describe its form.

Consider the rocks lying below the sub-Permian uncon-
formity in Map 12. Interpret visually the structure in each
of the Lower Palaeozoic inliers. Construct structure con-
tours in the southern inlier for the top of the unit with an

open circle ornament, and in the northern inlier for the
junction of the two units with diagonal line ornaments.
Describe the form of the structures revealed by the con-
tours.

Note that the questions accompanying Plate 4, Root River,
Canada, involve the interpretation of folded units, and that
folds appear on Plate 7, of Marraba, Australia, and Plate 8,
of Malmesbury, England.
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9 Faults: the fundamentals

9.1 Introduction

Faults are perhaps the most frustrating structures to deal
with on maps. On the one hand, they are tremendously im-
portant features, in both academic and industrial work.
They can, for example, interfere with the predictions of
the mining geologist and cause special problems for the
civil engineer. Even non-geologists may well know some-
thing about faults, if only the devastating effects of
earthquakes that can arise from earth movements along
them. And faults are usually conspicuous features on
maps.

Yet, on the other hand, it can be very difficult to deduce
much from a map about a fault. The amount by which the
rocks either side of the fault have moved is commonly
extremely elusive; even the direction of movement is often
unclear. Moreover, faults are very awkward to classify and
describe in a rigorous way. Much of the terminology that
surrounds them is very inexact, but deeply entrenched. We
will have to be careful in this chapter to distinguish
between those terms that are used in a time-honoured but
loose way, and those that have to be employed exactly.

We saw in section 8.1 that stresses in the earth’s crust
sometimes cause rocks to deform in a ductile way, pro-
ducing folds. In other circumstances, in general where the
stresses are operating near the earth’s surface, rocks can
respond in a brittle way. This behaviour is characterised by
fracture of the rocks. Faults result from brittle behaviour.
These geological terms brittle and fracture mean exactly
what they do in everyday speech.

By far the most common fractures in rocks are joints,
along which there has been no movement of the rocks.
Virtually every rock exposure you see has joints in it, and
they can be very important in contexts such as engineering
geology. Rarely, however, are joints represented on general
geological maps. It is those fractures along which there has
been displacement of the rocks — faults — which are
important for map work, especially if the amount of move-
ment has been large enough to affect the outcrop patterns
on the map.

Let us look at faults in the same order as we considered
folds: first, outlining some basic descriptive features so

that we can report on faults more efficiently, and then
looking at some ways in which faults are dealt with on
maps.

9.2 Fault parts, orientation and dimensions

Faults commonly have an undulating form, but are often
loosely referred to as planes. For most map work, it is real-
istic to think of a fault as a single plane, although on the
ground there may be a broad zone of broken rocks, or a net-
work of smaller fractures. Treated as a single surface the
fault appears on a map or cross-section as a fault trace
(Fig. 9.1). It is dealt with exactly like any other line that
arises from a plane intersecting with the map surface.
Hence, if the fault trace crosses topographic contours, it
should be possible to work out something of the three-
dimensional orientation of the fault plane. Like other
geological surfaces, its orientation can be specified as a
strike and dip. The fault trace on the map is given as a
trend and plunge. The dip of the fault as seen in cross-
section will be an apparent value, unless the section is
drawn at right angles to the strike, in the true dip direction
of the fault (cf. section 5.2).

Either side of the fault trace, in most cases the map units
will appear to have moved. Either or both sides may have
actually carried out the movement; it is normally impos-
sible to tell which. We can refer to the result of this move-
ment, irrespective of the direction in which we are looking,
as the displacement. This is a very useful but loose term,
and by no means necessarily represents the acrual move-
ment along the fault. The tricky matter of attempting to
deduce the real three-dimensional movement is deferred
until section 9.6.

Displacement in a steep direction — the ‘up and down’
part of the movement — is often called the throw of the
fault, but this is an example of a term that is sometimes
used loosely, in the sense just mentioned, and other times
with the precise meaning given in section 9.6. The relative
movement directions each side of the fault, called the
sense of displacement, are often represented by paired
half-arrows (Fig. 9.1). If the displacement direction is



Fig. 9.1 Block diagram to show the main elements of
faults relevant to mapwork.

steep, it is usually possible to distinguish the upthrow
from the downthrow side of the fault. With a dipping
fault, the side above the fault is called the hangingwall
and the side below is the footwall. These two terms sup-
posedly derive from where miners used to hang their lamps
and put their feet. Most of the rich vocabulary that miners
used for fault features has now disappeared, but these two
terms have recently surged back into technical usage.

The size of a fault is most simply stated by its length and
maximum displacement. The horizontal length at surface
is readily measured from its map trace; it is the amount of
displacement which causes trouble and needs to be con-
sidered very carefully.

9.3 Fault displacement

Displacement is absolutely central to the concept of fault-
ing, but working out by how much the rocks have actually
moved can be very awkward. The difficulty arises because
the displacement seen in one view, say on a map or cross-
section, is just the component of movement in that plane.
It may or may not reflect the amount of movement in other
directions. The problem does not arise in certain special
situations involving horizontal or vertical units, but in the
general case all kinds of deceptive appearances can be
produced.

It is usual to consider displacement from two different
aspects: slip and separation. Slip is the displacement of
formerly adjacent points along a fault, in a particular
specified direction and measured in the fault plane (Fig.
9.2b). Used in this way, slip is a precise term. Net-slip is
an unambiguous measure of total fault movement. The
more loose terms strike-slip and dip-slip are useful for
indicating the dominant movement directions. Note that
the ‘strike’ and ‘dip’ parts of these terms refer to the fault,
not the strike and dip of the displaced units. The disadvan-
tage of working with slip is that it is not common to be able
to establish points which have been relatively displaced. In

practice, the points usually arise from the intersection of
lines with the fault surface, but even this circumstance is
not very common.

It is much more usual to see the result of planes having
been displaced, that is, the outcrop traces on a map or
section. Here, separation is the relevant term. Separation
is the distance between two formerly adjacent /ines, and
measured in any specified direction, not necessarily in the
fault plane (Fig. 9.2). Separation is therefore a much more
accessible measure than slip; the snag is that it may not be
particularly meaningful. Take the vertical displacement of
faulted, very steeply dipping beds: the separation will be
small in map view, even though the vertical throw could be
huge. With a fault that dips obliquely to dipping beds, the
amount of separation, even when consistently measured in
a particular direction, will vary according to where the
measurement is made. It will vary, for example, from
cross-section to cross-section.

Separation is therefore an important practical measure-
ment in mapwork, but it is merely a guide to the actual
amount of fault movement. It is imperative when dealing
with faults on maps to keep clear in your mind the concepts
of displacement, slip and separation.

9.4 Classification of faults

Much has been written about the best way to classify
faults. Several schemes involve the stresses and mechanics
of fault generation but for our purposes a descriptive
system, based on what can be observed on maps, is appro-
priate. Most practical is a scheme which divides faults
according to what is judged to be the dominant slip direc-
tion, with a few descriptive terms added to enable some
sub-division (Fig. 9.3). Thus, if the main displacement
seems to be along the strike of the fault we have a strike-
slip fault, whereas a dip-slip fault shows displacement
chiefly in the dip direction of the fault. Where the displace-
ment is neither strike-parallel nor dip-parallel but some-
where in between, it is an oblique-slip fault. Do notice
that the term slip is not being employed in the rigorous
sense defined in the previous section, for rarely is the fault
classification applied with reference to displaced points.
For dip-slip faults a further division is useful based on
the sense of displacement with respect to the fault dip.
Where the fault dips towards the downthrow side it is a
normal fault and where the fault dips towards the up-
throw side it is a reverse fault. Alternatively, we could
think of a normal fault as having its hangingwall down-
thrown and a reverse fault as having its hangingwall
upthrown. The end result is the same in both definitions.
The terms normal and reverse are said to come from
British coal mining practice: if a coal seam was faulted out,
the miners judged the kind of fault and adopted either the
normal or the reverse procedures of tunnelling to relocate
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Fig. 9.2 Block diagrams to show some aspects of fault displacement. (a) shows the rocks before faulting. The unornamented
unit unconformably overlies dipping units. The intersection of the top of the limestone unit (brickwork ornament) with the
surface of unconformity makes a /ine (dashed). This line makes a poinz on intersecting other planes, such as the edges of the
block, at A and A'. (b) shows the same rocks after faulting. The A-A’ line has been displaced; the two points it makes on
intersecting the fault plane, B and C, give the net-slip. (c) The same rocks as (b), showing the horizontal component of slip
along the fault, C-D, the strike-slip; and the component of slip in the dip direction of the fault, C-E, the dip-slip. These
three-dimensional diagrams show the displacement of points, and so reveal the oblique-slip nature of the fault, the amount of
net-slip in the oblique direction, and the strike-slip and dip-slip components. In map and section view, however, only the
separation of planes is seen, such as the strike separation and the vertical stratigraphic separation.

the seam. The terms have become extremely widely used, classification. Because the name given to the fault depends
and will be employed here, especially for somewhat iso- on the attitude of the fault, which can vary along its length,
lated faults. Note, however, that it is a somewhat arbitrary unclear situations can arise. Hence, normal and reverse



Fig. 9.3 Block diagrams to illustrate the main kinds of faults.

faults are being increasingly referred to as extension and
contraction faults, respectively, as discussed in chapter 10.

This basic distinction of strike-slip, normal and reverse
dip-slip, and oblique-slip faults is made more informative
by the addition of descriptive modifiers. It can be indi-
cated, for example, whether the fault dips at a high or low
angle. The distinction between high- and low-angle faults
is often placed at 45°, although this is an arbitrary, inter-
mediate figure — there is no intrinsic difference between a
reverse fault dipping at 40° and one dipping at 50°. Some
low-angle faults, however, are sufficiently distinctive and
important to justify their own terms and these will be con-
sidered in chapter 10. Some further descriptive terms are
given in Fig. 9.4. Thus, a reasonably informative but
concise picture of a set of faults is conveyed by something
such as ‘en echelon high-angle normal faults’.

9.5 Visual assessment on maps

It can be tricky deciding in the field whether or not a
particular junction between two different rock units is a
fault. Usually on a finalised geological map the surveyor
will have indicated a decision. If the contact is thought to
be faulted, it will be shown by a line of different weight or
colour. There may be some symbolism to distinguish the
downthrow side (Fig. 4.2).

On a less complete map, it may fall to the reader to infer
the presence of faults from the outcrop patterns; indeed,
because faults in nature are rarely exposed, it is often from
maps that they are detected. Interruption of the strati-
graphic succession may indicate faulting parallel to the
strike of the outcrops. Units which should be present but
do not appear at surface may be affected by a strike-parallel
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Fig. 9.4 Some descriptive terms for faults.

fault dipping in the same direction as the beds (Fig. 9.5),
although the absence could also indicate an unconformity
(the distinction between faults and unconformities was dis-
cussed in section 7.3). Repetition of beds, on the other
hand, can only indicate a strike-parallel fault, dipping in
the opposite direction to the beds (Fig. 9.5). Note how this
pattern of repetition due to faulting contrasts with the kind
of repetition produced by folding (section 8.3). If
horizontal beds are involved, small-scale strike-slip

Fig. 9.5 (opposite) Block diagrams to show the effects in
map and section views of the fault displacement of
horizontal beds. Note that the strike-slip fault has no
apparent effect. With the oblique-slip fault, the strike-slip
component appears to have no effect, whereas the dip-slip
component has the same effect as a normal fault.
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Fig. 9.6 Block diagrams to show the effects on dipping units of dip-slip faults parallel to the strike of the units.

faulting may not be apparent in either map or section view
(Fig. 9.6).

Abrupt displacements of outcrop traces on the map indi-
cate faults which are not strike-parallel (Fig. 9.7). Similar
effects are produced by both strike-slip and dip-slip faults
if the beds are dipping. For a particular amount of net-slip,
the amount of horizontal displacement decreases as the
fault becomes more oblique to the strike of the beds (Fig.

9.7). The sense of displacement in the horizontal for a
given fault depends on the dip direction of the beds, except
where the fault is perpendicular to the strike of the beds
(Fig. 9.8). A characteristic double displacement effect
results from a dip-slip fault displacing both limbs of a fold
(Fig. 9.9).

In general, then, the presence of a fault on a geological
map is not too difficult to spot. Recognition of the kind of



NORMAL FAULTS
Units dip towards
downthrow side:

Fig. 9.7 Block diagrams to show the effects on dipping units of dip-slip faults oblique to the strike of the units.

fault is a different matter. Horizontal displacement of beds
may be conspicuous, but, as mentioned above, if the beds
are dipping it could be due to either strike-slip or dip-slip
faulting. It may not be possible to tell which. Similarly, on
a cross-section vertical displacement of beds can result
from either strike-slip or dip-slip movement, if the beds are
dipping. In short, discrimination between minor strike-slip
and dip-slip faults is commonly difficult. Section 10.4.2
discusses the recognition of major strike-slip faulting.
There may be clues. If the fault surface is markedly
curved, it is likely that the displacement was principally
along the axis of curvature (Fig. 9.4). If the dip of the units
varies, or there are other features present of a different dip
(e.g. sheets of igneous rock), then the same horizontal
displacement will be maintained for all dips by a strike-slip
fault, whereas it will vary with a dip-slip fault. On a cross-
section, the same vertical displacement will be preserved

Fig. 9.8 Block diagram to show the effects on dipping

units of dip-slip faults at right angles to the strike of the
units.
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Fig. 9.9 Block diagrams to show the effects of dip-slip faults on folded units. Note the opposite displacement effects on
opposing limbs of the folds. The effect decreases as faults decrease in obliquity to the strike of the units.

by a dip-slip fault that affects differently dipping features,
whereas a strike-slip fault will produce various amounts of
vertical displacement.

It can be helpful to adapt the ‘down-plunge’ viewing
method for folds (section 8.3) to faults. If it is possible to
look down the dip of the displaced units, a truer impression
will be given of their separation. If the fault strikes
obliquely to the units, it is more realistic to view the sep-
aration down a line of intersection made by one of the
dipping surfaces with the fault plane.

If the fault is deduced to be dip-slip, then it is usually
possible to identify its upthrow and downthrow sides from
the relative ages of the strata on either side. In general,
older rocks will be brought up on the upthrow side;
younger rocks will appear on the downthrow side. Keep an

eye on the bed dips though, and this generalisation can
easily be undermined by any unconformities and folds
which are present. Having deduced that a fault is dip-slip
and recognised the upthrow and downthrow sides, the
next step is to seek information on the dip of the fault in
order to find whether it is normal or reverse. The map may
provide a symbol which records the fault dip. The inter-
action between the fault trace and the topography may
provide sufficient information. For example, the
principles developed for map units crossing hillslopes and
valleys (chapter 6) apply equally to fault planes. If no infor-
mation on fault dip is available, the fault should be
regarded as vertical, and no further classification will be
possible. Examples of the assessment of faults from maps
are given in Fig. 9.10.

Fig. 9.10 (opposite) Some examples of interpreting faults on maps. (a) Near Dorking, Surrey, England; based on Hayward
(1932). (b) Near Newtown, E Wales; based on Earp (1938). (c) Near Swinden, Lancashire, England; based on Hudson and
Dunnington (1944). (d) Part of the Rangeley oilfield, Colorado, USA; based on Lalicker (1949).
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Fig. 9.11 Some fault measurements that can be made from maps. (a) Measurement of strike separation and offset directly
from the map. (b) Derivation of stratigraphic throw by trigonometry, and (c) from structure contours. Note that the
trigonometric method assumes constant dip at depth; the extent of this assumption in method (c) depends on the control on
the structure contours.

9.6 Measurements on maps off the map. If the trace is curved it may be necessary to
follow it with a piece of thread, which is then held tautly

The length of the fault trace is readily measurable on a against a ruler.

map. A minimum value can be given if the trace continues Displacements in the horizontal are easily measured.



The strike separation, measured parallel to the fault
strike, and offset, measured normal to the strike of the
units (Fig. 9.11a), are two readily cited values. The snag is,
to emphasise the point again, that they may not mean very
much. If the beds either side of the fault are known to
dip steeply, then the horizontal separations are likely to
be greatly underrepresentative. Conversely, faulting of
shallow-dipping beds produces considerable horizontal
displacement without much steep movement. Relief of the
land surface can also contribute to misleading appearances.
If values of the horizontal separations are all that can be
obtained from the map, a comment should be made on how
meaningful they are likely to be.

Clearly some measure of the steep movement is desir-
able, and on many maps it is possible to derive at least the
vertical separation of the beds, referred to as the strati-
graphic throw. There are two ways of approaching this.
One involves the trigonometric estimation of bed depth
(section 4.5, Fig. 4.9). Bed dips have to be known, and
assumed to be constant. From the offset of a displaced bed
and the tangent of the dip angle, the bed depth can be
calculated and subtracted from its elevation at the surface
on the other side of the fault (Fig. 9.11b). The difference
that results is the stratigraphic throw. With faults oblique
to bedding it will be necessary to project horizontally the
value of bed depth to the fault trace, to bring it next to its
displaced counterpart. The projection is done along the
strike of the bed.

The second method requires the construction of some
structure contours (Fig. 9.11c). On one side of the fault at
least two contours will have to be known so that their
spacing can be established. From this, assuming constant
dip, further contours can be added if necessary. Only one
contour will have to be known on the other side of the fault,
provided the dip of the beds is taken to be the same, from
which additional contours can be sketched. Where any two
contours on either side of the fault abut, the elevation dif-
ference between them is the stratigraphic throw. The most
closely constrained contours are likely to give the most
reliable value. If no contours meet directly, then inter-
polation will be necessary on one side of the fault. The
more structure contours that can be drawn from the infor-
mation given on the map, the greater the control and the
less significant will be the assumption of constant dip.

Where two units which are not adjacent stratigraphically
are brought together at the fault plane, it may be possible
to establish, either by a series of measurements from the
map (section 4.4) or by reference to the map key, the
thickness of stratigraphy that has been excised. This value
is called the stratigraphic separation. This thickness,
being measured at right angles to the boundaries of the
unit, is independent of the orientation of the fault.

Any further useful information on fault displacement

requires knowledge of the dip of the fault. This may be
cited on the map, or it may be possible to draw some struc-
ture contours for the fault surface itself (at least two, if
constant dip can be assumed). Several further components
of displacement then become measurable (e.g. Roberts,
1982). It also becomes possible to construct an accurate
cross-section through the fault to show the fault dip and the
displacement magnitude in this vertical plane. The most
useful measure is the fault throw. This value, in its
precise sense (contrast with the usage in section 9.2), is the
vertical separation measured in the dip direction of the
fault. Note, that in most cases it will not have the same
value as the stratigraphic throw, which involves projection
along the strike of the units and does not refer to the dip of
the fault (Fig. 9.11¢).

Ordinarily in mapwork this is all the useful fault
measurement that can be carried out. Unless the fault
displacement is somehow known to be purely dip-slip or
strike-slip, the value of net-slip still eludes us. We will not
be in a position to predict accurately the displacement that
will appear in other directions, say across some oblique
mine adit or tunnel. Methods for deriving net-slip, all of
which require further information about the displaced
beds, are discussed by Billings (1954) and Ramsay and
Huber (1987). Even these procedures involve assumptions,
such as the amount of slip being constant along a fault
plane. And this cannot be. After all, faults start and stop
somewhere, so the displacement must vary along their
length.

9.7 Summary of chapter

1. Faults are fractures along which the rocks have moved.

2. The displacement of rocks that is apparent from one
viewpoint is not necessarily representative of the actual
movement. Terms have to be used carefully.

3. Slip is the displacement of formerly adjacent points,
measured in a specified direction in the fault plane.
Separation is the displacement of formerly adjacent
points measured in some specified direction.

4. Faults are traditionally classified as strike-, oblique-, or
dip-slip faults, the last being further distinguished as
either normal or reverse.

5. Faults are usually easily detected on maps, but their
interpretation can be elusive.

9.8 Selected further reading

Roberts, J. L. (1982). Geological maps and structures,
Ozxford, Pergamon Press.
(Pp. 131-63 discuss normal and reverse faults, and the
problems of terminology.)
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MAP 15 Aspen, Colorado, USA

Weber Formation

——- Leadville Limestone

Leadville Dolomite
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Yule Formation

Sawatch Formation

Quartz — Porphyry

The map opposite is based on one of a folio of superb, very
large-scale maps published by the USGS in 1898 of the
Aspen district of Colorado. The detailed study was
prompted by the intensive mining for various precious
metals in the district, an activity which has now ceased.
The numerous faults which were once the miners’ bane
now criss-cross the slopes used in Aspen’s new ‘industry’ —
downhill skiing. The area presented opposite is a part of
the 1:3600 Tourtelotte Park Mining District sheet,
reproduced here, with some modification, by permission
of the USGS.

Is there any overall pattern to the trends of the fault traces?

Judging by the displacements seen on the map, is the Good
Thunder Fault likely to be a strike-slip or a dip-slip fault?

Given that the Burro Fault is a dip-slip fault, does it
downthrow to the north or south?

—— fault
geological contact
—10000—  topographic contours,

0
L

height in feet

SCALE 1:3600
50 100 150 200
1 1

| | metres

0 100 200 300 400 500
1 1 ] ] ] 1 feet

In which direction does the Silver Bell Fault dip? (It
should be possible to draw a few structure contours for this
fault.)

What is the strike separation along the Dixon Fault? What
is the stratigraphic throw of the Dixon Fault shown by the
top of the Leadville Dolomite? (This can be answered
either by using trigonometry, or by constructing structure
contours south of the fault and comparing them with their
estimated counterparts to the north.)

Construct structure contours for the Dixon Fault. Draw an
accurate cross-section in the dip direction of the fault
through the point where it is met by the Leadville
Dolomite to the N. Project in its dip direction, the top of
the Leadville dolomite south of the fault to the cross-
section. Measure the throw of the fault.

What kind of fault is the Justice Fault?
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MAP 16 Alton Pancras, Dorset, England
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The map opposite is redrawn at a scale of 1 : 14 000 from a
sketch-map by Smart (1954). It is used by permission of the
Director, BGS: Crown/NERC copyright reserved. The
map details the arrangement of the Upper Jurassic and
Lower Cretaceous rocks about 10 km north of Dorchester,
in SW England. On a hillside just west of the map area, the
white chalk was cleared of turf by prehistoric people to

form the celebrated figure of the Cerne Abbas giant.

What is the general orientation of the units in the map
area?

Why does the N-S fault northeast of Plush appear to dis-
place the Lower Chalk in opposite directions?

Consider the long N-S fault that outcrops between Alton
Pancras and Plush. What strike separation is shown by the
base of the Upper Chalk? What strike separation is shown

by the top of the Lower Chalk? Why might these two
amounts be so different? Comment on the value of strike
separation as a measure of the actual displacement of a
fault. Assuming this fault is a true plane, what, do the
curves in its trace signify?

From the ages of the rocks on either side of the fault, which
is likely to be the downthrow side?

Draw the 210 and 180 m structure contours for the fault.
What kind of fault is it?

Draw the 150, 180 and 210 m structure contours for the
top of the Lower Chalk for about a kilometre either side of
the fault. Because of the nature of the orientation of the
map units, the structure contours are likely to be irregular
and poorly constrained.
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MAP 17 Wren's Nest, West Midlands, England
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The middle Silurian Wenlock Limestone of Dudley, W
Midlands, has long been famous for its abundant, beauti-
fully preserved fossils. The outcrop in the area known as
Wren’s Nest is now a National Nature Reserve. Map 17 is
redrawn, by permission of the Geological Society, from
Butler (1939).

Describe the overall structure of the area.

What strike separation and what offset is produced by the
fault in the east of the area? What stratigraphic throw does

it show?

What is the strike separation of the Lower Wenlock
Limestone south of Wren’s Nest Farm?

Using the nearest dip value provided, calculate the
stratigraphic throw shown by this unit. How does the value
compare with that derived by constructing structure con-
tours in the vicinity of Wren’s Nest Farm?

Deduce the plunge of the fold in the south of the area.
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10 More on faults: contraction (thrust),
extension, and strike-slip faults

10.1 Introduction

Having outlined in chapter 9 some of the methods for
dealing with faults on maps, we can now look at some of
the natural situations in which faults are found. It is a rare
map which does not show a fault of one kind or another,
but this chapter is mainly concerned with those areas of the
earth where faults are numerous and dominated by a par-
ticular type.

There are long, linear zones made up of faults which
have essentially a reverse fault geometry but are of shallow
inclination. They are called thrust faults, and the zones in
which they predominate are called thrust belts. An
example was mentioned in section 2.3.4. Their overall
effect, along with any associated reverse faults, is to
telescope together the stratigraphic sequence, producing a
thick stack of beds and decreasing their horizontal extent.
Hence, all these faults can be referred to as contraction
faults. They have attracted much attention, partly because
of the intriguing problem of understanding how the rocks
can actually accomplish large amounts of contraction, and
partly because in recent years some thrust belts have been
the scene of intensive oil exploration.

In contrast, there are areas of the earth which have been
‘pulled apart’ such that they are now dominated by
extension faults. The dominant structures are essentially
normal faults, but tend to have a low dip-angle overall. The
inner parts of these areas tend to be dropped down along
the faults more than the outer parts, leading to subsidence
and the production of extensional basins. These areas,
too, are of great importance in oil geology; the North Sea is
an example of an extensional basin.

Curiously, although on regional maps thrust belts
contrast clearly with extensional basins, on large-scale
maps contraction and extension faults can be difficult to

distinguish. The two kinds of fault have many similarities

in appearance. In a restricted area it might not be possible
to match the rocks in the hangingwall with those in the
footwall, or the low-angle fault may be exactly parallel to
bedding, so that the critical difference of the hangingwall
moving up or down will not be recognisable.

Yet other parts of the earth are dominated by zones of

strike-slip faulting. These can also give problems in map
studies. Typically, these faults have very large displace-
ments and their traces are conspicuous on maps, but cor-
relation across the faults is notoriously difficult, even on
small-scale maps, because of the large amount of move-
ment. Even though some of the most widely known geo-
logical structures are strike-slip faults, for example, the San
Andreas Fault in California, their strike-slip character can
be difficult to prove.

10.2 Contraction (thrust) faults

10.2.1 Characteristics

Thrust faults are low-angle dip-slip faults, along which
the hangingwall has been upthrown (Fig. 10.1). They are
therefore essentially reverse faults (section 9.4), and low-
angle reverse faults are sometimes called thrusts. However,
it would be misleading to think of this as the only differ-
ence; it is the overall character of thrust faults which
compels a distinction.

Thrusts rarely occur as isolated faults. Typically they are
in groups, which together with splaying and interlocking
smaller thrusts and folds, form the long, linear zones
known as fold-and-thrust belts or simply thrust belts.
Families of closely spaced splaying reverse faults called
imbricate zones may also be involved (Fig. 10.2).

The displacements on the major thrusts of the belt may
be substantial and are typically measured in kilometres of
movement.

The low dip of thrust faults towards the upthrow side
results in bringing more deeply buried rocks up and over
shallower rocks. It is a general property of thrusts that they
bring older rocks over younger. The hangingwall of a
thrust is commonly called a thrust sheet and named after
the fault at its base.

The shape of an individual thrust is not normally planar
over any great distance. There are two general tendencies.
One is for the thrust plane to curve smoothly from a
steeper dip at its upper end to a shallow dip at depth (Fig.
10.1). This concave-upwards form is called listric, from



Fig. 10.1 Block diagram to show the main features of thrust faults.

the Greek word for a spoon. The other tendency is towards
developing a kind of ‘staircase’ shape (Fig. 10.1). The
ramps commonly dip at about 30-35° and occupy a
shorter distance than the bedding-parallel flats. Some
thrusts have bedding-parallel parts several kilometres long.

A consequence of a ramp having developed is that beds
moving up and over the ramp take on an antiformal shape
(Fig. 10.1). The structure is termed a hangingwall
anticline.

10.2.2 Recognition on maps

An isolated thrust fault will be recognisable on a map as a
low-angle plane on which older rocks overlie younger ones.
No other structure can look like this, except for very
special cases such as an inverted unconformity. If the
various characteristics listed above are also apparent, the
diagnosis of thrusting should be straightforward. In any
case, it is conventional for thrusts to be indicated on maps
by a special symbolism (Figs 4.2 and 10.2). If you are draw-
ing this symbol on a map, do make sure you have the barbs
on the hangingwall/thrust sheet side; it is a common begin-
ner’s mistake to reverse the position.

A group of thrusts on a map may well have the effect of
repeating the stratigraphy several times, and if imbricate
zones are present too, the outcrop pattern can be extremely
intricate. Stratigraphic repetition is also produced by
extension faulting (section 10.3, Fig. 10.5) but there the
overall effect of bringing younger rocks over older will be
lacking.

10.2.3 Three-dimensional arrangement

Having located and recognised thrust faults on a map,
several things can be attempted by way of three-
dimensional interpretation. Because of their overall low
dip, thrusts are amenable to the methods developed earlier
for horizontal and dipping beds (sections 6.2 and 6.3). The
map trace of a thrust will tend to follow topographic
contours, and will parallel them if the thrust is horizontal.
The principle that formations become younger in the dip
direction will have to be used with extreme caution,
though, as by their very nature thrusts will be upsetting the
stratigraphic succession.

If there are topographic contours on the map, or bore-
hole/well information is available, it may be possible to
construct structure contours for the thrust surface (cf.
sections 3.5 and 3.6). Figure 10.3 gives examples. If the
structure contours are closely constrained, they may bring
out the listric or staircase shape of the plane. It may be
possible to construct sub-crop patterns for the thrust
surface (Fig. 10.3) in an analogous way to unconformities
(section 7.6).

Note that the dip of the fault at the surface does not
necessarily reflect the overall thrust inclination. Projection
to depth on a cross-section is precarious without support-
ing information. It is perhaps safest to draw the thrust trace
as a straight line. Some listric form could be included
where the beds in the thrust sheet are not greatly different
in stratigraphic age from those in the footwall. However, if
basement rocks are involved in the hangingwall, the thrust
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Fig. 10.2 Some features of thrust on maps. (a) Redrawn from part of the Geological Survey of Canada 1:50 000
‘Whiterabbit Creek’ (E) sheet 1388A, by permission of the Geological Survey of Canada. Cross-section inferred from map
features. (b) Imbricate zone in map and section. Near Lochcarron, Scotland. (c) Thrust window. Cades Cove, Tennessee,
USA. Redrawn from part of the 1:62 500 map in USGS Professional Paper 394-D, ‘Geology of the Great Smoky Mountains,
Tennessee’, by permission of the USGS.
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Fig. 10.3 Three-dimensional aspects of thrusts on maps. (a) Structure contour and subcrop maps of the Absaroka Thrust,
Idaho—Wyoming, USA. Reproduced from Dixon (1982), by permission of the American Association of Petroleum Geologists.
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Structure contour map of the Moine Thrust, NW Scotland. Reproduced from Eliot and Johnson (1980), by permission of the

Royal Society of Edinburgh.
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Fig. 10.4 Interpretation from maps of the sequence, direction, and amount of displacement on thrusts. A

must continue sufficiently deep to have enabled the incor-
poration of this material. If the map shows the thrust trace
to follow certain stratigraphic horizons and crosscut
others, it may be reasonable to incorporate these patterns
as flats and ramps, respectively, in the cross-section. The
presence of a localised anticline next to the map trace of a
thrust may be interpreted as a hangingwall anticline, and
the fold and ramp included on the section.

Commonly, the drawing of thrust traces in any detail on
a section requires additional information, for example,
from wells or seismic traces. There are techniques of
graphically restoring beds to their pre-thrust position (e.g.

Woodward et al., 1985) to provide a first check on the
feasibility of the cross-section interpreted from the map. If
it turns out to be impossible to restore the section, there
must be something wrong with it.

10.2.4 Displacement amount, direction and sequence

Thrust sheets have commonly been displaced substantial
distances along the fault at their base. It is usual to seek the
amount and direction of this movement, referred to in the
context of low-angle faults as the transport. How the
friction between the rocks is reduced to allow this transport



Fig. 10.5 Block diagram to show the main features of extension faults.

is one of the intriguing questions of structural geology, but
is outside the scope of this book.

If the rocks on the hangingwall can be matched on a map
with those in the footwall, then the strike separation and
offset can be measured, just as for reverse faults (section
9.6). These values measured in the horizontal map plane
will be much more meaningful for low-angle faults than for
steep structures (cf. section 9.6), as the bulk of the move-
ment has to be at a low angle.

The transport direction is often assumed to be at right
angles to the trend of the thrust trace on the map. In this
case, it may be possible to project marker units back to
their pre-faulting position, and derive the amount of hori-
zontal transport. It is a simplistic assumption, but thrust
belts are complicated enough without worrying here about
oblique slip. A rough but handy guide for interpreting
thrust transport from regional maps — the ‘bow-and-arrow
rule’ —is illustrated in Fig. 10.4. Cross-sections designed to
show information about a thrust are usually drawn in the
supposed transport direction. The sense of displacement
(section 9.3) can be depicted on the section. From the
definition of a thrust, the hangingwall will have moved up
the fault. Put in another way, thrusts generally cut upwards
through the stratigraphic sequence in the direction of
transport.

If one thrust truncates another, it must have formed later
(section 12.3). Many coalescing thrusts are thought to form
in a ‘downward’ sequence (Fig. 10.4). In this theory, the
topmost thrust forms first, then it and its thrust sheet are
carried ‘piggy-back’ by younger thrusts below. In these

ways it may be possible to deduce from maps and sections
the sequence in which thrusts were generated.

10.3 Extension faults

10.3.1 General

Extension faults are the exact converse of contraction
faults, and yet, paradoxically, the two have a great deal in
common. The contrasts are that extension faults are dip-
slip faults which dip at a low angle towards their
downthrow side. They are therefore normal faults of
shallow inclination. This form requires that higher rocks
are brought down next to lower (younger over older) which
is the exact opposite of thrusts. In cross-section the
transport direction will be down dip. Their overall effect is
to attenuate or pull out the stratigraphic sequence laterally,
so that it becomes thinner but more areally extensive.
Extension faults therefore tend to form basins rather than
linear belts.

10.3.2 Characteristics

All the above points form contrasts with thrusts. In most
other respects, extension faults have properties markedly
similar to contraction faults. Compare the following points
with those of section 10.2.1.

Typically, extension faults occur in groups, to form
extensional basins. The faults may interlink and have
minor splay faults (Fig. 10.5). The resulting basin is by no
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Fig. 10.6 Some aspects of extension faults. (a) The appearance of an extensional basin in cross-section, Witch Ground,
North Sea. Redrawn with modification from Beach (1984), by permission of the Geological Society, from ‘Structural
evolution of the Witch Ground Graben’, A. Beach, (1984) ¥. Geol. Soc. London, 141. (b) A detachment fault in cross-section.
Based on USGS Map 1-919, Bearpaw Mountain area, north-central Montana, by permission of the USGS. (c) Interpretation
of the sequence of generation of extension faults, assuming a ‘piggy-back’ mechanism operated.

means necessarily symmetrical. The variable distribution
of displacements can produce complex basin shapes.
Arrays of high-angle extension faults can form imbricate
zones. The faults root into a basal, low-angle detachment
fault (Fig. 10.6). This is normally at depth, but may reach
the surface at its tips. There are areas of the earth where
such large, low-angle faults occur more or less singly. A
famous and intriguing example forms the subject of Plate
6.

The shapes of extension faults are highly analogous to
thrusts. They can have listric or staircase form, or some
combination of both.

Like thrusts, production of these fault shapes causes the
beds to fold. A characteristic feature is a roll-over
anticline (Fig. 10.5).

10.3.3 Extension faults on maps

If faults have not been marked as such on a map, the

recognition of a single detachment fault could be difficult.
With most extension faults, however, some of the features
mentioned above will be apparent. The biggest difficulty
can be the distinction of extension from contraction faults,
if this is not indicated on the map by symbolism. On larger
scale maps the distinction might not be possible.

The basic property of extension faults of bringing
younger rocks over older may be discernible. On smaller
scale maps it may be possible to locate the breakaway
fault (Fig. 10.6). Whereas contraction faults can repear the
stratigraphic sequence — thrusts can cause the same unit to
appear on a map in several different places — extension
faults tend to cause omission of parts of the stratigraphy. A
feature which is virtually confined to extension faults is an
increased thickness and a progressive displacement of the
sedimentary succession on the downthrow side. The
implication of this is that the fault was growing at the same
time as the sediments were accumulating, a process called
growth faulting.



Interpretation of the extension fault from its trace on the
map is analogous to the procedure for thrusts (section
10.2.2). Because both kinds of faults are low-angle sur-
faces, they are recognised in the same way. It may be
possible to draw structure contour and sub-crop maps.
Cross-section preparation is similar. Transport amount
and direction can be approached in a similar way, except
that the direction will be down the fault dip.

The sequence of fault production is illustrated in Fig.
10.6. The innermost faults are thought to be generated
first and younger faults produced successively outwards.

10.4 Strike-slip faults

Strike-slip faults are typically major structures, making
conspicuous features on regional maps. They can, how-
ever, be small and occupy only a part of a large-scale map.
In the latter case, they may represent local adjustments to
different, larger structures. Such a local fault has a lot in
common with the high-angle faults dealt with in chapter 9.
The main difference is simply that the displacement was in
the strike direction of the fault rather than the dip
direction. Remember, though, that apparent horizontal
displacement is produced by steep fault movements acting
on dipping beds (section 9.5). What follows mainly refers
to major strike-slip faults developed on the regional scale.

10.4.1 Characteristics

The fault traces of strike-slip faults are typically long,
measured in tens or hundreds of kilometres. The amounts
of displacement are commonly of similar magnitudes. The
fault surfaces tend to be very steep to vertical. Strike-slip
faults tend to have straight courses for long distances. They
can curve: the famous ‘big bend’ of the San Andreas Fault
north of Los Angeles is an instance. There may be sub-
parallel splay faults. Some faults splay and inastomose on
a large scale, making broad zones of comp ex faulting. In
fact the geometrical details of these zone; have much in
common with contractional and extensional faults.

Strike-slip faults are typically long-lived structures.
Once such a major fracture is initiated, it responds
relatively easily in subsequent times of stress. Con-
sequently, many ancient strike-slip faults are still active
today. However, this reactivation of the fault does not
necessarily occur with the same kind of displacement.
Strike-slip faults typically have periods of dip-slip move-
ment in their history.

Finally, it is useful to label a strike-slip fault with its
dominant displacement sense (section 9.3), if this is
known. Imagine standing on one side of the fault and
looking across it: if the opposite side has moved to your
left, it is a left-lateral or sinistral fault; if the opposite

side has moved to the right, it is a right-lateral or dextral
fault.

10.4.2 Recognition on maps

It is usually easy enough to recognise major strike-slip
faults; it is the displacement history which can be very
elusive. The faults tend to make straight traces on maps.
This is not only because the faults tend to be straight
anyway, but because their steepness, allows them to cut
across topographic relief. Moreover, erosion often works
preferentially on the weak rocks of the fault zone,
producing conspicuous straight valleys. The Great Glen of
Scotland, containing the deep, elongate Loch Ness, is
formed along a major strike-slip fault, the Great Glen
Fault. Such features are distinctive on air photographs and
satellite images, and hence tend to be shown boldly on
regional reconnaissance maps.

Curiously enough, the huge displacements which can ac-
cumulate along these faults are not necessarily a distinctive
feature on a map. It may be obvious that the rocks either
side of the fault bear little relation to each other, but in the
absence of features which match up, the displacement will
not be clear. Another complicating factor is that, with the
common reactivation of these faults, features of different
geological ages will show different amounts of displace-
ment.

Strike-slip movement on smaller faults can be detected
by the displacement of vertical features (Figs 9.3 and
10.7a), and by variably oriented features being offset by the
same amounts (Fig. 10.7¢). Ideally, it is the oldesz rocks in
the map area that we aim to correlate across the fault in
order to detect the maximum displacement. However, the
old rocks may now be covered by younger deposits. In fact,
it is commonly the younger features that give the initial
clues to the fault displacements, even if they are just the
more recent movements. A good example of this is the San
Andreas Fault which, although now thought to have ac-
complished something like 1000 km displacement, was
first detected by the offset of orange groves and present-day
streams. The Hope strand of the Alpine Fault of New
Zealand is thought to have displaced the bedrock by about
20 km, post-Quaternary river terraces by 160 km (Fig.
10.7b) and, in living memory, farm fences by 3 m (Freund,
1971).

In the absence of suitable features either side of the fault,
assessment of the displacement will be difficult. The dis-
placement may be so large that even if such features do
exist, they do not fall on a single map. Some clue, at least
to the sense of displacement, may be provided by consis-
tent offsets across any minor splays of the major fault.
Otherwise, it becomes a matter of attempting to correlate
regional features: granite plutons, metamorphic zones,
special sedimentary environments, etc. Strike-slip faults
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Fig. 10.7 The recognition of strike-slip faults on maps. (a) The Cata Branca Fault, W Brazil. The straight outcrops, in an
area of rugged topography, indicate that the schists are oriented vertically. The fault displacement must therefore be strike-
slip. Redrawn from Wallace (1965), by permission of the USGS. (b) The Alpine Fault system, New Zealand. The inset
shows how displaced river terraces have been used to infer 160 m of post-Quaternary movement on the Hope splay. Redrawn
from Freund (1971), by permission of the New Zealand Geological Survey. (c) The Loch Fada, Colonsay, splay of the Great
Glen Fault, Scotland. Variably oriented formations are displaced by similar amounts, indicating a strike-slip fault.



may be dramatic features, but deducing their displacement
histories is a challenge to the geologist.

10.5 Summary of chapter

1. Contraction faults, comprising reverse faults and
thrusts, decrease the horizontal extent of a rock
sequence.

2. Thrusts are low-angle dip-slip faults, along which the
hangingwall has been upthrown, bringing older rocks
over younger.

3. It is usually possible to make estimates from maps of
the three-dimensional arrangement of thrusts, their
sequence of development, and the amount and direc-
tion of displacement.

4. Extension faults increase the horizontal extent of a rock
sequence. They contrast with thrusts in being low-
angle normal faults — the hangingwall moved down the
dip of the fault — and in bringing younger rocks over
older.

5. Other characteristics of extension faults have much in
common with thrusts.

6. Major strike-slip faults are typically steep, straight
features, commonly long-lived and with large displace-
ments.

7. They are conspicuous on maps, but the displacements
can be elusive.

10.6 Selected further reading

Suppe, J. (1985). Principles of Structural Geology,
Englewood, New Jersey, Prentice-Hall.

(Pp. 277-89 summarise the morphology of strike-slip,
thrust and detachment faults.)

Ramsey, J. G. and Huber, M. 1. (1987). The Technigues of

Modern Structural Geology, Volume 2: Folds and
Fractures, London, Academic Press.
(Session 23 is a thorough, modern account of the
geometry of faults, much of which is highly relevant to
more advanced map work. Session 24 explains the con-
struction of restored sections.)
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MAP 18 Glen Creek, Montana, USA
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The facing map is redrawn from the USGS map GQ-499
of Glen Creek, Montana, by permission of the USGS. It is
of an area about 100 km WNW of Great Falls, in the east-
ernmost ranges of the Rocky Mountains. The area there-
fore falls within the fold-and-thrust belt which dominates
the eastern flanks of the Western Cordillera in much of N
America, and it is a northwards extension of the area of
thrusting introduced briefly in section 2.3.4 and portrayed
on Plate 2.

Colouring some of the stratigraphic divisions on the map,
particularly units Kbfand Kt, will help make their outcrop
patterns more distinctive. What might the dashed line run-
ning through the central part of unit Kbf represent?

0 Mile 1
Scale = — 4
0 Kilometre 1

Looking at the relationship between outcrop and top-
ography, and any map symbols, visualise the overall three-
dimensional structure of the area. Draw two cross-sections
at right angles to the dominant strike direction, one to
represent the north of the area and one the southern part.
In projecting the thrusts to depth bear in mind that they
are not necessarily planes. Incorporate, for example, the
symmetrical repetition of unit Kbt, possibly indicating a
steepening of the thrust subsurface, and any coalescing of
thrusts off the section line which may reflect changes in
thrust dips. Number the thrusts on the cross-sections
according to the sequence in which they are likely to have
formed. How does the southern part of the area differ from
the northern district?
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MAP 19 Hamblin Bay fault, Nevada, USA

The facing map is redrawn and simplified from a map by
Anderson (1973), by permission of the USGS. It covers an
area about 60 km east of Las Vegas, and is on the north
shores of Lake Mead, created by the construction of the
Hoover Dam, just southwest of the map area. Although the
area falls into a region of the western USA dominated by
large-scale extension faulting (the ‘Basin and Range’
structural province), some parts of the region show impor-
tant strike-slip faults. In the present area, an andesitic vol-
cano and associated dykes, known as the Hamblin—
Cleopatra volcano, have been dismembered by faults, par-
ticularly the major Hamblin Bay Fault.

Discuss the evidence for the Hamblin Bay Fault having
dominantly strike-slip displacement. Identify the sense of

movement. Estimate the amount of strike-slip displace-
ment.

Which other faults must also have a substantial component
of strike-slip displacement?

Discuss the likelihood of the faults at Saddle Mountain
being strike-slip faults.

What is the overall age of faulting in the area?

Is there any relationship between the orientation of
bedding and proximity to a fault? What might this imply
for the actual slip direction on some of the faults?

Further examples of faults on maps

Two faults appear on Map 7, of the ‘north crop’ of the
South Wales coalfield. Comment on the displacement each
must have produced to account for the present outcrop
pattern.

Describe the fault which occurs in the northeast of Map 14
and affects the folded Millstone Grit.

The numerous faults in the southwest part of plate 2, of the
western US, rend (there are exceptions) to curve with their

concave side towards their dip direction. Judging by the
relative ages of the rocks juxtaposed by the faults, dis-
tinguish the areas dominated by extension faulting from
those with much contraction faulting.

Note that faults appear on all the coloured maps repro-
duced here, and that some of the questions accompanying
Plates 5 and 6, of Sanquar, Scotland, and Heart Mountain,
Wyoming, USA, concern the interpretation of faults.
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11 Igneous and metamorphic rocks;

mineral deposits

11.1 Introduction

Most of the preceding sections have concentrated on sedi-
mentary materials, which are stratified and readily
organised into a sequence of map units. Each unit tends to
have an overall tabular shape, being bounded at its top and
bottom by roughly parallel surfaces, which enables three-
dimensional interpretations from maps and sections. We
have, however, to be more cautious with non-sedimentary
materials, for their shape can be much less regular. It is
with these that this chapter is concerned.

In the brief survey of these non-sedimentary materials
which follows, the same themes constantly recur. How
regular is the bulk form of the material depicted on the
map? How likely is it to be tabular? These three-
dimensional aspects can be awkward, but on the other
hand non-sedimentary materials do lend themselves to
another kind of interpretation — the chronological
sequence in which they formed. This idea, introduced
during this chapter, is expanded in chapter 12.

11.2 Igneous rocks

11.2.1 Volcaniclastic rocks

The tendency for volcaniclastic material to adopt a tabular
shape is variable. At one extreme, volcanic ash which
travels large distances before slowly settling will produce a
continuous thin bed-like form, whereas debris which
jostles around in the throat of a volcano will form an ir-
regular mass quite unlike a bed. In between these two
extremes are many kinds of volcaniclastic rock with
varying bulk forms.

In general, fine-grained air-fall deposits adopt a bed-like
form, mantling the land surface on which they settle. If the
topography is smooth, the top and bottom surfaces of the
layer will be virtually parallel, and the normal three-
dimensional extrapolations can be applied. If the material
settles on a dissected land surface, there may be rapid
thickness changes, though these may not be discernible
except on large-scale maps. If there are repeated volcanic

explosions, a sequence of volcaniclastic layers will be built
up. If there is little time for renewed erosion between the
volcanic events, the dissected relief will become subdued
as the successive deposits preferentially fill in the topo-
graphic lows. Figure 11.1a shows river erosion revealing a
sequence of volcaniclastic deposits.

Coarse-grained air-fall material tends to travel less far,
and there is usually more of it. The deposits may have a
roughly tabular shape, but they will not be extensive, and
if they lie on the volcano’s flanks, they may have primary
dips of up to 40°. Some volcaniclastic material is very
localised. Patches of agglomerate on a map may be indi-
cating choked volcanic necks; fan-shaped masses may be
avalanche deposits. All these deposits can be dramatically
changed by renewed volcanism or the swift erosion that
can accompany eruptions. The outcrop patterns of these
near-source volcaniclastic materials can be complex.

Despite all these difficulties, the field surveyor will
usually have been able to divide the volcaniclastic
materials into map units and to establish their sequence of
production. Hence, most geological maps treat any vol-
caniclastic materials in the same way as sedimentary rocks,
and they may appear on the key in their appropriate
stratigraphic position. They may be given a special orna-
ment or colour, and perhaps a letter symbol to indicate
their particular lithology, but in other ways they will be
treated as a sedimentary unit of the same age.

11.2.2 Magmatic rocks

The representation of lava on maps, and its interpretation,
has much in common with volcaniclastic deposits. If the
lava is highly fluid, it can flow large distances, filling
valleys and eventually blanketing the land surface. Thus, it
forms a mass of overall tabular form. The first lava may
form an unconformity with the bedrock over which it flows
(cf. section 2.3.2) and then a sequence of lava flows can be
built up. Erosion of a series of lava flows can produce a
characteristic stepped or ‘trap’ topography, which may be
apparent on larger scale maps.

Viscous lavas are analogous to near-source volcaniclastic
material. Though they will have travelled little, it may be



Fig. 11.1 Examples of the appearance on maps of volcaniclastic rocks and minor igneous intrusions. (a) Cone-sheets (arrows
show dip directions), around three different volcanic centres. Ardnamurchan, W Scotland. Based on Richey (1961). (b) Rapid
stream downcutting through a volcaniclastic sequence. Note that the valley gradients on the volcano slopes exceed the rock
dips and hence contravene the normal ‘V-rule’ (section 6.3.2). Redrawn from USGS Map 1-432, Mount Rainier National
Park, Washington, by permission of the USGS. (c) Minor igneous intrusions, Isle of Arran, SW Scotland. Simplified from
the BGS One-Inch Arran Special sheet. (a) and (c) reproduced by permission of the Director, BGS: Crown/NERC copyright
reserved.

possible from their shape on a map to deduce the direction same type are not normally distinguished, but collected
of flow. Note that they can have abrupt terminations which together to form a single map unit. This, like the vol-
can resemble faults on maps. Individual lava flows of the caniclastics, may be given a particular ornament; it may or

129



130

may not appear in the key at its appropriate stratigraphic
position.

Erosion of volcanic areas may expose bodies of magmatic
material which failed to reach the land surface before
solidification. If the masses are irregular in form, they will
appear on maps as patches, distinguishable from volcani-
clastic rocks, such as agglomerates, only by consulting the
map key to establish their igneous nature. In three-
dimensions the boundaries are likely to be steep, reflecting
the ascent of the magma from depth, but detailed inter-
pretation will be precarious.

The masses can be of more regular form and indeed are
commonly quite tabular, in which case they are con-
veniently referred to as igneous sheets. Sills, being
concordant with the layers of sedimentary or other material
which envelop them, appear on maps just like a regular
sedimentary rock unit, and are subject to all the same geo-
metrical principles (Fig. 11.1c, section 2.3.5). Note that
sills need not everywhere be concordant to the adjacent
beds. Small stretches where the top and bottom of the sill
cross cut the adjacent layering can be a helpful distinction
from a lava flow.

Dykes are commonly conspicuous on maps. Being dis-
cordant sheets, they cut across the adjacent outcrop pat-
tern, and typically being steep to vertical features, they
produce on maps a characteristic narrow strip-like pattern
(section 2.3.5). Patterns of dyke orientation and distri-
bution frequency show up particularly well on maps. They
may occur profusely, in swarms (Fig. 11.1c); the dykes
may be radial to the magmatic source (section 2.3.5); or
they may circle it. They may dip towards the volcanic
centre — cone sheets (Fig. 11.1b) — or they may be vertical
~ ring dykes. If topographic contours are shown on the
map it should be possible to interpret which of these types
is present from their interaction with the dyke traces. A
famous example of a beautifully executed geological map
which shows all these features is discussed in section
14.3.6.

Igneous plutons are typically very conspicuous on
maps. They form large, commonly irregular to roundish
patches which bear no obvious relation to the surrounding
rocks. Small-scale maps can usefully show the regional
distribution of the igneous bodies and their relative shapes
and sizes (Fig. 11.2a). Large-scale maps may show details

within the pluton, for example, lithological variations,

xenolith distributions, and joint patterns (Fig. 11.2b).
These may prompt interpretations from the map on the
origin and emplacement of the igneous mass.
Interpretations of the three-dimensional shape of a
pluton will be precarious, but it may be possible to make
some speculations. If the boundary trace is reasonably
regular, it suggests some regularity in three dimensions,
and tentative structure contours could be drawn (Fig.
11.2c). The most typical configuration will be a steeply
dipping, gently curved surface. Any deviations from this

may be apparent from the map trace. A wriggling
boundary trace would suggest a three-dimensional
irregularity that would make interpretation futile. It is
best, if there is doubt, to treat the pluton boundaries as
vertical. Intrusive bodies intermediate in size between
pluton and dykes and sills can have all kinds of shapes,
with various combinations of steep and flat boundaries.

11.3 Metamorphic rocks

The extent of any thermal metamorphism associated with
an igneous body can be effectively shown on a map (Fig.
11.2c), but it is not always done. It should not be assumed,
especially on small-scale maps, that because no metamor-
phic rocks are shown adjacent to an igneous body, there
was no thermal effect. On the other hand, some large-scale
geological maps show the different kinds of thermally
produced metamorphic rocks, normally appearing as a
series of zones, roughly concentric around the heat source.
The rock type of each zone will be specified in the key in
the usual way. )

An alternative approach is to show on the map not the
actual kinds of metamorphic rocks, but the areas where
there has been thermal change. There may, for example, be
a shaded zone to represent the extent of thermal meta-
morphism around an igneous body, or different ornaments
may be used to depict greater or lesser degrees of change. A
common device is for the map to show a line which is
labelled in the key as something like ‘outer limit of thermal
metamorphism’ away from the heat source. However the
thermal metamorphism is depicted, most of the inter-
pretive steps that can be made require further knowledge
of metamorphic processes.

The representation of regional metamorphism on gen-
eral geological maps presents more difficult problems.
Some maps, particularly small-scale and older maps, group
together diverse metamorphic rocks into one map unit, in
which case little can be done in the way of interpretation.
Other maps show the distribution of the different rock
types.

To what extent their three-dimensional arrangement can
be interpreted depends mainly on two factors. First, it
depends on how well the original form of the rock masses is
preserved. If they are still recognisably a succession of
tabular bodies, albeit now metasedimentary in nature, then
the same geometric principles as for non-metamorphosed
sedimentary rocks apply. Thicknesses can be measured,
outcrop patterns assessed, cross-sections drawn, etc. That
the map units are of quartzite and schist rather than sand-
stone and shale makes no difference to the principles of
mapwork. Similarly, if the original bulk form of meta-
igneous rocks is still discernible, then the remarks of
section 11.2 apply. Second, there is the complicating factor
of deformation. Regional metamorphism is typically ac-



Fig. 11.2 Some aspects of plutonic igneous rocks on maps. (a) Map showing areal distribution of plutons, Maine, USA. In
this example, the straight dashed lines were used to suggest a reticulate distribution pattern. Based on Chapman (1968).

(b) Some pluton details. The pluton is comprised of three granites, G,—G;, with xenolith alignments shown by dashed lines.
The Rosses complex, Donegal, Eire. Based on Pitcher and Berger (1972). (a) and (b) used by permission of John Wiley and
Sons. (c) The three-dimensional arrangement of a pluton boundary, Cairnsmore, S Scotland. Note also the representation of
the extent of the thermal aureole. Redrawn from Deer (1935), by permission of the Geological Society, from ‘The
Cairnsmore of Carsphairn Igneous Complex’, W. A. Deer (1935), Quart. J. Geol. Soc. London, 191.

companied by ductile deformation (section 8.1), producing
structures such as folds. The deformation can be intense,
and it can happen repeatedly. Exceedingly complex
outcrop patterns can result. Such structures on maps can
be disentangled but by methods which are beyond the
scope of this book.

11.4 Mineral deposits

Many kinds of mineral deposits are dealt with on maps by
the methods already discussed. For example: gypsum beds,
limestone for cement, and coal seams are effectively sedi-
mentary rocks; slate and marble are metamorphic rocks;
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Fig. 11.3 Some aspects of ore deposits on maps. (a) Narrow metalliferous deposits oblique to map units, therefore likely to
be veins. Straight outcrops suggest steep dips. Note the localisation near a lithological junction, and a NNW-SSE pattern of
orientation. Redrawn from Dunham e al. (1978), by permission of the Institute of Mining and Metallurgy. (b) Veins of
differing orientations (lode is an old term for vein). Kingside lode makes tighter ‘V’-shaped outcrop across valley than Comet
lode, suggesting a shallower dip. Based on Jones (1922). (c) Similarity between orientation terminology for veins and other
geological planes and lines. (d) Some mining terms commonly used on maps, and a simple method for assessing the cross-

sectional area of a dipping vein.

and many construction and road stones are igneous rocks.
Metalliferous deposits, however, occur in a wide variety of
forms, and it becomes particularly important in mapwork
to establish any three-dimensional regularity of the body.

Most disseminated or replacement ores are of highly ir-
regular shape and their manipulation on maps requires
advanced techniques (e.g. see Badgley, 1959, chapter 6).
However, it may be useful to establish whether or not the
ores have a particular areal or stratigraphic distribution,
which maps and sections should make clear. Few kinds of

ore deposits will be very regular, but there may be an
approximation to a shape that can be dealt with. A map
should readily show if the masses are concordant with the
host rocks, as in the stratiform deposits that are the
source of much copper, lead, zinc, and iron. On the other
hand, any discordance of the ore bodies can also provide
useful information. Discordant tabular bodies, often called
veins, usually have a more or less systematic distribution
and orientation (Figs 11.3a,b) and are commonly as-
sociated with faults. Some ores are concentrated where dif-



Fig. 11.4 Example of a map of a mining area, Lagunazo, Tharsis, Greece. Note the amount of man-made and other
superficial deposits obscuring the bedrock geology, and the orebody being shown as it appears subsurface. Reproduced from

Strauss et al. (1977), by permission of Springer-Verlag.

ferent fault sets meet. The commonness of the association
with faults is illustrated by inclined veins having a
hangingwall and a footwall (cf. section 9.2 on faults). A
basic terminology for map-work with veins is given in Figs
11.3c,d. If the discordant mineral deposit is reasonably
regular in form, it should be possible to make underground
projections on its location, orientation, and shape, and
perhaps even to make some rough volumetric estimates on
ore reserves.

The kinds of maps with sufficient accuracy for useful
commercial predictions are outside the scope of this book,
but it is worthwhile mentioning several general points re-
garding maps of mineral deposits. Some orebody maps are
extremely large-scale. In general, metrication is still the
exception rather than the rule, and somewhat strange units
such as furlongs and fathoms may be used. The
topographic datum is unlikely to be sea-level, but instead
some prominent local feature, perhaps a mine entrance.
Man-made features connected with mining operations,
such as dumps and ponds, may obliterate much of the
surface geology and dominate the map. This is usually not
a difficulty in practice, because subsurface information

may well be supplementing the surface data. In fact, many
maps of mining areas omit the overall surface geology
altogether and show the actual orebodies as they appear
underground, at one or more specified depths (e.g. Fig.
11.4).

Be careful when working with thicknesses of orebodies
on maps. The true thickness of an inclined vein is
measured at right angles to its walls (Fig. 11.3d), analogous
to a map unit (section 4.4.), and so a correction will have to
be made to the outcrop width. However, mining geologists
sometimes refer to the horizontal width of a vein as its
thickness, as it is this value that is encountered during
mining. Figure 11.3d also shows a simple graphical
method of utilising the horizontal thickness of an inclined
body to obtain its cross-sectional area. With knowledge of
the extent of the body in the other horizontal direction,
which will be measurable from the map, it becomes a
simple matter to calculate the volume of the deposit. This
would, of course, be a very rough value in terms of actual
ore reserve, and other factors, particularly the percentage
of useable material, would have to be taken into account to
obtain a more meaningful figure.
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Underground mineral deposits are usually worked by
sinking a vertical or steeply inclined shaft which connects
a series of tunnels. These are driven horizontally at a
particular altitude, and are known as levels (Fig. 11.3d).
Large-scale maps of areas with mineral deposits commonly
show the locations of shafts and adits, where levels
intersect with the land surface. Mine maps commonly
show the geology of the orebody at each mine level. The
tunnel walls may provide information in the vertical plane
to help control the drawing of cross-sections. The mining
geologist will normally work with a whole series of cross-
sections and maps for each of the underground levels, and
so should have a closely controlled picture of the mineral
deposit in three dimensions. Mine maps therefore differ
somewhat from normal geological maps, but all the same
geometric principles are employed in their use.

Attempts to find new orebodies will be helped by any
knowledge of how the known deposits formed. Hence, in
addition to working with the orebodies in three
dimensions, it becomes necessary to project back in geo-
logical time. When during the geological evolution of the
area were the ores formed? What were the circumstances at
the time of their deposition? We come now to another great
use of geological maps — the interpretation from them of
geological history.

11.5 Summary of chapter

1. Volcaniclastic rocks are commonly presented on maps
in the same way as sedimentary units, though the

extent of possible three-dimensional interpretation is
much more variable.

2. The distributions of magmatic bodies show well on
maps.

3. Tabular masses of magmatic rocks, such as lava flows,
sills, and dykes, can be treated using the same three-
dimensional principles as for sedimentary rocks, but
the methods are of limited application to irregular
bodies.

4. Maps are useful for showing the areal extent of thermal
metamorphism, but representation of regional mneta-
morphism requires special treatment.

5. Metalliferous mineral deposits can be stratiform, and
treated like sedimentary units, or irregular in form.

6. Some three-dimensional interpretation of mineral
veins may be possible, and their relationships with
faults discerned.

7. Large-scale mineral deposit maps may employ special
techniques of representation.

11.6 Selected further reading

Compton, R. R. (1985). Geology in the Field, New York,
Wiley.
(Has chapters on volcanic, plutonic and metamorphic
rocks, parts of which are relevant to mapwork.)
Roberts, J. L. (1982). Introduction to Geological Maps and
Structures, Oxford, Pergamon.
(Chapter 6 includes a discussion on the portrayal of
igneous rocks on maps.)

MAP 20 Corndon Hill, Shropshire, England

The facing map shows part of the intrusion of basic
igneous rocks which form Corndon Hill, about 8 km east
of the town of Montgomery. The map is redrawn, by per-
mission of the Geological Society, from Blyth (1943). The
intrusion appearing here is one of a number of small
igneous masses which appear on Plate 1. The Corndon
body is at [SO3196].

Judging from Plate 1, are basic intrusions the only
manifestation of igneous activity in this area? What is the
overall arrangement of the rocks of the area? What indi-
cations are there on Map 20 that the Corndon intrusion
may have modified the structure of the country rocks?

Construct structure contours for the upper surface of the
igneous body. Comment on what appears to be the form of
the igneous mass.

Construct a cross-section across the body in the south
of the area, where the lower surface is also exposed.

Approximately how thick is the igneous mass here?
Assuming this thickness applies in the north of the map
area, comment on the form the body must have, in order to
account for its outcrop shape.

Say what you can about the three minor faults that effect
the igneous margin in the southeast of the map area, e.g.
whether they are strike-slip or dip-slip faults, and their
senses and amounts of displacement.

Hope shales

Dolerite

/'36 Dip of bedding
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MAP 21 Southern Alps, New Zealand

The facing map is redrawn and simplified from a part of
the 1:250 000 Sheet 20, Mt Cook, of the Geological Map
of New Zealand, by permission of the Geological Survey of
New Zealand. Most of the rock units are based on differing
grades of metamorphism, as reflected in the mineralogy.
The metamorphic grade increases from chlorite subzone 1
through to the garnet—oligoclase zone. It can be assumed
here that higher grades reflect deeper levels of burial,
hence the metamorphic zones represent a kind of strati-
graphic sequence.

In view of the major contrast in geology either side of the
Alpine Fault, and the overall shape of its trace, what kind
of fault is it likely to be?

What is the regional orientation of the units southeast of
the Alpine Fault? What structure is shown by chlorite
subzones 1 and 2 around the Dobson River?

Which is likely to be the downthrow side of (a) the fault
running NNE-SSW between the Clarke and Wills Rivers,
and (b) the fault running SSW from Mt Sinclair [362527]?
Assuming that the chlorite subzones are of approximately
constant thickness, why might the outcrop of subzone 2
around [352513] be wider than around [361513]?

Why might the outcrop width of subzone 1 increase
southwards?

Which occurred later, the folding or the faulting?

Is there any relationship between the structure of the area
and its drainage?

Sketch a cross-section to illustrate the overall structure of
the region.

Further examples of non-sedimentary materials on maps

Describe the form of the following: the banded rhyolite
mass on Map 6, of the Boyd Volcanics, Australia; the base
of the quartz porphyry that appears on Map 15, of Aspen,
Colorado, USA; and the various igneous bodies that are
presenton Map 19, ofthe Hamblin Bay Fault, Nevada, USA.

Note that igneous and metamorphic rocks and a
metalliferous vein appear on Plate 5, Sanquar, Scotland.
Plate 7, of Marraba, Australia, and the questions given
there, are very largely concerned with igneous and meta-
morphic rocks.
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MAP 22 Honister Slate Mine, Cumbria, England

The map opposite is of the underground workings which
until very recently were used to extract the Ordovician
Honister Slate for roofing material. The map, adapted and
redrawn, is used by permission of Sir Alfred MacAlpine
plc.

Four different levels are shown, connected by a NW-SE
incline. The elevations of the floors of the levels are
indicated in metres above a local datum. The levels have
worked along the base of the Honister Slate, which has a
reasonably consistent orientation and a remarkably con-
stant thickness of 10 m. Construct structure contours for
the top of the Honister Slate.

What is the overall strike and dip of the unit?

Construct an accurate cross-section to show the true dip of
the unit and the location of the different levels.

Consider the following, largely hypothetical, mining
programme. It is proposed to open a new level southeast of
level 3, to be called level 2. There has to be at least 10 m
horizontal distance from other levels to avoid the risk of
roof collapse. Indicate on the section and map your pro-
posed location and route for level 2.

What is the disadvantage of continuing level 4 in the SSW
direction being followed when it was terminated? What
might be a better direction in which to continue this level?

Level 5 was stopped when it met fault rocks and the slate
unit was absent. If the level had been continued past the
zone of fault rock, would it have met rocks above or below
the Honister Slate? Indicate on the map the direction in
which the level should be driven in order for it to retrieve
the slate unit.

Indicate on the map, on the basis of the locations of the
fault rock and any displacements of the structure contours,
where the fault trace is likely to run. What is the strati-
graphic throw of the fault?

In the south branch of level 6, the fault can be seen to dip at
70° to the east. Draw a cross-section across the fault at this
point, in the true-dip direction of the fault, and indicate the
top of the slate unit either side of the fault. What is the
throw of the fault? Why is it that the value differs slightly
from the stratigraphic throw?
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MAP 23 Gwynfynydd gold mine

This map, adapted by permission from the unpublished
surveying of John Ashton, PhD, is of the Gwynfynydd
mine, 4 km north of Dolgellau, N Wales. A number of gold-
bearing quartz veins are sufficiently rich in gold to have
tempted miners over many centuries and, by tradition, to
have provided the material for numerous Royal wedding
rings. The veins, given individual names such as Chidlaw,
Collett, Main, and New veins, commonly occur along the
faults, which displace the host Cambrian sedimentary
rocks.

The map opposite shows the workings of the Chidlaw
Vein at three different levels: 1, 2, and 6. Good potential
control on the three-dimensional geology is provided by
the information recorded at these three different eleva-
tions.

Construct an accurate N—S cross-section across the eastern
part of the map to incorporate the information at all three
levels. Project the Chidlaw vein between the levels. What
is the overall orientation of the vein? (Note that a N-S
section is not necessarily in the true dip direction of the
vein.)

Indicate on the section the location of the Trawsfynydd
fault at level 6. Project the course of the fault up to level 2.

(Note that the cross-section is oblique to the fault.) How
well does the projected location compare with that inferred
from level 2 on the map, i.e. how planar is the Traws-
fynydd fault?

If the Gamlan Flags-Clogau Shales boundary were
projected onto the cross-section, what approximate orien-
tation would its trace show?

Extrapolate on the map the Gamlan—Clogau junction
northwards from level 2 to where it should occur at level 6.
(Remember that the levels are at different elevations. By
analogy with the trigonometric method for finding the
depth to a dipping unit (section 4.5 and Fig. 4.9a), here
knowing the dip angle and elevation difference, the hori-
zontal distance can be calculated.) Any discrepancy
between the predicted location of the junction and that
shown on the map can presumably by accounted for by a
fault, seeing as the geology either side of the parts of level 6
fails to correspond.

Using the predicted map locations of the junction and its
orientation, and assuming that the known orientation of
the Chidlaw vein represents that of the fault, find (a) the
stratigraphic throw, and (b) the downthrow shown by the
fault.
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12 (Geological history from maps

12.1 Introduction

The previous eight chapters have developed methods for
the three-dimensional interpretation of maps. We look now
at maps in a further dimension — the geological past. For
the outcrop patterns on maps can reveal much of how the
rock arrangements evolved through time; they enable in-
terpretations to be made on the geological history of the
map area, even the reconstruction of past geological en-
vironments. The timings that are derived from maps are
usually relative, although reference to an absolute time
scale may allow real dates to be assigned together with the
establishment of time intervals and some idea of the rates at
which events proceeded.

This kind of interpretation of the geological past
typically involves dealing with a variety of geological
processes. This chapter looks in turn at the kinds of
interpretations that can be made from sedimentary succes-
sions, deformed rocks, and non-sedimentary materials. Of
course, on a typical geological map, each of these aspects
does not occur in isolation; their interaction has to be
studied. This is one reason why geological maps are so
central to geology.

Reconstruction of the geological evolution of a map area
is of great academic importance, for surely the under-
standing of how an area became the way it is must be one of
the fundamental objectives of geology, but it can be of
applied significance too. If the geological circumstances
which prompted the formation of some material of com-
mercial interest can be deduced, it becomes easier to

discover further occurrences. The petroleum industry
makes much use of reconstructing past sedimentary en-
vironments to help focus on those areas where oil might be
found.

It will become apparent that often the history of features
seen on the map can be interpreted in more than one way.
This is because we are dealing with map interpreration.
The geologist has to weigh in his or her mind the evidence
on the map, and decide on a preferred interpretation.
There is no right or wrong solution available to us. Even
experienced geologists may disagree on the most likely
interpretation. However, Nature tends to do things in an
uncomplicated manner. You should aim for the interpre-
tation which explains most features in the simplest way.

12.2 Sedimentary successions

The idea that sediments are laid down on top of each other,
forming a pile with successively younger deposits higher
up, seems almost self-evident to us now, although the idea
does appear to have first dawned only about two hundred
years ago. Because of it, we are in a position to work out the
relative ages of a series of sedimentary units shown on a
map. If the beds are flat, those units that are topographi-
cally higher will be younger, and dipping beds become
younger in the dip direction. The sediments above an un-
conformity must be younger than the rocks below.
However, the above statements assume that the succes-
sion is ‘right way up’. Rock successions can be tilted past
the vertical, leading to inversion of the sequence. This

Fig. 12.1 (opposite) Examples of the interpretation of geological history from maps. (a) Annotated map of Republic,
Michigan, USA. (b) Sedimentation and folding perhaps related to faulting. Localisation of coal measures (d<!-dc?) adjacent to
fault, restriction of folding to Carboniferous rocks, and increased dips towards fault all suggest folds are local responses to
fault movement, perhaps synchronous with sedimentation. Near Alloa, Scotland. Redrawrfrom the BGS 1:50 000 Stirling
sheet, by permission of the Director, BGS: Crown/NERC copyright reserved. (c) Lenses of limestone pebble conglomerate
within (now metamorphosed) mudrocks may represent distributary channels on a submarine fan. Lake Bomoseen, Vermont,
USA. (d) Suie of granite plutons post-dates folding, a common sequence in orogenic belts. Hill End, Australia. Based on
Powell ez al. (1976). (e) Variations in outcrop width of ‘Smiddy Ganister’ sandstone are not paralleled by other units,
therefore probably represent primary thickness variation, perhaps reflecting deposition in channels. Moor House, North

Pennines, England. Based on Johnson and Dunham (1963).
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Fig. 12.2 Aspects of geological history that may be interpreted from maps. (a) Sedimentary rocks on a map, with block
diagram showing an interpretation of the depositional environment as a saline subaerial basin with alluvial fans. (b) Map
showing unconformity with overlap (see section 7.4). The nonornamented unit extends further than the black unit, which is
only revealed in present-day river valleys. Block diagrams show interpretation as a marine transgression. As the sea
encroaches further, successively more extensive sediments are deposited. (c) Unconformity, with possible offlap. The map
distribution of the sedimentary rocks could be due to present-day erosion fortuitously acting on once equally extensive units,
but probably represents a marine regression. As the sea recedes from the land, successive deposits become less extensive.

happens particularly in areas of much folding, where entire younging direction is sometimes indicated on maps of
fold limbs can become overturned. If the map shows signs such areas by a symbol (Fig. 4.2). Inverted sequences are
of intense folding, or if the area is known to be within an largely outside the scope of this book, but note that they
orogenic belt, watch out for inverted successions. The occur, for example, on Map 21.
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Where units grade laterally or intertongue with each
other, they must have formed at the same time. Such
relationships may be indicated on the map key. Sedi-
mentary units may vary in thickness across the map area.
Make sure that this is a real variation, and not an effect of
topography or bed dip (section 6.3), or of faulting. Thick-
ness characteristics can give information on the en-
vironment in which the sediments were deposited. For
example, conspicuous fluctuations may indicate deposition
on a highly uneven floor or in channels (Figs 12.1a,b)
whereas consistent thicknesses reflect stable sedimen-
tation.

Knowledge of how different associations of sedimentary
rocks come about can lead to reconstructions of the
sedimentary environments (e.g. Fig. 12.2a). If an uncon-
formity is present, analysis of the relations between the
formations may prompt interpretations of the geological
history of the area (Figs 12.2b,c; section 7.4). The re-
lationships between sediments and structures can be infor-
mative. For example, sediment can thicken towards one
side of a fault, especially a normal fault. This signifies that
the fault was formed only shortly before the time of sedi-
mentation. The upthrown side was able to provide a ready
source of sediment, which banked up on the downthrow
side, against the fresh fault scarp (Fig. 12.1¢). If the units
are present on both sides of the fault, but the progressively
older ones show increased displacement, the feature is
termed a growth fault (section 10.3.3). The implication is
that the fault was moving during the accumulation of the
sediments.

12.3 Deformed rocks

The detection and description of folds and faults on maps
was discussed in sections 8.3 and 9.5. However, it may also
be possible to make interpretations on the timing of the
deformation. The first thing that can be said from a map is
that the material must have been there before the deform-
ation! That is, the folding or faulting must post-date the
age of the rocks. Quite how much younger is a difficult
matter. Deformation can occur soon after sediments were
deposited, or long after they have been turned into rocks;
the distinction would be virtually impossible to detect
from a map. The duration of the stratigraphic divisions of
most maps allows the formation of the rocks and their
deformation to be accomplished within the same strati-
graphic interval. Thus, it is certainly possible to have, say,
rocks shown on the map as middle Permian in age defor-
med by a middle Permian fault. Of course, if rocks younger
than Permian are affected by the same structure, then the
deformation, too, has to be younger.

This key device in the interpretation of timings from
maps, that of cross-cutting relationships, was introduced in
section 2.3.5. If, continuing with the above example, beds
of Jurassic age pass across the fault without displacement,

then the fault movement had ended before Jurassic times.
Although the principle is applicable to sedimentary rocks
— an angular unconformity, for example, is a cross-cutting
relationship — it is especially useful in interpreting igneous
and metamorphic rocks and deformation sequences.

If one fault displaces another fault, then the former is the
younger structure. A folded fault means that the fold is the
younger structure. If, however, a fault which displaces a
series of beds is folded, but to a lesser degree than the beds,
it means that the faulting took place during the folding.
Sometimes the relative timing has to be deduced through
indirect logic. Suppose two separate igneous intrusions are
known from the key to be of the same age. If one of them
intrudes beds which overlie a fault, and the other is faulted,
there must be two ages of faulting. Cross-cutting relation-
ships are applied to map interpretation in endless permu-
tations.

Regarding cross-cutting faults, there can be ambiguities.
Make sure that the relationship is a sharp truncation. If the
faults simply merge, they could have formed synchron-
ously. If a unit is faulted but the adjacent one is not, this
may indicate a depositional break (disconformity) in that
there was enough time for faulting of the lowermost unit
before formation of the upper one. On the other hand,
faults do have to end somewhere. Movement along a fault
is greatest along its central part and decreases outwards
such that the fault tip may coincide with the boundary of
the unit. Support for this interpretation may be provided
by variable displacement along the fault. Many of the same
considerations apply to folds. An area, especially one
within an orogenic belt, can be subjected to more than one
period of folding, although analysis of this situation is
beyond this book.

If we are interpreting geological histories from a map
that shows folds and faults, we naturally want to assign
stratigraphic ages to their production. Cross-cutting
relationships and reference to stratigraphic ages in the key
may allow this but only to the extent that the relations are
present on the map. Too often the fault of interest does not
reach the rocks of critical age, or disappears off the edge of
the map. Another separate structure that looks similar may
provide the evidence. The question then arises as to what
extent different structures can be grouped together as
being of the same age. In general, groups of faults are likely
to be different in age from groups of folds because the con-
ditions during rock formation tend to favour either ductile
or brittle structures (section 8.1). There are, however,
many exceptions to this, for example, the hangingwall
anticlines related to thrusts (section 10.2.1) and the roll-
over anticlines resulting from extension faults (10.3.2).

But how are groups of synchronous structures recog-
nised? Folds of the same age tend to have similar character-
istics. The axial surfaces are likely to be roughly parallel,
and the fold attitudes and styles alike (section 8.2). Fold
scale depends primarily on bed thickness, so is a less direct
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guide. If, for example, the map reveals a number of
NE-SW trending, reclined to recumbent, moderately
plunging non-cylindrical folds, they may well be of similar
age. If folds are also present which are, say, E-W trending,
upright cylindrical folds, it is likely that these structures
formed in a different period of deformation. The relative
ages of the two periods of folding may be discernible from
the stratigraphic ages of the rocks affected. Similar con-
siderations apply to faulting, in that one kind of fault tends
to dominate at any one time, but there are many factors
which can complicate these generalisations.

12.4 Non-sedimentary rocks

Detailed analysis of the genesis of non-sedimentary rocks is
not usually possible on standard geological maps, but some
interpretation might be possible. As discussed in section
11.2.1, investigation of volcaniclastic rocks has to take into
account both the sedimentary and igneous processes that
are involved. A map of a volcanic centre may prompt in-
ferences in the way the ashes and tuffs accumulated. For
example, a large volume of volcaniclastic material reflects
major or protracted eruption whereas a large area covered
by the material indicates an energetic, probably violent,
explosion. But it may be difficult to establish these two
amounts from a map, not only because the bulk form of the
ejected material could be highly irregular, but also because
such deposits are vulnerable to erosion. The type of vol-
canic rock may give clues to the environment of formation,
e.g. pillow lavas indicate subaqueous, usually marine,
eruption. The rocks may be cross-cut or interleaved with
magmatic bodies, prompting interpretations of how the
volcanic activity progressed through time.

The thing that igneous rocks lend themselves to on maps
is the relative dating of emplacement. An intrusive igneous
body has to be younger than the rocks it has intruded, and
any deformation structures it cross-cuts (Fig. 12.1d).
Conversely, it must be older than any features by which it
is cross-cut. Any deposits which overlap onto the igneous
body will also give a minimum age for emplacement. If the
map covers an igneous complex, it may be possible to erect
a detailed scenario of intrusive events. If something about
the composition of the rocks is known from the key, it may
be reasonable to speculate on the broad features of mag-
matic evolution.

Nevertheless, these methods may give a large strati-
graphic time interval and it may not be possible to
determine exactly when the intrusion took place. For the
same reason the field surveyor may have been unable to
pinpoint the stratigraphic age of the intrusive masses.
Therefore, it is normal for igneous rocks to be shown on
the map key with little or no indication of age and to be
listed separately from sedimentary, volcaniclastic, and
extrusive igneous rocks. It then falls to the reader to deduce

what they can from the map about the age of the bodies.

Metamorphism of sedimentary rocks will usually have
taken place long after deposition of the sediments, allowing
time for their burial. Knowledge of the metamorphic con-
ditions may allow some speculation on the time interval,
but rarely can this be specified from maps alone. The map
key may provide some information, but usually cross-
cutting relationships are the only direct guide, i.e. meta-
morphic rocks being overlain by non-metamorphosed
rocks. Igneous intrusions, assuming they formed at some
depth, can be subjected to metamorphism at any time
subsequent to their emplacement. It is common during
regional metamorphism for the rocks also to be subjected
to ductile deformation (e.g. Fig. 12.1¢e). Therefore, if folds
are present on the map, they may well be synchronous with
any regional metamorphism. If thermal metamorphism is
indicated on the map note that the igneous mass which
caused it may be partly or even completely buried. The
present outcrop does not necessarily reflect the size and
shape of the heat source at depth.

Regarding mineral deposits, the rocks in which they are
found should disclose the overall nature of the mineral-
isation, whether they are sedimentary deposits, for
example, or related to magmatism. But a general geological
map is unlikely to reveal much about the conditions of
mineralisation.

12.5 Reading a geological map

With the possibility outlined above of interpreting geologi-
cal histories, in addition to all the three-dimensional
aspects of earlier chapters, it will now be clear that there is
a great deal to be achieved by looking at a map (e.g. Fig.
12.3). It is therefore wise to adopt a systematic procedure.
A series of steps is listed below as a guide. The exact
approach will depend on the purpose for which the map is
being consulted and the kind of geology involved. When
making a full inspection of a map it is usually worthwhile
to jot down notes and make sketches as you work through
the steps.

Note the map scale. Establish the regional location of the
area.

Orient the map (i.e. determine the north direction).

Note the main topographic features. Trace the main drain-
age and watersheds. Note the topographic contour
interval. Visualise the relief.

Examine the key very carefully. Note the variety of rock
types and their stratigraphic distribution, the extent of
information provided in the key, and any symbolism used.
If the map is black and white, it may be useful to add
colour to some of the units.
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Oldest rocks of the area, Uriconian, exposed in uplifted fault block.

. Relationship between Longmyndian and Uriconian not known — nowhere exposed.
. Longmyndian absent at Cambrian — Uriconian contact — may be a fauited unconformity.
. Hoar Edge Beds lie directly on Uriconian — may have been an uplifted fault sliver in Cambrian times, to suppress

sedimentation, alternatively, any Cambrian deposits eroded before subsidence to allow deposition of Hoar Edge Beds.

. Minor faults appear to terminate against major fault, rather than being displaced — may be later.
. Hoar Edge Beds thicken towards fault. May be approaching uplifted source, may be growth faulting.
. Silurian oversteps younger rocks southwards. Ordovician and older rocks tilted southwards before deposition of Silurian

sediments.

times, with little or no sedimentation.

o O

uneven, channeled, sedimentation.

. Grit — limestone — shale sequence of Silurian may reflect marine transgression.
. Carboniferous lies directly on Precambrian rocks. Area to W of major fault may have been emergent in Lower Palaeozoic

. Difference in outcrop trace between upper and lower boundary of Erbistock Group, in area of low relief may represent very

Fig. 12.3 Part of the BGS One-Inch Shrewsbury sheet, greatly simplified, with examples of observations relevant to
interpreting the geological history of the area. Redrawn by permission of the Director, BGS: Crown/NERC copyright

reserved.

Assess the overall stratigraphic distribution and the main
outcrop patterns. (For example: are there any major
unconformities? Are the map units horizontal, uniformly
dipping, folded, faulted, or some combination of these?)
Make a sketch which simplifies the geology but brings out
the major features of the area.

Establish the main strike and dip directions. (You may
need to sketch some structure contours to gauge the strike.)

Confirm the stratigraphic succession if it is provided in the
key. Note any thickness variations or peculiarities. Watch
for minor unconformities.

Deduce the main structures. Note the main points of shape
and orientation (sketching structure contours may help),
and any cross-cutting relationships. Can the structures be
grouped, for example, according to style or stratigraphic
age?
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Note any igneous rocks (shapes of bodies, relative ages) and
any features concerning metamorphic rocks.

Sketch or construct cross-sections as appropriate. Make
any necessary corrections. Make any required measure-
ments.

Sketch any particular significant relationships apparent on
the map in order to emphasise them. Illustrate any
significant structure contour patterns.

List the main stages in the geological evolution of the area.

12.6 Writing a map report

Sometimes a map is consulted out of general interest,
sometimes for a specific reason. It is occasionally necessary
to prepare a report of the geology of the area as apparent
from the map for another person. For example, a company
may be considering investigating the area and, before com-
mitting any money, requires some preliminary geological
information. You, as a geologist, may be asked to sum-
marise the geology from the available maps.

Such a report is mainly a matter of formalising in writing
the steps listed above. A conventional order for dealing
with the various topics has grown up, as follows:

Abstract  summarises the main factual points made in the
text of the report.

Introduction provides a brief introductory statement:
gives the map location, scale, any characterisation, and the
main geological features.

Stratigraphic succession briefly mentions each significant
unit in chronological order (oldest first), grouping into
systems if appropriate. Mentions lithologies and their
distributions, thicknesses, unconformities, and any special
features.

Structure mentions any dip variations; describes folds,
faults. May well use cross-sections and sketches.

Igneous and metamorphic rocks
Economic geology

Geomorphology

Geological history lists the main events in the geological
evolution of the area, in order, to serve as a summary.

This general order is, of course, modified as appropriate
to the task in hand. Subheadings can be used also. It is vital
that the report is rigorously organised. Equally important
is that the writing is concise and to the point. Distinguish
‘fact’ from inference. For example, if you are discussing
palaeoenvironments, timings of events, etc., distinguish
clearly between these interpretive aspects and your
observations from the map. Unless you have been in-
structed otherwise, you should assume the reader is a
trained geologist, but completely unfamiliar with the map
area.

Of course, for some purposes certain aspects of the ge-
ology may require particular attention. If the report is
meant to address some specific question, it is important
that the answer is provided straightaway at the beginning
of the report. The sheer quantity of information derivable
from a map can be impressive. Nevertheless, company
managers are not usually interested in wading through
pages of geological reasoning, brilliant though it may be.
They want direct geological answers to their question.

12.7 Summary of chapter

1. Sedimentary successions lend themselves to the inter-
pretation of relative ages and, to varying extents, the
environments in which they were deposited.

2. Cross-cutting relationships between features are funda-
mental in deducing relative ages.

3. Structures of similar appearance and orientation may
have formed at the same time. Folds and faults may fall
into groups of differing ages.

4. The relative timing of igneous intrusion can commonly
be established, but details of magmatic and meta-
morphic histories may be elusive from a map alone.

5. Itis wise to adopt a systematic procedure for studying
geological maps.

6. Reports on the geology of a map area should follow the
conventional sequence of topics; they should be rigor-
ously organised and concisely written.

MAP 24 Baraboo district, Wisconsin, USA (continued overleaf)

g :‘:‘:‘I‘Iﬂ]Terminal moraine
KRR

Other glacial deposits

Pleistocene (
and alluvium

T .
Suu h Dolomite and
05 Sandstone

Ordovician

—— —1Sandstone and
F=——=——=7Conglomerate

Cambrian

Middle

Precambrian Baraboo Quartzite

Early 2 .
. ~iaizyRhyoli
Precambrian pitagogy volite




R EEARNN AT PET A AT AS RS S RONGHLE 7 =T~
N S T S SN N S 2 G U T LS SR E LN TSI SIS,
TN T S T T S OWT N S I T V- ,.u/\:A\_,l_lin:\l/\ DERICHEN
AN A P IAS ST AVATAS ST AR A A NS A DT P2y 17y EASAA R
s SN NS AT N N G S N QRIS S A A v IR
DERIN I .\u.,& ,ﬂn/\./T‘\.h.f«.\\_( SNy NN ):,/_)\/AJ/\/.\ _J,:\l/ 1V z\\l.
R R T T r AN Sy TS AT AT LA AR ML K DA A T T LA PR A AT W AR S TP U
S N L s T T K e N A S e S Y R e g
e ==/ AR \ T I\~ /=S r3 7N \_M DA GARLIN TG 1T

LRIV
\I,.,ul\
z

===

— — —{s2zuaQ

— \
= e N
— J

SAdsyiege s

i

yo0
"y

09 ®i1quIn|oD

149

Scale, in feet




150

MAP 24 Baraboo district, Wisconsin, USA (continued)

The map on the previous page is of a geologically famous
area in central Wisconsin, USA. Early observations on the
rock structures of the district were influential on the
development of structural geology, and the list of teachers
and students who have been drawn to the area has been
referred to as a ‘Who’s Who’ of American geology.

Little of the early Precambrian basement is exposed.
The middle Precambrian rocks are represented by the up-
standing ridges of the tough Baraboo Quartzite, and associ-
ated units are known from mine and well data. They are
depicted on the cross-section by dashed lines. Note that the
courses of the boundaries between the various bedrock
units have been continued on the map below the terminal
moraine.

Summarise the geological history of the area, paying
particular attention to the structure of the Precambrian
rocks and its relation with the Lower Palaeozoic rocks.
Consider the glacial history. Why might the drainage
patterns, with several gorges cut through the ridges of
Baraboo Quartzite, be so little related to the Precambrian
units? Suggest an explanation for the location of Devil’s
Lake. The Wisconsin River is thought to have once flowed
approximately N-S through the Lower Narrows and the
gorge containing Devil’s Lake. Account for its change in
course.

Further examples concerning geological history

Many of the black and white maps reproduced here lend
themselves to the interpretation of geological histories,
particularly maps 6, 9, 11, 12, 19 and 21. All the maps

reproduced in colour incorporate interesting geological
histories, most particularly Plates 5-8.



13 The production of
geological maps

13.1 Introduction

This book is about working with existing geological maps,
but an understanding and appreciation of such maps
would be incomplete without some knowledge of what
goes into their production. Many stages are involved, from
the detailed field surveying required for large-scale maps,
through the preparation of ‘fair copy maps’, and the design
and execution of a final printed version. Greenly and
Williams (1930, p. 99) list twenty-three steps; this chapter
merely outlines what is involved.

There is another purpose to this chapter. Often, field
surveying is seen as an endeavour which is completely
separate from interpreting existing maps. Part of the
reason is that the two procedures are commonly taught to
students, for perfectly good logistical reasons, in quite
separate courses, and the connection is not made. How-
ever, a thorough understanding of the three-dimensional
behaviour of map units, and the genetic implications of the
way they are presented, is as essential to field surveying as
dealing with a published map. Moreover, a field map has
to be compiled with the needs of the eventual user in mind.
Attention will be drawn at several points in this chapter to
the need for the finished map to be clear and visually at-
tractive, as well as scientifically sound (Robertson, 1956).
Such qualities cannot arise through cosmetic adjustment to
the final document; the need has to be appreciated
throughout the production of the map.

13.2 The field survey

Surveying to produce a geological map, or ‘geological
mapping’ as it is often called, usually begins with the
acquisition of a topographic base document on which geo-
logical data can be plotted. Very large-scale work, such as
the production of mining maps, may well require the
generation of a sufficiently large-scale base map at the same
time as the geological survey, using the plane table
methods described, for example, by Compton (1985).
Where a topographic map of appropriate scale is already
available, the geologist plots the information directly on to

this, or onto air photographs (e.g. Barnes, 1981,
chapter 3).

One of the first important judgements the geologist has
to make in the survey is the basis on which to divide the
rocks of the area into map units. Much of the geological
mapping will be concerned with marking on the base map
the course of these units, and particularly the boundaries
between them. These will form the basic framework of the
map. In reconnaissance work, it is common to use air
photographs or satellite imagery (section 15.2.2) to locate
boundaries, perhaps supplemented by traverses across the
region.

In more detailed work, it is common to mark on the map
the actual exposures of bedrock, so that the distinction
between what has been observed and what has been in-
ferred is clearly recorded. This can be done realistically
only at scales of 1:10 000 and larger. In all methods, the
sketching of cross-sections as the survey is progressing is
necessary to keep clear the understanding of the three-
dimensional geology. The various techniques are discussed
in detail by the standard works on field mapping, e.g.
Compton, 1985; Barnes, 1981; Mosely, 1981, Ahmed and
Almond, 1981. Much of the summary given by Ramsay
and Huber (1987, Appendix F) is relevant to general field
mapping. Two points are emphasised here.

First, except in the rare case of perfectly exposed ground,
the geologist will have to infer the course of the outcrops;
to project traces between exposures, bearing in mind the
three-dimensional nature of the boundaries; and to visualise
how the boundary will interact with the ground surface.
Commonly, the shortest route is unlikely. It is a matter of
applying the principles of earlier chapters in reverse, e.g.
drawing the trace to ‘V’ across valleys in the appropriate
way (chapter 6). In large-scale mapping it may be possible
to apply the principles of chapter 4 in reverse and sketch
some structure contours from parts of a boundary that are
well known in order to predict where the unexposed
boundary is likely to run (Fig. 13.1).

Second, as already emphasised in section 1.3.4, the geo-
logical map is the result of inferences of many kinds by the
surveyor. There may well have been some arbitrariness in
the definition of the map units, and the surveyor will be
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Fig. 13.1 Using structure contours to trace a surface through unexposed ground during geological surveying. (a) shows
exposures of Torridonian sandstone, in black, and the overlying Cambrian quartzite, unornamented. Numerous exposures in
the northern half of the area control the course of the junction between the two units. In the southern half, however, sparsity
of exposure leaves the course unclear. (b) Structure contours, drawn from intersections (circled) of the trace known from

(a) with topographic contours, are straight and evenly spaced, indicating a uniformly dipping surface. Extrapolating the
structure contours southwards gives intersections with the topographic contours (circled) which enable a reasonable tracing of

the junction in the southern area.

aware that implications for the geological history will arise
from the judgement of the outcrop relationships. Although
much of this book is about interpreting completed geo-
logical maps, it is important to remember that the map
itself is an interpretive representation of part of the earth.

As the boundaries are plotted on the map, the outcrop
patterns will begin to take shape, reflecting the geology of
the area. The presence of structures, such as folds and
faults, may be revealed. The surveyor may colour the field
map to accentuate the outcrops, and may add supplemen-
tary information, such as orientation data, relevant topo-
graphic features, and perhaps some brief annotations.
Much of these supplementary data will be recorded in the
field notebook (e.g. Barnes, 1981, p. 91-4), which becomes
an essential adjunct to the field map or, increasingly, on a
computer-readable data sheet (section 15.2.3).

On completion of the survey, the geologist has a field

map showing the outcrop pattern of the rocks, and the
evidence on which the traces were based, with as much
supplementary information as is consistent with clarity of
the map. There will be some cross-sections developed
during the survey, and he will have a notebook replete with
data which are easily retrievable. All this information will
probably be placed in some archive for future reference,
either by the surveyor during follow-up work, by other
workers, perhaps in different divisions of the company, or,
in the case of a geological survey, by interested members of
the public. Almost always it will be necessary to streamline
all these data for easier dissemination, by producing a ‘fair
copy’ geological map, probably supported by representa-
tive cross-sections and perhaps a written descriptive
report.

The ‘fair copy’ map is a simplified version of the field
map, which gives emphasis to the interpreted outcrop



pattern, and gives selected representative supplementary
information. Barnes (1981, chapters 8 and 9) discusses the
nature and preparation of fair copy maps and cross-
sections.

The geologist’s field work may end with the submission
of the field and fair copy document, but where the
information is to be communicated widely, for example,
published by a geological survey or as a research article,
further steps are necessary.

13.3 Preparation of maps for publication

The following is in no way meant to be a set of in-
structions. It is merely a glimpse of what goes into com-
pleting a map for publication, to help the map reader have
a greater understanding and appreciation of the final
document.

13.3.1 Scale

The scale at which you see the published maps is not neces-
sarily the scale at which the area was surveyed. For many
purposes the field maps are considerably reduced. For
example, it has been standard practice for the BGS to
survey at 1:10 000, a scale highly convenient for the kind
of accuracy and detail appropriate to a country the size of
the UK and, while making these maps available for public
inspection, to reduce them for publication to 1:50 000 (or,
in pre-metric days, six inches to a mile field mapping for
reduction to published one-inch maps). Plates 5 and 8, for
example, were surveyed at a scale of six inches to a mile
(1:10650).

For the published document, the geologist has to decide
what detail to retain. Mapping units may have to be
grouped, and features excluded. Edward Greenly mapped
parts of the island of Anglesey for the BGS at a scale of
twenty-five inches to a mile. He later recalled that although
this made it possible to record 170 different beds of jasper
at one place, when the map was reduced to six inches to a
mile for archiving, the number of jasper horizons had to be
cut to 100, whereas the one inch to a mile map that was
published (today at 1:50 000) could show only 45 jasper
beds (Greenly and Williams, 1930, p. 382).

13.3.2 Boundaries

The geologist will have indicated on the reduced map
which boundaries were observed and which inferred by
using some system of dashed lines explained on the key
(Fig. 4.2), and also will have ensured that boundaries have
continuity with adjacent maps. Stories abound of the need
to insert geological faults at the margins of a map in order
to explain offset between the boundaries on adjacent
sheets!

Some simplifications of the courses of the junctions may
have been made to promote the clarity of the map; different
weights of line may have been used to distinguish between
depositional and faulted junctions; the final effect depends
as much on the cartographic draftsman as the surveyor.
Normal stratigraphic boundaries are best shown as a firm,
but narrow, line, which unfortunately is not the case with
some published maps.

13.3.3 Key and other information

Careful attention will have been given to the map key. The
geologist will have decided how much information can be
incorporated while maintaining clarity (e.g. Hageman,
1968). A stratigraphic column or vertical section showing
thicknesses and relationships may have been added. Most
maps include cross-sections on the map sheet. Maps
published by official surveys often include a statement on
authorship of the map, which can provide an interesting
insight into the map’s history. Some modern maps, such as
the current BGS 1:50 000 series, include short descrip-
tions and explanations of the geology next to the map;
some USGS maps have lengthy descriptions on the reverse
side of the sheet.

The design and layout of all these items should make a
well-balanced whole. Modern BGS maps even have
coloured frames. Returning to the map key, its main
function, of course, is to explain the use of black and white
ornament or colour on the map. The decision of how to
represent each unit may seem a simple one, but it needs
care to produce pleasing and effective results. There is, in
fact, a fascinating and instructive history to the matter.

13.3.4 Ornament

The map units of an uncoloured map are normally
ornamented to facilitate distinction between them. There
have been attempts to standardise the patterns used. For
example, Evans (1921) proposed that Precambrian rocks
be given NW-SE ruled lines, Lower Palaeozoic rocks
NE-SW lines, Upper Palacozoic N-S lines, etc. Such
systems have never caught on, except for certain patterns
becoming associated with particular lithologies. It is
common, for example, for limestones to have a ‘brickwall’
pattern, sandstones to be shown by various dots, and shales
by dashes. Compton (1985, appendix 8) gives examples of
some common ornaments.

13.3.5 Colour

Widely published maps have traditionally been coloured.
The earliest maps, including those published in journals,
were watercoloured by hand. The translucence of water-
colours was ideal for allowing the other elements of the
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map to be easily examined, and in many cases, extremely
pleasing effects were obtained. Some of them were very
skillfully executed (e.g. Ireland, 1943). Many are now valu-
able collector’s pieces.

However, there were serious snags. Such labour inten-
sive methods greatly increased the cost of publication and
restricted the number of copies. Some colours looked too
dense and muddy, and broke the child’s first rule of colour-
ing — to ‘not cross the line’! Mistakes were difficult to
correct. The best colourists used a soaked map laid on wet
newspaper in order to get even colours, but this lead to con-
siderable distortion (Wilson, 1985). All this changed in the
middle of the nineteenth century (section 14.3.4) when
colour printing became used for geological maps.

Colours are so central to the effectiveness of a geological
map that it does seem extraordinary that after about two
hundred years of map-making there should still be such
disparate colour systems. There seem to be four main
approaches to choosing a colour scheme.

The first approach is largely aesthetic. The intention is
to convey the outcrop patterns clearly, but in colours
which are pleasing to the eye. The approach is often used
in ‘one-off” maps, which are not part of a wider effort such
as those of the national surveys.

The second approach relates colour to the stratigraphic
age of the rocks. The principles go back to a meeting of the
International Geological Congress in 1881 but, although a
number of European maps followed the guidelines that
were agreed at the meeting, there has never been universal
acceptance. In that scheme, each stratigraphic system was
allotted its own colour which, apart from orange and red
being reserved for igneous rocks and pink for metamorphic
rocks, spanned the spectrum from the pale colours for
younger systems to dark colours for older rocks. Although
fine in theory, this did mean that whereas Tertiary rocks,
for example, were assigned nice translucent yellows and
Eocene deposits a pale yellow-green, Lower Palaeozoic and
older rocks had to suffer dull, somewhat opaque colours.
An analogous approach, though differing in detail, has tra-
ditionally been adopted by the US (section 14.3.5) and
Canadian Surveys.

A third approach is based on the actual colours of the
rocks themselves. Early map-makers such as William
Smith followed this idea, and it has been influential on the
colours used by the BGS. For example, the browns of the
Torridonian and Old Red Sandstone, the oranges of the
New Red Sandstone, and the dark grey of the Coal
Measures seem to be based on this principle. The BGS
maps of the region around Oban, W Scotland, portray the
purples of the dark-red weathering volcanics, the dark
blue-greys of the graphitic slates, dark greens of basic in-
trusives, and browns of the Old Red Sandstone deposits.
Linton (1947) felt that such ‘imitation of rock colours gave
to the colour scheme a harmony which resulted in maps of
real beauty . . . but that . . . it also imparted to many sheets

an obscurity and gloom which made them almost impos-
sible to read’. The same could be said of many of the
French Bureau de Recherches Géologiques et Miniéres
(BRGM) 1:80 000 sheets.

Fourth, some colours have come to be associated with
certain lithologies. Blue has been used in many countries
for limestone and calcareous deposits, and red for granites.
Basic and ultrabasic igneous masses are commonly shown
in dark greens or purples, and alluvium and other super-
ficial deposits in pale cream. In addition to the colour, use
can be made of various overprints, such as stipples and rul-
ings, but this has to be done judiciously in order to avoid
clumsy and opaque effects.

Whatever approach to colour and overprinting is
adopted, it is imperative that the topographic base remains
clearly legible. It is unfortunate that the BGS, perhaps
because it has no control over the final production and
printing of its documents, tends to issue maps with in-
distinct topography. Even on otherwise superb geological
maps, such as the ‘One-Inch’ Bristol sheet and the
1:25 000 Snowdonia sheets, it can be difficult to read topo-
graphic information, such as contour lines. Linton (1947)
criticised the maps being produced then for being ‘quite
opaque so that it is impossible to follow the contours
beneath’, and some modern examples seem hardly to have
improved in this respect. The 1:50 000 map of Denbigh,
for example, published in 1975, has such dark colours
coupled with a heavily ruled overprint that it is impossible
even to read some of the place names.

13.4 Map reports

Many geological maps are accompanied by a written report
on the area. Traditionally, these were voluminous descrip-
tions, highly detailed and technical. Some have made
important contributions to geological knowledge, but they
were hardly reading for the amateur.

The recent trend has been to produce shorter, more
easily understood reports. For example, most French
BRGM and Australian Bureau of Mineral Resources
(BMR) maps r.ow come in a plastic wallet, half of which
contains the meps, and the other half contains a slim ex-
planatory booklet. Some BGS maps are now following this
format, and some of the explanations are specifically
designed with the interested amateur in mind. Whatever
their goal and format, such reports tend to follow the same
organisational arrangement as those discussed in section
12.6. Some idea of what goes into preparing map reports is
given by Compton (1985) and Blackader (1968).

13.5 Availability of maps

Ways of finding the geological map coverage of a specific
area are reviewed by Martin (1973) and Pangborn (1971).
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Fig. 13.2 Some sources of geological maps.

Computer-based map indexing is the subject of vigorous
current research (see section 15.2.4). Black and white maps
which have been published in a book or journal can be
photocopied, unless they are too big, but are subject to the
usual copyright regulations. It may be possible to obtain a
copy of the map by writing to the author if the address is
given in any text which accompanies the map. Usually this
would be the only way of getting a copy of an unpublished
map.

The most widely available source of maps is the official

geological survey of the relevant area. Usually this is a
national institution, but some of the states of the USA, for
example, have very active surveys. Obtaining information
on current USGS products is discussed by Dodd et al.
(1985), on US state maps by Fracolli (1985) and Fuller
(1985), and current BGS map availability is summarised
by Bain (1986).

Good bookshops may hold stocks of current official geo-
logical maps of their local area; otherwise these have to be
ordered. Some addresses are given in Fig.13.2. The
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general trend is for geological survey maps to be more
attractively packaged and more widely available. Besides
the name or number of the sheet your require, be sure to
specify the scale. Some maps are available either folded,
perhaps in a protective plastic wallet, or flat, normally
delivered rolled up in a tube. With BGS maps you may
have to specify ‘solid’ or ‘drift’ editions (section 1.3.2). Flat
maps obviously avoid unsightly creases and are excellent
for display purposes, but in any quantity create a major
storage problem (section 15.2.4). Maps can be made more
durable by mounting them on plastic or cloth (Groves,
1980).

13.6 Conclusions

A geological map shows so much more than just the distri-
bution of rocks at the earth’s surface. Besides all the projec-

tions into three dimensions and back into geological time
that have been discussed earlier, this chapter has given a
glimpse of the endeavours that lie behind a geological map.
Many geological maps represent the culmination of
numerous days of careful field survey and considered in-
terpretation, as well as a best attempt to present all the
information as elegantly as possible.

A good geological map not only represents the sum-
mation of geological understanding of that area at the time,
but conveys it pleasingly to the reader. To extract from
Edward Greenly’s treatise on geological surveying
(Greenly and Williams, 1930):

Nature is beautiful; we are attempting a representation of her.
A geological map is made to be looked at . . . let the process be a
pleasant one. The surveyor should have kept beauty in view
throughout his work. In its colour, as well as in its line, a
geological map should be a thing of beauty.

MAP 25 Near Tywyn, Gwynedd, North Wales

The topographic map opposite is reproduced from the
1981 Ordnance Survey 1:10 000 map SH60SW, with the
permission of the Controller of Her Majesty’s Stationery
Office, Crown copyright reserved. It is slightly enlarged
here to 1:8000. The area is about 2 km east of Tywyn,
N Wales, just off the region covered in Plate 1. The area
comprises rocks of the Ashgill series of the Silurian; the
continuation of the rocks can be seen on Plate 1 around
[SH66031.

Within the Ashgill, a unit of slate known as the Narrow
Vein is poorly exposed but has been quarried sporadically
for roofing material. In quarries nearby, the unit can be
seen to be of reasonably constant thickness and persistently
oriented at 062/13° S. Exposures of the Narrow Vein in
two of the small quarries are marked in black on Map 25,
together with two natural exposures where only the top of
the vein is exposed.

Using structure contours, locate the unexposed course of
the Narrow Vein. (Begin with the two quarries and, say,
the top surface of the vein. Establish the location and route

of the 160 m contour, bearing in mind the known strike
direction. Add other structure contours whose location can
be derived from topography, say the 150 and 170 m values.
Having established the spacing, add further structure con-
tours, from about 200 to 130 m, checking their spacing
against the known dip of the vein. Project the outcrop
course between the two quarries. Repeat for the base of the
vein.)

Repeat the procedure independently in the west of the
area, using the two exposures of the top surface of the vein.
You should find that the structure contours derived here
fail to link readily with those drawn from the quarry in-
formation. Because the Narrow Vein is thought not to be
folded in this district, the explanation may be the presence
of a fault.

Suggest on the map where the trace of the fault may run, to
best explain the structure contours, complete the Narrow
Vein outcrop, and comment on the possible nature and
displacement of the fault.
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14 The heritage of
geological maps

14.1 Introduction

There are facets of geological maps other than those dis-
cussed in the preceding chapters, such as the tremendous
heritage they represent. The maps we use today have not
always looked this way, and the earliest maps did not
appear overnight. Geological maps have slowly evolved, in
many ways reflecting the growth of geology itself. The first
part of this chapter briefly outlines this history. Every
geological map embodies parts of the story. The treatment
here is brief] but references are provided which give much
greater detail. Then there is the human aspect to maps.
Many a geological map represents the culmination of
much individual labour, and its production may have
involved personal conflicts, adventure, even tragedy.
There have been individuals and institutions who have
contributed influential advances in map methods, and who
have bequeathed magnificent maps. The second half of
this chapter sketches the lives of six individuals in order to
glimpse the personal stories that lie behind their maps and,
because they all made influential advances, behind all
maps. The choice of people is a rather arbitrary one, aimed
at giving some chronological and geographical spread.
Some very interesting persons and some very significant
maps have had to be passed by.

14.2 A short history of geological maps

Maps of the earth’s surface have long been made, but the
arrival of geological maps was late, and slow. People had
always thought about the earth but only when religious
dogma was escaped and careful field observations made
was the scene set for the advent of maps.

First came the idea. John Aubrey, famous for his
archaeological discoveries at Stonehenge and Avebury, but
called by a contemporary ‘a shiftless person, roving and
magotie-headed’, wrote that he ‘often times wished for a
mappe of England, coloured according to the colours of the
earth, with marks of the fossils and minerals’. Martin
Lister, a physician living in York, in 1683 presented a
paper entitled ‘An ingenious proposal for a new sort of
maps of countrys’. He described in some detail how the

distribution of soils and rocks at the earth’s surface could
be displayed on maps so that ‘something more might be
comprehended’.

Then came maps which actually plotted the locations of
minerals and rocks. They were approximate maps, lacking
good information and an accurate topographic base. Some
were better than others, so that it is unrealistic to specify
the ‘first’ geological map. None had any concept of a
sequential or a three-dimensional arrangement of the units.
Two early examples were Packe’s 1745 depiction of the
hills around Canterbury, and Guettard’s 1746 map of
France (section 14.3.1). Later, Desmarest (1725-75)
mapped in detail the basaltic lava flows of the Auvergne,
France, showing their sequential arrangement, and the
varied geology of the Transbaikal region of the USSR was
surveyed by Lebedev and Ivanov between 1794 and 1798
(Pavlinov, 1984).

A tremendous advance in map-making was provided by
William Smith (section 14.3.2). He was the first really to
grasp the sequential arrangement of sedimentary rocks and
depict it on maps with reasonable accuracy. He advertised
the practical applications of geological maps. In 1815 he
published his momentous map of England and Wales,
arguably the most significant geological document there
has been, and among the most treasured of geological col-
lector’s pieces.

Following this, geological maps began to appear thick
and fast. Maps of parts of western Europe were published,
with ever-improving detail and accuracy together with
maps of entire countries. Another map of England and
Wales appeared in 1819, which in its own way was also a
remarkable achievement. The Geological Society of
London had been formed in 1807 and its first President,
Greenough, took on the job of compiling information from
well-known geologists of the day to prepare a national geo-
logical map. Although it is Smith’s map which is today
most widely remembered, many regard Greenough’s map
as the better. MacLure’s 1809 map of the eastern USA
does not aspire to the cartographic heights achieved by
Smith and Greenough, but is an extremely important
document in American geological history.

All these maps were the works of private individuals and



societies. However, many of their authors stressed the
value to applied geology of good maps, and it was inevit-
able that governments and public bodies would soon see
the need for funding official geological surveys of their
regions. There are competing claims as to which was the
first official government survey. Guettard was receiving
official money for mineralogical purposes in 1746 (sec-
tion 14.3.1). MacCulloch carried out governmental geo-
logical work as early as 1811, and in 1826 was specifically
instructed to make a geological map (section 14.3.3).

A geologist was attached to the Trigonometric Survey of
India in 1818 (Eyles, 1950), and in 1823 Denison Olmsted
of the State University of North Carolina was given $250 a
year for four years to undertake geological excursions —
perhaps the first use of US public funds for geology. Some
remarks on geology and mineral resources had been made
in the earlier reports of government expeditions such as the
epic Lewis and Clark mission of 1805, but the comments
were sparse and incidental. The North Carolina effort did
not continue, neither did the State Geologist appointed in
South Carolina the following year. The first fully function-
ing State Survey, soon producing a seven miles to an inch
coloured state map as well as a significant advance in know-
ledge, was inaugurated in Massachusetts in 1830 (Merrill,
1924). A government-financed geological map of France
was begun in 1825, completed in 1835 and published in
1841 (Eyles, 1950).

The Ordnance Survey in the UK took an increasing in-
terest in geology, at first mainly in Ireland (Herries Davies,
1983). The Director apparently had the impression that if
rock samples were collected from time to time by topo-
graphic map-makers, a geologist back at headquarters
would be able to construct a geological map from the speci-
mens (Wilson, 1985). Parcels of samples were actually dis-
patched from the field for this purpose. However, the im-
practicality of the idea is shown by the issue in 1827 of a
seventy-page ‘Directions for Geological and Mineralogical
Observations’, and the appointment of a ‘Superintendent
of the Geological Sciences in Ireland’.

Shortly after this, in London, what is now the British
Geological Survey was born. In 1832, de la Beche
(pronounced Beech) offered to make available for £300 the
results of his own geological surveying of Devon, to add to
the recently published Ordnance Survey maps of that
county. De la Beche had been ‘dismissed with ignominy’
from military college in his youth, but had become an
energetic and skilful geological observer. After some
negotiation of conditions, a deal was agreed. At a rate of
£37.50 for each of the eight sheets (Wilson, 1985) the geo-
logical survey was conducted at a cost many orders of
magnitude less than it would be today. It worked well, and
in 1833 de la Beche was offered a full-time position. The
Geological Survey was established as a one-man depart-
ment of the Ordnance Survey. Wilson (1985) describes
what followed: a mixture of political manoeuvering,

personality clashes, and shrewd appointments as de la
Beche entrenched and expanded his position. By 1845 the
Geological Survey employed twenty four scientists.

Geological mapping of the UK accelerated. By 1854,
Wales had been surveyed at the one-inch scale, largely by
the enthusiastic mapper A. C. Ramsay, who in the same
year commenced the Survey’s activities in Scotland.
Mapping of superficial deposits began in about 1863-5;
and the first Survey map of England and Wales was
completed in 1883. By the turn of the century, most of
Great Britain had been surveyed at the one-inch scale,
apart from the Scottish Highlands. By this time it had be-
come the aim, despite the altercations reported by Wilson
(1985, chapter 10), to survey the nation at the six-inch
scale, for eventual reduction. In general, this approach
continues today. It has led to impressive accuracy, but it is
very time consuming. In fact, the survey has never been
completed for the whole country. Despite its flying start,
the BGS is still pursuing its goal.

In the first half of the nineteenth century many parts of
the world were geologically mapped, at the reconnaissance
level, for the first time. Ireland (1943) gives a list. Detailed
maps of small areas continued to proliferate. They were
produced by learned natural historians and by amateurs.
The day when geological mapping would be limited to
technical experts was still far distant.

All this took place in the era of hand-colouring. This pro-
duced maps of highly variable colouring standard, and re-
stricted their distribution, despite whole teams of colourers
being employed, often apparently, rather poorly paid
ladies (Wilson, 1985). Colour printing of geological maps
began in 1851, after some unsuccessful false starts (Ireland,
1943). This made an immense difference to the availability
of maps. The contrast is reflected in the prices these
antique geological maps command today — hand-coloured
maps fetch a considerable premium.

As the nineteenth century progressed, geological surveys
were set up in more and more countries. Greenly and
Williams listed over 50 in 1930. Some of these were to have
a curtailed future, if only because the country itself ceased
to exist. A Geological Survey of Canada was established in
1842, under William Logan. He returned to Canada after
work for the British Survey in South Wales (Bassett,
1969a). Merrill (1924) recalls that when Logan began his
work in Canada: ‘a large part of the country was
wilderness, without roads, and there were no maps. Little
was known of the region beside the coast-line, of the
geology practically nothing. From dawn to dusk he paced
or paddled, and yet his work was not finished, for while his
Indians (often his sole companions) smoked their pipes
around their evening fire, he wrote his notes and plotted
the day’s measurements’. Since that time the Geological
Survey of Canada has become a major organisation, with a
prodigious output. Although Greenly and Williams (1930)
felt that ‘the whole system of publication of this survey
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appears to be complicated and difficult for an outside
person to understand’, the publications today are well cata-
logued and handsome maps have been produced.

In Australia various state surveys were established
between 1856 (Victoria) and 1896 (W Australia) (Darragh,
1977), eventually leading to the formation of a coordinat-
ing body, the Bureau of Mineral Resources. The Geo-
logical Survey of New Zealand was formed in 1865.

Geological work in the United States had steadily pro-
gressed for several decades, and by the later part of the
nineteenth century the west was rapidly being opened up,
with several Territorial Surveys competing to reveal its geo-
logy (e.g. Bartlett, 1962; see section 14.3.5). Coordination
became imperative, and in 1879 the USGS was established
(e.g. Rabbit, 1980a). From the start this organisation had
the responsibility for both the topographical and geological
surveying of that country. As Linton (1947) has pointed
out, this coordinated effort gave an immediate advantage
over the European counterparts, where often the geological
surveys had to make do with the base maps produced for a
different purpose by a separate institution which was
somewhat insensitive to the geologists’ needs. The growth
of the USGS has been awesome, its output enormous. But
its products have always been well catalogued, its maps
models of clarity and consistency.

At the same time as the launching of government
surveys, in many places learned societies were being
founded, each commonly publishing its own journal. Until
recently, these learned journals formed the main vehicle
for individual geologists to publish geological maps. The
Quarterly Journal of the Geological Society of London, for
example, contains numerous maps of many parts of the
world. Such journal maps have to be folded up if they are at
all large, and few are in colour, but they represent tremen-
dous advances in knowledge.

Many geological companies realised the need for system-
atic investigations of their geological properties. Maps of
mineral prospects, detailed mine maps, quarry maps, all
were produced, sometimes in great detail, but usually for
the private use of the company. Exploration for oil
spawned a host of new cartographic techniques, especially
concerning the subsurface geology.

Many of the principles that came into being in the early
days of geological maps have carried through to today. The
methods are greatly refined, but making a geological map
is still basically the same endeavour with the same goals.
However, the increased specialisation of modern earth
science has encouraged today’s journals to print articles on
more specialised aspects of geology. Thematic maps
(section 15.4) abound in them. Similarly, the efforts of
geological surveys have diversified such that only a portion
of the staff are engaged on basic surveying. This is also a
reflection on the increased efficiency of surveying methods
(section 15.2.1) and the power of modern instrumental
techniques. It does not imply any diminishment of the
central importance of the geological map.

14.3 The contributions of some individuals

14.3.1 Jean Etienne Guettard (1715-86)

Guettard was a great observer. At a time when thinking
about the earth was still based on a mixture of religion and
speculation, Guettard was a tireless collector of facts. He
was a pioneer in seeing the value of displaying observations
on a map. His maps were a long way from the kinds of
thing we expect today, but it was a bold start.

As a child, Guettard was interested in natural history,
especially plants. He trained as a doctor but continued to
collect plant specimens. He became struck by how their oc-
currence appeared to depend on certain minerals and
rocks. Eventually, it was the ‘mineral substances’ them-
selves, and their distribution, that came to dominate his
ihterest. Guettard was a very energetic collector of in-
formation. He travelled widely in France, visiting mineral
localities, observing all the time, and assiduously reading
all the literature that was available to him. Unfortunately,
as Rappaport (1969) put it: ‘The talent he most con-
spicuously lacked was that of generalisation, of seeing the
implications of his own observations.” He desperately
needed some way of organising and presenting his vast
amount of data.

With time, Guettard began to suspect that there may be
some sort of pattern to the distribution of the mineral depo-
sits. Rock classification was in those days a hazy affair, but
he began to think that rocks, too, were not distributed hap-
hazardly. The three kinds of rock he recognised, which he
called ‘sandy’, ‘marly’, and ‘schistose’, seemed to occur in
broad bands. He thought that if he could establish the
‘determinate trend’ of these bands, it would be possible to
predict the kinds of rock in unknown country. But how
could he illustrate this?

Guettard hit upon the idea of marking the mineral
deposits and rocks on a map. He had little to guide him on
how to do it. What little there had been done on similar
lines was probably not known to Guettard. So he took an
existing map of France, and used symbols, mainly
chemical ones, to mark the locations of mineral deposits,
and added a few fossil localities. The distribution of his
three rock types was indicated by an engraved shading.
The rocks did, indeed, fall into bands. His Memoire et
Carte Minéralogique was presented in Paris in 1746 and
published in 1751 (Geikie, 1905).

At a stroke, the map enabled Guettard to organise, syn-
thesise and communicate his information, and to test his
ideas. He had stumbled upon what were to become vital
functions of geological maps. There was now no stopping
him. On his first map, the three rock bands stopped at the
English Channel, and Guettard predicted that they would
reappear in England. He searched the literature for sup-
porting information — reading no English, he had to rely on
what had been translated — and convinced himself that he
was right. So, on to a map of England went the same



system of symbols and engraving. He tackled next, still
relying on literature, the whole of Western Europe, from
Iceland to the Mediterranean, and, later on, the Middle
East and North America.

His maps were well received. This ‘new kind of map’
was deemed to open up a new field for geographers and
naturalists, providing a link between the two subjects.
Guettard extolled the practical value of his maps, for ex-
ample, their use in locating further supplies of good
building stone and durable road material. He felt sure that
the maps would lead to a unified understanding of the
earth. He was, however, dissatisfied with the accuracy of
his work, saying, ‘If you will only let me have a proper map
of France, I will undertake to show on it the mineral forma-
tions underneath.” With the help of a young man called
Lavoisier, destined to become the great chemist, and later
on Monnet, Guettard went on to complete sixteen detailed
sheets of France and a large report. The Atlas et Description
Minéralogique de la France was published in 1780 (Rappa-
port, 1969).

Clearly, Guettard had made a great step in the direction
of geological mapping. But can his maps be called
‘geological maps’? Probably not, in a modern sense. They
were, at best, approximate, partly because the base maps of
the time were insufficient for accurate work, partly because
much of his geological information, even in France, was
second-hand. But there is a much more fundamental short-
coming: the maps were strictly two dimensional. There
was no attempt to show the relationships between units,
either geometrically or stratigraphically.

It is probably not that Guettard had no comprehension
of geological relationships, more that he felt it involved
too much inference. For Guettard, almost obsessed by the
importance of observation, believed that if something were
not factual it should not be shown on a map. As we have
seen in this book, the modern geological map, in contrast,
is intrinsically an interpretive document.

The point is well illustrated by a disagreement during
the preparation of the 1780 Atlas. Lavoisier had grasped
the importance of stratigraphic sequence, and realised that
it may lead to an understanding of geological history. He
had assembled some stratigraphic columns with this in
mind, compound ones, drawn from various localities. This
was all too speculative for Guettard, not the kind of thing
he wanted on his maps. In addition, Lavoisier would have
liked to infer more about distributions: ‘It is only necessary
to link all similar symbols by lines which would show not
only the size and extent [of each deposit] but also their
various points of intersection’ (Rappaport, 1969, p. 283).
However, Guettard, the senior man, had his way.
Inference was not allowed on the map, although some of
the sheets do have Lavoisier’s compound sections in the
map margin.

Before his death in 1786, Guettard published numerous,
detailed papers, all based on his meticulous observations.
But it is for his maps that he is most remembered. Besides

illustrating geological distributions, he had pioneered the
use of maps for data collection and synthesis, just as with
modern maps. However, fundamental map problems were
left untackled. The matters of dealing with the three-
dimensional arrangement of rocks, of depicting strati-
graphic sequence, and of combining inference with obser-
vation still lay ahead.

14.3.2 William Smith (1769-1839)

Smith is by any standards one of geology’s greats. He first
understood and communicated the idea of sequence in
layered deposits and recognised their characteristic fossil
assemblages, two concepts fundamental to stratigraphy.
He was a pioneer of applying his geological knowledge: to
finding underground water; to drainage schemes; to coal
mines and canals. And he produced his epoch-making geo-
logical map. Much has already been written about the
man, and his maps, but they are too significant not to be
included here. Also, it is very relevant to the theme of this
book that Smith apparently found writing awkward and
difficult; it was through his maps that his perceptive geo-
logical knowledge and understanding were communi-
cated.

Smith was born in Churchill, Oxfordshire, in 1769. His
father was a blacksmith and his ancestors ordinary farmers
— facts which became increasingly relevant when Smith en-
croached on a geological community dominated by the
well-to-do. By the time he was eighteen, Smith was an ap-
prentice surveyor at Stow-on-the-Wold and taking on
increasing responsibilities. In 1792, while surveying coal
properties, he lodged at Rugborne Farm, near High
Littleton, seven miles southwest of Bath and ‘began to
think about the succession of the strata’ (Eyles, 1969). This
farmhouse he later called ‘the birthplace of English
Geology’.

According to Cox (1942), Smith was always ‘ready to
converse, with friend or stranger, upon many subjects, but
usually reverting finally to his favourite topic — the strata of
the earth and the application of their study to agriculture,
mining and all words of public utility’. He began to realise
that the geology of England is dominated by a regular suc-
cession of different strata, tilted towards the southeast. His
continuing work furnished him with more and more
evidence. Later critics said that Smith became over-
obsessed with this belief, but the important thing for us is
that he hit upon the idea of showing the arrangement on a
map.

He drew a map of the area ‘5 miles round the city of
Bath’, one-and-a-half inches to a mile, which was ‘coloured
geologically in 1799°. In 1801 he produced two small maps
of England and Wales to show the overall arrangement of
the strata (Eyles, 1969). In the same year he issued a pro-
spectus for a large-scale and accurate map of the strata of
the whole of England and Wales. He began putting this
together while continuing his various applied geological
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activities ~ supervising sinkings for coal, devising sea de-
fences, etc. —and all the while amassing a fossil collection.
This was displayed on sloping shelves in order to corres-
pond with the beds in which they were found (Eyles,
1969).

Here we glimpse some of the obstacles which Smith had
to overcome in order to publish what was to become his
celebrated map. To start with, there was no topographical
base map sufficiently uncluttered and accurate for Smith to
use. He had to spend time and money persuading a
London map engraver and publisher, John Cary, that his
project was worthwhile enough to justify the preparation
of a base expressly for Smith’s purpose. And Smith did not
have much money (Eyles, 1967). His nephew, John
Phillips, later remarked that Smith’s hearty laugh was a
cover for his financial difficulties. Although making a
reasonable living from his consulting work, with the
Napoleonic wars in progress times were hard, and Smith
was relying on his map to make him some money. After all,
it was taking about fifteen years to collect the map data,
carefully, single-handed, and without financial support.
The cost of publishing the map became heavy. Each of the
sixteen sheets had to be hand-coloured, and several artists
had to be employed merely to do the colouring. Smith
began to see that profits from the sales of his map would be
thin. It was this situation which turned Smith to the idea of
selling off his beloved fossil collection, a saga recalled in
detail by Eyles (1967). It also meant tht even when the map
did appear, it was to have a publication life of only four
years.

Then there was the matter of the rival map, being as-
sembled by Greenough for the Geological Society of
London, and representing many of the leading geological
figures of the day. Why, in 1812, did Greenough even con-
template such a map, when Smith’s project was nearing
completion? The question has been much discussed (e.g.
Bailey, 1952). A friend of Smith’s, John Farey, complained
of the ‘very unhandsome conduct of certain persons’ in
trying to strangle the sale of Smith’s map. Greenough said
he thought that Smith had abandoned his project.

Why did the Geological Society not lend its support to
Smith’s endeavour, rather than launch a rival project? Per-
haps Smith would not have wished it; he was an indepen-
dent man. According to his nephew, John Phillips, Smith
had said: ‘. . . I foresaw that the truth and practicability of
my system must be tested far and wide before its uses could
be generally known and its worth duly appreciated. I
thought, of course, no one could do this so well as myself
..." (Bassett, 1969b). Also, Smith’s working-class back-
ground had probably not gone unnoticed. Smith may have
been a difficult fellow to work with, but one wonders if the
stories behind some geological maps not only involve
individuals and their personalities, but the circumstances
of their birth. Smith had already stated his preference for
‘Saxon and British words’ rather than those contrived from

‘dead languages’, ruffling the feathers of the classically
educated geologists of the time. Smith was not even invited
to join the Geological Society until 1830, by which time
recognition of his achievement was such that he could
hardly be excluded.

Even seventy years later, Archibald Geikie, a later doyen
of the geological establishment, was critical of Smith’s un-
cultured approach. Geikie (1905) thought Smith’s efforts
were limited, and he saw them in the light of Smith’s
background:

William Smith was tall and broadly built, like the English
yeomen from whom he came. His face was that of an honest,
sagacious farmer. His work, indeed bears out the impression
conveyed by his portrait. His plain, solid, matter-of-fact
intellect never branched into theory or speculation. His range
of geological vision was as limited as his general acquire-
ments.

Anyway, Smith’s map did appear, in 1815. Not only was
it the first geological map in any modern sense, it was of
two entire countries, and the work entirely of one man. It
embodied innovative principles, which are now funda-
mental to geology. There are sixteen sheets in twenty
colours. At a scale of about five miles to one inch, the entire
map occupies six feet by eight-and-a-half feet. The units
are shown in their correct overall stratigraphic order, with
the bases distinguished from the tops by a heavier tint. The
inclined units even ‘V’ across the valleys in the correct
way. Of course, there were mistakes and shortcomings;
Challinor (1970) gives a list. Many users felt it was soon
superceded in accuracy and clarity by Greenough’s map of
1819. Smith was aware of some of the inadequacies, and
took the opportunity to improve the map at each printing
(Eyles and Eyles, 1938).

It has been said that with Smith’s effort ‘the geological
map had arrived’. The colours Smith chose had no little in-
fluence on succeeding maps, both in Britain and elsewhere
(section 13.3.5). In fact, at first glance, Smith’s 1815 map
is not greatly different from the BGS Ten Mile map of
today. Smith continued to produce beautiful maps.
Between 1819 and 1824 he published a New Geological
Atlas of England and Wales, comprising maps of twenty-
one counties. Some were recently reprinted by the British
Museum of Natural History. In 1828, Smith moved to
Hackness near Scarborough, in Yorkshire, and four years
later published a remarkably detailed and accurate map of
the Hackness Hills.

Of Smith’s great 1815 map, the Eyleses were able to
trace in 1938 only about thirty copies still in existence, dis-
tributed among only twelve owners. It will never be
reprinted: Eyles and Eyles (1938) record that, when in
1877 the owner of the sixteen copper plates, Edward Stan-
ford, offered to sell them ‘at trifling cost’ to the Geological
Society of London, there was no support for the idea. The
plates were melted down.



14.3.3 Fohn MacCulloch (1773-1835)

MacCulloch was one of the first persons in the UK to
receive government funds for geological purposes. He
made numerous pioneering geological observations, wrote
a travel book which is still in print, and made the earliest
published geological map of Scotland.

Topographical surveying early last century was still in
the hands of a government military body, called the Board
of Ordnance. It had been set up in medieval times to survey
artillery installations. John MacCulloch, trained as a
surgeon but attached to the Board of Ordnance as a
chemist, also had an interest in geology. In 1811 he was
given an official geological job to do (Eyles, 1950): he was
sent to Scotland to find out what kinds of rock were safest
for grinding gunpowder! In 1814, he was appointed
geologist to the newly formed Trigonometrical Survey unit
of the Board of Ordnance to examine certain aspects of
Scottish geology. This unit subsequently became the
Ordnance Survey of the UK. The appointment of
MacCulloch arguably formed the earliest state geological
survey.

In 1819 MacCulloch published what was to become a
classic of travel literature and of Scottish geology, his book:
A Description of the Western Islands of Scotland. An
abridged version is still sold today. Challinor (1970) lists
twenty-seven original geological discoveries contained in
the book, many of them now fundamental to Scottish
geology. Ten coloured geological maps were included,
covering many of the Hebridean Islands.

Despite all this, the Head of the Board of Ordnance, the
Duke of Wellington, terminated the geological appoint-
ment. MacCulloch returned to being official chemist, but
continued his survey of Scottish geology at his own expense.
Only after several years had passed did the Treasury
restore MacCulloch’s financial support. In 1826, he
received government funds for the sole purpose of prepar-
ing a geological map. A new era in geology had begun. The
need for official geological surveying had been realised,
and funds earmarked for it. But even back then, patterns
were being set of relationships with universities and of
expense claims which are not unfamiliar today. For
example, one of the best-known university geologists of the
time, Robert Jameson, snubbed the official effort, saying
that MacCulloch’s Survey was ‘utterly unknown to any
public body in Scotland’ (Eyles, 1950).

Regarding expenses, MacCulloch was to receive £2 a day
while in the field, £1 a day personal costs, and 2 shillings
(10p) per mile travel expenses. In his first field season
MacCulloch claimed over 7000 miles of travel costs, plus
costs of boat hires, guides, stationery, and ‘pedemeters’ for
measuring distances ‘on foot, horse and carriage’. The
Treasury was embarrassed, having greatly underestimated
what was involved in a geological survey. So MacCulloch
had to account in detail for his movements and his costs:

the auditor questioned his large mileages and the short
time taken to cover them. MacCulloch replied that
accountants failed to understand the nature of geological
field work.

MacCulloch pressed on, apparently working long days,
including Sundays, and being paid considerably in arrears.
Then doubts began to arise in official circles about whether
or not the map should be published. Murchison was un-
sure about the quality of the field notes, though he thought
the ‘sketch’ of a map might be useful. The topographic
base map was known to be inaccurate — MacCulloch later
spent much of the first fifty pages of his ‘Memoirs’ abusing
it. In fact, if the Highland and Agricultural Society of
Scotland had not taken an interest in the map (Boud,
1985), it may have ‘remained buried in the archive of a
government department’ (Eyles, 1937). MacCulloch may
not have helped the situation himself, being, rather like
William Smith, fiercely independent. Flett (1937) says that
MacCulloch had the reputation of being short-tempered
and difficult to agree with. He became increasingly bitter
that his work was not being properly recognised.

However, the map eventually did appear, in 1836. It
comprised four hand-coloured sheets, each 86 X 69 cm, at
a scale of four miles to an inch (1:250000), and used
eighteen different colours. The main elements of Scottish
geology show clearly. It is now a famous document, but it
somehow typifies MacCulloch’s dogged career that he did
not live to see it published. He married, for the first time,
when he was 62, the year before the map came out. Whilst
on his honeymoon, MacCulloch was killed by a runaway
carriage.

As a final irony, Eyles (1950) draws attention to the
review of the published map in the Scotsman newspaper.
The price of £5 for the map was thought high by the re-
viewer. Yet, the topographic base map sold for the
equivalent of £4.50. MacCulloch’s life work, a classic
document on Scottish geology, was being deemed to be
overpriced at 50p.

14.3.4 John Phillips (1800-74)

John Phillips saw and helped engineer the change from the
restrictions of hand-coloured maps to the increasingly
accurate and more widely available colour printed maps.

He was born on Christmas Day, 1800, at Marden, in
Wiltshire. His father was from near Carmarthen, in Wales,
but migrated to Oxfordshire, where he married the sister of
no less a person than William Smith. John Phillips lost his
father when he was seven, and his mother soon after, and
therefore came under the care of his Uncle William. When
Phillip’s schooling was finished, he went to live with
Smith, in a house ‘full of maps, sections, models, and col-
lections of fossils’. He began to accompany his uncle on
long walks, and on what would today be called consulting
work. In this way, Phillips learned his geology.

In 1824, Phillips accompanied his uncle to York, where
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Smith was giving a series of lectures, and he became inter-
ested in the fossil collection of the Yorkshire Museum.
Phillips was eventually appointed Keeper to the Museum,
and lived in the old museum buildings now known as St
Mary’s Lodge until 1853. During this time, Phillips was a
busy man. He was instrumental in setting up the British
Association for the Advancement of Science, had periods
as Professor of Geology at King’s College London, and
Trinity College Dublin, and published much on the
geology of Yorkshire, including several maps. He coined
the names for the stratigraphic eras — Palaeozoic, Meso-
zoic, and Cenozoic. He advertised the pleasures of geology,
encouraging people to ramble in the hills and valleys of
Yorkshire ‘for a better knowledge of its natural beauties’.
Phillips seems to have been an amiable and easy-going
fellow. Perhaps this is why he could get along with his
somewhat prickly uncle. And, during his time at York,
Phillips introduced to Britain a major advance in map pro-
duction.

He had witnessed the delays his uncle had experienced
before publication of the 1815 map (section 14.3.2). The
hand-colouring of each copy of that map took about a week,
and added greatly to the cost. John Phillips learned of the
new German technique of lithography, where, through the
antipathy of grease and water, a picture drawn in ink on
fine stone can be pressed on to a sheet of paper. He learned
the art of drawing on stone, and lithographed pictures for
his uncle (Butcher, 1983). The plates in Phillip’s 1841
work on SW England are lithographed by William
Monkhouse, who operated in Lendal, York, close to
Phillip’s residence. Butcher (1983) remarks that the two
seem to have struck up a friendship, so that when in 1849
Phillips began compiling a general work on the geology of
Yorkshire, it was Monkhouse who lithographed the thirty-
five plates. The book, Geology of Yorkshire, appeared in
1853, and one of the plates was a geological map of
Yorkshire lithographed in colour. This is the earliest known
colour-printed map in Britain (Butcher, 1983).

Colour printing of maps had been attempted in Europe
for over a decade using various combinations of tin foil and
cardboard masks, but there were always problems where
the colours met (Ireland, 1943). Different stones were tried
for the different colours, with varying degrees of success.
Phillip’s map employed four stones for the black, blue,
red, and yellow inks, with which he was able to generate
fourteen shades. The results were acceptable, although
Butcher (1983) comments on the ‘widespread and patchy
discolouration’ of the first edition of the map. The second
edition, published in 1855, was an improvement.

In these infant days of colour-printing, the results were
variable. Ireland (1943) cites an English 1853 map of
N America as being ‘poorly executed and much inferior to
the excellent hand-coloured maps typical of the English
publication of that date’. But the advantages of colour-
printing were obvious and, as soon as the practical snags

had been ironed out, the days of hand-colouring were
numbered. John Phillips went on to become professor of
geology at Oxford, organising the geological museum
there, and to publish numerous works on geology, on other
planets, even on the weather. But in many ways his main
contribution to geology had been made while at York; this
is certainly true of his contribution to geological maps. It is
fitting that he was returned there to be buried. There is a
memorial window to him in St Olave’s Church, adjacent to
where he lived.

14.3.5 John Wesley Powell (1834-1902)

John Wesley Powell — US Civil War soldier, Grand
Canyon explorer, and government scientist — directed the
USGS during its formative years. He was energetic in pro-
moting the importance of geological maps to the govern-
ment at a vital time, and was instrumental in establishing
methods and standards which are apparent in today’s maps
of the USA and elsewhere.

Powell was born in New York state in 1834, four years
after the arrival from England of his Methodist minister
father. He took an early interest in natural history, study-
ing it, and eventually teaching it. By 1860, civil war was
looming in the US, and Powell, with his strong Methodist
anti-slavery background, was one of the first to volunteer
for Lincoln’s army. He quickly rose in rank, already
showing his leadership talents. At the Battle of Shiloh,
while raising his arm to signal ‘fire’, he was badly shot. His
arm had to be amputated. Within months, however, he was
back in the action, with his love of geology intact. Accord-
ing to a colleague (Rabbit, 1980b), while marching his regi-
ment through new areas, Powell would ‘familiarise himself
with the geology’. He was in the trenches at the Battle of
Vicksburg, at the same time collecting rocks and fossils for
the Illinois State Museum.

At the end of the war, Powell, tough and war-hardened,
and with administrative and scientific experience, looked
for employment - and excitement. He took a geology
teaching job in Illinois, which provided the former but not
the latter. The unexplored west was beckoning. The great
rivers attracted Powell, and especially that last largely
unknown place — the Grand Canyon of the Colorado. And
so, while retaining his teaching position, he organised an
expedition there. It was largely self-financed, and it was ill-
thought out. Faull and Faull (1981) remarked that ‘at the
time it could have been reasonably viewed as a reckless and
pig-headed adventure’, although ‘in retrospect we know it
was the beginning of a great survey’.

Excitement it certainly provided. Boats were lost, and
the food turned rancid. The crew got sick. One day, what
was left of their clothing caught fire at the campground,
and the explorers had to continue their journey half-naked.
At one point, Powell fell while climbing the canyon wall,
but managed to grab a jutting ledge. He dangled over the



canyon, hanging by his single arm, while a colleague
scrambled to the only accessible point above Powell, but
out of reach. A barometer case was stretched down, but it
also failed to reach Powell. Finally, the colleague took off
his ‘drawers’ and lowered them down. Powell let go of his
vital handhold, being momentarily suspended over the
canyon before grasping the rescuing underpants.

The crew grew increasingly despondent. They were ex-
asperated at Powell being continually captivated by the
geology and oblivious to their dire situation. One member
wrote about Powell that ‘if only he can study geology he
will be happy without food or shelter, but the rest of us are
not afflicted with it’ (Bartlett, 1962). Eventually, three of
the group decided to leave the expedition. They managed
to climb out of the canyon, whereupon they were shot by
Indians.

Information accumulated about the natural history and
Indian culture of the canyon, though not a great deal about
the geology. The individual mainly responsible for the
geological surveying was one of the three that had been
shot, and in any case, the surveying equipment had been
lost in the river. However, beautiful ink drawings were
produced (see Fig. 6.1) with sufficient care and detail to
bring out the main configurations of the rocks (Powell,
1895).

A rumour spread that the entire party had drowned in
one of the rapids. The story appeared in several national
newspapers, with an obituary to Powell included. As a
result, when the bedraggled expedition reappeared, having
navigated the canyon, Powell got national publicity
beyond his dreams. Fame came instantly, together with
funding for more exploration. A second expedition
brought back considerably more geological information,
and led to a complete topographic map of the region, and
also tremendous popular interest. Powell was a national
hero.

At this same time, other government surveys were
operating in the west, and conflicts of interest began to
develop. Congress saw fit to consolidate activities, and in
1879 established the USGS (Rabbit, 1980a). The first
director did not enjoy the politics involved in such a posi-
tion and after only two years resigned in favour of Powell.
He had the right administrative and political qualities, as
well as common support. He assembled round him a group
of exceedingly able scientists, on whose advice he could
draw and on whose work he could rely. Powell, himself,
did little more in the way of surveying, indeed geology
remained as only one of his interests. He was, however,
committed to the fundamental importance of geology and
geological maps, and was adamant on the necessary
standards of accuracy and presentation.

Powell established a series of committees to consider just
how geological mapping should be executed, and how the
map is best produced. The results were radical. For
example, accuracy of the topographic base map was

deemed paramount, and it had to be contoured. Hachuring
and shading, so much in vogue elsewhere, were out. The
typeface, symbols, colours, etc. of the topographic map
were carefully designed, not as an end in themselves, but to
produce a base on which other data, particularly geo-
logical, could be shown effectively. Such a coordinated
approach was unknown in Europe, where the geological
surveyors had to make do with the base maps they were
given.

Powell’s committees gave a lot of thought to the nature
and status of the map units, and designed a colour scheme
based on several criteria. At first, the approach was ‘to
follow common usage’, which was essentially the William
Smith approach of mimicking the colour of the natural
rock. After four years of attempts, this usage was deemed to
be ‘vicious and bad’ (Powell, 1881). An ‘entirely new
colour scheme’ was to be employed. For example, by a
logical system of printing the spectrum colours, plus
brown and grey, in spaced lines of various combinations of
orientations, ‘several hundred distinctions for the clastic
rocks’ were demonstrated to be feasible. Colour-printing of
hieroglyphic-like symbols, with various weights, sizes, and
closeness, gave several hundred distinctions for the
Archaean alone. A scheme of letter symbols was devised to
facilitate further distinction of the units, and also in case
the colours should fade with map use. The ‘explanation of
colours’ conventionally employed was replaced by a new
kind of map legend designed to help each map be self-ex-
planatory and of maximum value to all kinds of users.

These ideas were immediately put into operation by the
USGS. Under Powell’s directorship, these innovative,
high standard maps began to pour out. At the same time,
new subdivisions of the Survey were founded. The USGS
burgeoned into the world’s premier geological organisa-
tion.

Meanwhile, Powell’s strong opinions were brought to
bear on broader concerns, such as organisation of the settl-
ing of the west and irrigation of the lands. These were
emotive issues in a time of political delicacy. Powell had
‘made warm friends and strong enemies’ (Merrill, 1924),
and eventually the latter won out. Powell resigned the
directorship in 1894, although continuing his interests in
Indian affairs. His health deteriorated, further surgery was
required on his arm, and in 1902 he died and was buried in
Arlington National Cemetry.

Today, the significance of his scientific ideas are being
rediscovered (Rabbit, 1980a), and the romance of his
military and exploring achievements glows brighter than
ever. But his geological legacy lies mainly in maps. It is
seen in every quadrangle produced by the USGS, and all
the other national surveys which have followed the lead of
that institution.

14.3.6 Sir Edward Bailey (1881-1965)
Edward Bailey had many parallels with J. W. Powell. For
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example, both were infused with the importance of
geological maps, both sustained serious war wounds, and
both rose to become Director of their nation’s Geological
Survey. Unlike Powell, however, Bailey disliked the ad-
ministrative aspects of Survey work, and was perfectly
happy making maps, including some of the most outstand-
ing maps ever produced by the BGS.

Edward Bailey was born weak, and suffered a sickly
childhood. At school he was picked on by bullies, and took
some cruel beatings. Bailey’s reaction to this was to set
about ‘toughening himself up’. He did this in no small
way, until he built up a mental and physical fearlessness
which was to become a hallmark for the rest of his life, to
the point of eccentricity. As an undergraduate student he
would go for marathon walks at night, he took up boxing,
and he would sleep all year with his bedroom window wide
open and only a cotton sheet for a cover. He graduated in
1902 and applied to join the Geological Survey. Only two
people were appointed that year, but Bailey was one of
them, despite having broken the nose of the Director’s
nephew in an undergraduate boxing match.

To his great delight, Bailey was assigned to the West
Highland unit. There, the complex geology and the diffi-
cult terrain were to be his delight for many years. Perhaps
more importantly, he joined a team comprising three of the
finest geologists the BGS has ever employed. Ben Peach
and John Horne were fresh from their brilliant unravelling
of the Moine Thrust region of northwest Scotland, and the
field maps of the equally gifted C. T. Clough have often
been cited as the standard against which others should be
judged. The mapping training that Bailey received, and his
sudden exposure to ‘a jostling crowd of problems awaiting
solution’ exhilarated Bailey for the rest of his life. By his
twenty-first birthday he was mapping independently for
the BGS, and Bailey went on to be involved with many of
the superb geological maps of the Scottish western sea-
board.

Even so, for Bailey the maps alone were not sufficient.
The accompanying memoirs were vital channels for Bailey
to expound his imaginative interpretations of the geo-
logical histories of the surveyed areas. The memoir
accompanying the map of Glencoe, for example, allowed
the first detailed three-dimensional analysis of a volcanic
caldera. It was a characteristic of Bailey’s writing that
terms were used exactly, and if no suitable terms existed,
he would invent them — antiform and synform, for ex-
ample. In addition, Bailey was beginning to publish the
results of geological studies carried out in his own time —
evenings, weekends, holidays — in journals other than
official Survey publications. As we shall see shortly, the
liberty to do this was to become to Bailey a principle of pro-
found importance.

All was not plain sailing in these early days, though.
Bailey’s eccentricities were already raising eyebrows. Why
was some of his fieldwork being done barefoot? And was he

really conducting official Survey work wearing shorts? The
hierarchy reeled, and informed Bailey that he was not
wearing ‘sufficiently formal attire’. Hearing this, Bailey
promptly resigned, which rattled his senior supervisors
even more. A special dispensation was produced which
allowed Bailey to continue his work in shorts.

At the start of World War I, Bailey volunteered for duty,
which took him away from his beloved Highlands; he was
posted to an island off Plymouth. This did not part him
from geology, however, for he immediately began survey-
ing the island, the results of which he published after the
war. He was eventually sent to the front line, and was badly
wounded during the Battle of the Somme and later at
Ypres. He sustained a badly damaged arm and lost an eye.
He was later knighted for gallantry in battle.

After the war, Bailey was able to return to the survey of
western Scotland, and was put in charge. Most signifi-
cantly, in the present context, he was put in a position to
complete a project he had been involved with off and on
since 1907 — the mapping of the island of Mull and nearby
areas. The finished one-inch map appeared in 1924, and
the following year the accompanying two volume
explanatory memoir was published. The map is superb. It
has been called a ‘landmark in the history of geological
cartography’.

The intricate geology of the island of Mull, a deeply-
eroded Tertiary volcanic complex, had presented a formid-
able scientific challenge, and it was tough terrain. Bailey
was entranced, both with the routine surveying, and the
gradual deciphering of the volcanic story that was hidden
in the rugged mountains. His commitment to geology and
oblivion to danger is reminiscent of J. W. Powell. On one
occasion of prolonged heavy rain, the survey team was
camped in a meadow which became flooded. The team was
forced to leave during the night, only to realise the next
morning that Bailey had not joined their evacuation. One
of them waded back to Bailey’s tent, to find the water
lapping just inches below the level of the canvas camp bed.
On the bed lay Bailey, happily reading a text book on
physics.

The mapping of Mull has been called ‘one of the most
wonderful chapters of the geology of Britain’. When the
map was published ‘new lustre had been added to the Geo-
logical Survey’ (Flett, 1937). The precision with which the
intricate geology is portrayed, including over forty kinds of
igneous rocks, is a joy to the eye. It is the kind of map that
draws gasps when first seen. One can find criticisms — the
density of the colours tending to obscure the topographic
base, the oddly slanting annotations — but these are
quibbles. Without doubt the Mull sheet represents one of
the highest pinnacles of achievement of the BGS.

Nevertheless, Bailey was continuing to annoy his
superiors with his machismo activities. He would soak his
boots at the start of a day in the field, so that further
wettings would go unnoticed. He was renowned for eating



nothing more than a chocolate bar for lunch, or, if he had
been supplied with more, eating it first thing to ‘get it over
with’. On one occasion Bailey received an official repri-
mand for leading his new Assistant Director through a
chin-deep river, when he knew there was a perfectly good
bridge just out of sight upstream.

But much more significantly than all this, in 1920 a
Director was appointed to the BGS who felt that all his
staff’s scientific writings, whether or not they were related
to Survey work, had to be vetted by him. This was com-
pletely contrary to the principle of scientific liberty
cherished by Bailey. He became increasingly uneasy with
the new regime. In turn, his Director became increasingly
paranoid about enforcing his new rule. Things eventually
came to a head. When Bailey was banned from looking at
any of the Survey’s field maps, even though they were
available for consultation by the general public, it was the
last straw. Bailey knew he had to move. He resigned,
taking up the life of a university professor at Glasgow.

There, Bailey clearly enjoyed himself, travelling far and
wide, coming up with innovative interpretations, and
letting his geological imagination roam. He was one of the
first in the UK to embrace a wild new theory which
involved the continents actually drifting apart. He seized
on the significance in rocks of ‘way-up’ indicators, was one
of the first to recognise submarine slumping in rocks, and
anticipated the concept of growth faulting.

Bailey had an unrivalled grasp of the three-dimensional
aspects of mapwork. He began to apply his skills to geo-
metrically difficult regions such as the Swiss Alps. The
convoluted forms of the sections he constructed became
nicknamed ‘Bailey’s bicycles’. He, himself, enjoyed a play
on his first name in his paper entitled ‘Eddies in mountain
structure’. He formulated some of the methods for dealing
with the outcrop patterns of structurally complex areas,
and, following a visit to the Appalachians, helped promote
the ‘down-structure’ viewing technique (section 8.3).

But all the time, despite the treasured scientific liberty
which a university offered, it seems that the Geological
Survey was still his first love. In 1936 he was invited to
return as Director. Bailey accepted, but on his own condi-
tions regarding research. As it turned out, he had little time
to put his ideals into action before once again he and his
Survey were plunged into supporting the national war
effort.

In World War II, BGS geologists were not involved in
the fighting, but in all kinds of strategic support work.
Geological surveying was required for underground
vaults, new airbases, temporary water supplies, etc. as well
as sources of raw materials which could no longer be
imported. These ranged from coal and iron to less obvious
but vital needs — sand for sandbags, mica for electrical
equipment, silica for optical glass, even sapphires for air-
craft compass pivots. Bailey threw himself into his new re-

sponsibilities. He was later to be proud of the BGS war
effort, and was eager to point out that its duties had been
greatly facilitated by the fact that high-standard geological
maps of the UK already existed.

During the war, the BGS office was evacuated,
becoming the Civil Defence Headquarters. The geological
maps and materials were shipped to North Wales for
safety; the geologists, too, were moved. Except Bailey, that
is. He found space sufficient for a temporary office on the
topmost gallery of the Survey building and worked there
throughout the London blitz. True to form, he seemed
oblivious of the danger, even after he was ‘temporarily
buried by a V1 or Doodlebug’ (Bailey, 1952).

At the end of the war, Bailey saw the need for the Survey
to have a fresh look. Reorganisation was necessary, and
Bailey felt that it was time for him to make way for new
blood. He retired, although until his death twenty years
later he continued actively in geology, publishing research
papers and attending geological meetings — invariably
wearing shorts! In 1948, there came to fruition one of his
pet projects. Back in 1942 Bailey had been appointed to
look after the geological aspects of a ‘National Atlas’. He
had arranged for the BGS to produce a map at the innova-
tive scale of 1:625 000, or ‘about ten miles to an inch’. The
scale was selected in order that the land mass could be ac-
commodated on ‘two not over-large sheets’. The map was
to carry a new kind of ten-kilometre grid. This was to help
unify the two sheets and give easy correlation with larger
scale maps which from then on were to carry a kilometre
grid. This ‘National Grid’ would also provide a convenient
and precise reference system for locations ‘much more easy
to employ than that given by longitudes and latitudes’
(Bailey, 1952).

Most of the detailed survey data were already available
on the one-inch sheets; it was largely a matter of compila-
tion and reorganisation to fit the new scale. Bailey took the
project to heart. The north sheet covered the Scottish
Highlands and islands and he saw this part, especially, as
his own. We can imagine him during those long dark
evenings of the war, perhaps even with the sound of air-
raids around him, drafting his map.

On its publication, the map was hailed a great success.
Since then it has remained the standard geological map of
Great Britain, and a model for many other national maps.
Without a great deal of alteration, a second edition was
published in 1957, and a third in 1979. Part of the south
sheet of the map is, of course, reproduced here as Plate 2.
The north and south sheets are widely available today for
purchase. Also still sold are the one-inch maps of the
Scottish western seaboard which Bailey helped produce.
They remain the definitive maps of those areas (some now
photographically enlarged to 1:50000), especially the
celebrated Mull map. The legacy to geological maps of Sir
Edward Bailey remains very tangible.
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15 Current trendsin
geological maps

15.1 Introduction

In many ways geological maps have changed little during
the couple of hundred years of their existence. The last
chapter mentioned improvements such as the advent of
colour-printing, refinement of ornament and increase in
detail, but a geological map produced today would
probably be quite intelligible to, say, William Smith. Sud-
denly, however, the rate of change has begun to accelerate.
The purpose of this chapter is to touch on some aspects of
these developments.

The changes are mentioned here in three groups. First,
there are the various applications of new technologies.
Details are outside the scope of this book, but some
examples are mentioned of the radical changes which are
taking place in surveying methods, map production, and
the handling of map data.

Second, there are tentative but potentially significant
changes in the form of geological maps. These are largely
attempts at showing the arrangements of the rocks at depth
at the same time as their superficial distribution.

Third, there is continuing growth of maps which present
a special aspect of the geology of an area, or are designed
with a particular purpose in mind. All these are ‘geological
maps’ in that they are concerned with the geology of an
area, but they fall outside the normal meaning of a map
showing general rock distributions at surface. The latter
kind of map, the conventional geological map, is therefore
now taking on a new role as a central coordinating docu-
ment for these specialised maps.

15.2 New technologies in geological maps

15.2.1 Field surveying

The traditional methods of field mapping were outlined in
section 13.2. Much geological surveying still consists of
the geologist going into the field in the time-honoured way
to make the observations on which the map will be based.
But now there is an expanding battery of technological
aids. Logistical support while in the field may involve

methods of rapid transport and instant communications
unknown to the early surveyors. The topographic base
map is likely to have involved an assortment of high-tech-
nology devices in keeping it accurate and up-to-date. The
geologist may locate positions on the base map using infra-
red or laser instruments. In these kinds of ways the geologist
is being helped by new technology even before beginning
geological observations.

It is increasingly likely that observations will be recorded
in computer-readable form, such as by answering standard
multiple-choice questions or by completing a checklist.
Storage and processing of the field data by computer tre-
mendously improves accessibility of the information, and
the flexibility of its use for different purposes. There are,
however, distinct drawbacks to this approach. For
example, restricting an experienced geologist to looking at
a set of standard features runs directly counter to training
and philosophy. A standardised approach may help
expedite the routine surveying of little known areas, but it
is often the recognition of unusual features of the rocks
which leads to geological insights. Field data sheets will
undoubtedly be more widely used as they are refined to
combine the power of a computer-based approach with the
benefits of a field geologist’s wisdom of experience.

These days the on-land geological surveyor now has
access to a range of subsurface data which will help
construction of the map. No longer does the surveyor have
to rely on topographic information and observations at the
exposures, but can call on geophysical and geochemical
methods to help interpret the underground arrangement of
the rocks. Drill-core and seismic data may be available,
especially in areas of commercial interest. Off-shore geo-
logical maps, of course, rely very heavily on subsurface
techniques.

15.2.2 Remote sensing

Aerial photography has long been used in the construction
of geological maps. Small-scale and reconnaissance maps,
in particular, have benefited and it continues to be a vital
tool. Various supplementary techniques of airborne
imagery continue to be developed, for example, side-



looking airborne radar and shuttle imaging radar are prov-
ing particularly useful.

Satellite imagery is a newer technique, still growing in
applicability as the technology improves. It has so far
proved most useful for geological mapwork in the survey-
ing of arid areas that have well-exposed, contrasting rock
types. Here, the areal extent of different rocks may be
directly visible on the images, leading readily to the genera-
tion of outcrop patterns. It is usually necessary to confirm
identification of rocks on the ground. However, with con-
tinuing research on the radiation-absorption properties of
differing rocks and minerals, and the development of new
kinds of sensors, it may become possible to survey some
areas directly from satellite images.

Remote sensing is less useful for geological mapping
where there is soil cover, and still less useful where there is
a vegetation cover. It is possible for a computer to mani-
pulate and enhance the remotely acquired data in order to
extract the maximum information, but so far in these kinds
of regions it is linear features, rather than the actual rocks,
that have proved most tractable. Hence, in humid regions
such as the UK and the eastern USA, it is for locating
straight outcrop boundaries, and particularly faults, that
satellite imagery is being increasingly used.

15.2.3 Computer methods in map manipulation and
production

Storing in a computer the information on which a map is
based opens great possibilities for increasing the power and
flexibility of maps. It becomes possible to have the
computer print out a map to a specified scale, form, and
resolution; to keep it up-to-date; and to enhance, remove,
and manipulate the data. This trend is already established
in some commercial work, and is rapidly being applied
elsewhere.

So far, however, computers have been little used to carry
out the initial construction of geological maps. This is
partly for reasons of cost, but also for practical reasons.
Some of the obstacles are very relevant to the themes of this
book. For example, the computer readily accepts standard-
ised information observed at specific field localities
(section 15.2.1), but fundamental to the geological map is
the form of the outcrops berween localities. The ex-
perienced geologist notes, albeit subconsciously, a host
of features between exposures that aids in locating the
boundaries between rock types.

It was put colourfully by Hutchison (1975):

The geologist does not stop at one point A, look down at his
feet and record all significant data within a radius of three
metres of his feet, then close his eyes and walk blindly onwards
for a hundred metres then stop, look down, open his eyes at
point B and record all data within a radius of three metres.
Instead he is more concerned in the first instance in establish-
ing the relationship between data set A and data set B, and

recognizing (using his own inboard computer) whether or not
there is a difference, and if so, what its nature might be. Each
hour and each day in the field is spent working essentially inter-
actively with the rock patterns to build up a picture of the field
setting.

Moreover, as we have abundantly seen in earlier
chapters, it is the form of the outcrop which helps reveal
the three-dimensional configuration of the rocks and their
geological history. These aspects have to be borne in mind
when the boundaries are drawn (section 13.2). In other
words, it is the information between localities which is
essential to the geological map but which remains difficult
for a computer to handle. According to Gold (1980,
p.171): ‘It is, and will probably remain, difficult to
produce good final geology maps without considerable
manual intervention’.

However, once the outline of the map has been con-
structed, it is a different story. The locations and shapes of
lines on the map can be converted to a numerical form ac-
ceptable to the computer, a procedure called digitising the
map. It can be done either by following the lines manually
with a digitising pen which is connected to an electrical
grid on which the map is laid, or by placing the map on a
digitising table which scans the map. In both cases elec-
trical impulses feed the data to the computer. Digitising
can be a time-consuming process but once carried out the
computer can rapidly process the information as required.
It could, for example, change the map scale or projection,
add or subtract information, select certain parts of the map
area, or combine the entire area with that of adjacent maps.

Computer programs are now available which allow
cross-sections to be constructed rapidly from digitised
maps, and vice versa. Section lines and vertical scales can
be varied; structure and stratigraphic sections can be inter-
changed; multiple sections can be transformed to fence
diagrams and block diagrams, with various projections and
perspectives (chapter 5). Other constructions such as struc-
ture contour or sub-crop maps can be carried out. The
manipulations are executed extremely swiftly. Trial and
error can be employed: if a particular form of map or cross-
section is displayed on a screen and seen to be unsatis-
factory, it can be modified before printing. Additional
underground information such as seismic sections and well
logs can be readily incorporated. Not surprisingly, it is the
oil companies that are making most use of these facilities.
The kinds of data they work with are very amenable to this
treatment, and their needs are specific and easy to define.

Consider, for example, a geologist investigating a petro-
leum reservoir and requiring the standard isopach and
isochore maps (section 4.4) of the relevant formations.
Working manually, this would involve consulting the well
and seismic data, calculating and interpolating apparent
and true thicknesses, and the construction of structure
contour maps before visually overlaying and subtracting
them in various permutations to obtain the thicknesses.
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And some oil fields have scores of formations. Seismic and
well information, however, is readily given to a computer,
which can then assemble and interpolate the data into a
three-dimensional grid system for storage. As required,
any part of the grid can be instantly retrieved and any
permutation of thicknesses, thickness ratios, thickness
differences, etc. can be calculated and plotted for any
specified stratigraphic intervals.

In addition to all the data manipulation, computers and
related technology can greatly aid in the drafting of geo-
logical maps by adding ornaments, names, symbols, etc.,
and in the final printing. In fact this sort of equipment is
rapidly becoming standard in the geological laboratory. As
Wilson (1985, p.89) remarked: ‘It is a sobering thought
that while a draughtsman of the 1840’s would have been
able to take his place at a desk up to the late 1940’s with
little readjustment, a draughtsman of the 1940’s would be
completely lost in the drawing office of the 1980’s.’
Governmental geological surveys are rapidly increasing
their use of these kinds of cartographic methods. For
example, several BGS 1:50 000 maps have been produced
partly by computer methods, such as the Abingdon,
Merthyr Tydfil, and Swindon sheets. Loveland and
Ramey (1986) discuss uses by the USGS of digitised map
data.

So rapid is the rise in power of these manipulative pro-
grams and the sophistication of the output, that it is reason-
able to ask if the content of the early chapters of this book
will soon be redundant. This is extremely unlikely, for at
least two reasons. First, the methods are expensive. The
programs are costly to purchase and to run. The more real-
istic operations require substantial computing power and
high-quality graphic output facilities. This is another
reason why it is the oil companies that have benefited most
from this approach — they can both afford and justify it.
Second, it is only sensible that such expensive procedures,
on which much may depend, are operated effectively. The
equipment still has to be instructed on the manipulations
to carry out. It has to be told along which line to draw the
cross-section, on which surface to draw structure contours,
etc. The rapid manipulation is merely an efficient means to
an end. So the operator has to know what it is the computer
is doing, and its limitations. The technology is removing
time-consuming tedium, but it is making geological under-
standing more important then ever.

15.2.4 Map storage, indexing and retrieval

If you collect a few geological maps, keeping them some-
where is not going to be a problem, especially if they are
folded. And you will probably be able to remember with-
out much difficulty approximately what is included on
each map. Consider, however, the problems faced by a
library of tens of thousands of maps. Folded maps rapidly

become damaged, especially along the creases, and un-
folded maps are awkward to store and retrieve. The dif-
ficulties are especially acute when the map coverage of an
area is not known. Sifting through collections of maps by
trial and error is time consuming and wears the maps. And
even the best designed storage cabinets have a habit of
losing maps deep in their insides.

Hence, new methods of storing and portraying map
information are being experimented with. One approach is
to file photographs of the maps in some form of microfile
or coloured microform. These can be inspected on conven-
tional magnifying equipment, and only when a definite
map selection has been made is the actual map taken out of
store. Other systems being investigated involve storage in
various microforms and on laser optical discs. But all these
approaches require some initial information on the map
coverage available.

Computer indexing of maps could help alleviate the
problems of ascertaining the map coverage of an area of
interest. If the computer stored not just the title, scale and
sheet number of the map, but additional information on
the map content — ranging from merely specifying the
geographic coordinates of the area covered to a complete
digitisation of the map — meaningful bibliographic
searches could be conducted. Maps in books and journals
could be included as well as governmental survey sheets.
On instructing the computer of the area of interest, at least
a listing of relevant map coverage could be obtained,
perhaps together with a screen display of some elements of
the map content. It is unlikely to be cost effective to have
the computer actually print out the required map, and
there could be copyright problems, but the potential for
rapidly focusing on the exact map required is huge.

Unfortunately, the computing problems remain formid-
able. The systems required are likely to remain expensive,
and outside the reach of smaller companies and libraries.
The major oil companies already use simple forms of
computer-based bibliographic search facilities for maps.
How sophisticated and how widespread this approach
becomes will depend ultimately on the financial con-
siderations.

15.3 New forms in geological maps

Early geological maps showed the distribution of rocks at
the earth’s surface, and that is what geological maps show
today. The eleborations and refinements discussed in
previous chapters allow more to be interpreted from the
distribution pattern, but it is only gained by interpretation.
Efforts continue to show the three-dimensional arrange-
ment of rocks more directly. Some approaches are
mentioned here.

Posting maps show narrow stratigraphical columns on
the map at representative localities. The mind’s eye



projects between adjacent columns to provide further
visualisation of the third dimension. Any thickness vari-
ations or changes in structure will be evident. It is rather
like including a partial fence diagram on the map. Unfortu-
nately, the parts of the map behind the post are hidden
from view. In fact this approach has found more success in
showing at selected localities various parameters which are
not normally shown on conventional geological maps. For
example, vertical variations in porosity, engineering or
geophysical characteristics, or chemical analyses can be
listed for each site. Useful though this information may be
(see section 15.4), posting these values hardly helps a more
direct portrayal of the three-dimensional form of the rocks.
Some geological maps include structure contours of one or
more underground surfaces. This does assist visualisation
of three-dimensional form, but is an extension of existing
techniques rather than a new approach.

Maps have been attempted which show the distribution
not of the single unit which appears at the earth’s surface,
but of a vertical sequence of units which is specified in the
key. This approach is really feasible only where the se-
quences are not too variable or complex. It has been used,
for example, in the near-surface glacial sequences of
northern Illinois (Kempton, 1981). There the method was
called ‘stack-unit’ mapping. The key indicates that a par-
ticular ornament or symbol represents not a single strati-
graphic unit but, say, 5m of unit A overlying approx-
imately 10 m of unit B overlying 5m of unit C. The
approach has found applications in environmental and
engineering geology maps, but so far has not gained wide-
spread use.

Russian geologists, among others, have experimented
with ‘depth maps’ (e.g. Milanovsky, 1984). These show, in
addition to the rocks at the surface, the rock distribution at
certain specified depths. The line symbols and the orna-
ments have to be chosen particularly carefully to prevent
the patterns of the various depths from interfering with
one another. The practical limitations are obvious: if more
than a few depths are shown, or if the patterns are complex,
the map rapidly becomes unintelligible. In any case, a
measure of interpretation is still required to ‘fill in’ the
structure between the levels provided. Milanovsky (1984)
advocated the use of transparent overlays, one for each
depth, but this is hardly a radical departure from
traditional map forms. It may be that in the future there
will be some completely innovative approach — making use
of holograms, for example — but so far attempts at solving
the problems of representing three-dimensional geological
structure on a flat map have not met with success.

The attempts at portraying the rocks at depth have, how-
ever, spawned another variation on the form of the geo-
logical map. The position of the boundary line between
two adjacent map units is usually shown as the result of
interpretation (section 13.2); its location is rarely observed
(see Kupfer, 1966). The certainty with which the surveyor

places the boundary varies: for boundaries at depth it
rapidly decreases. This has given rise to ‘probability’
maps, on which there is some statistical treatment of the
likelihood of a given boundary being shown in the right
place. Mileev and Yunakovskaya (1984) have argued that it
is imperative that such probabilities be shown by line
symbolism or narrow zones shaded according to the con-
fidence interval ascribed to the boundary location. Several
Russian maps have already incorporated this approach. It
remains to be seen to what extent it is adopted in the West.

15.4 Specialised and thematic maps

A major trend which has been accelerating for some time is
to modify the content of a geological map, either by incor-
porating extra information, or focusing on some special
aspect. Some of these developments are mentioned here.

Geological maps are supposed to show rocks at the
earth’s surface, yet the vast majority of traditional maps are
confined to the land surface; the sea is shown simply as one
colour. Of course, until fairly recently we had little
knowledge of rock distribution on the sea-floor, but now an
important trend is for this information to be included also.
The earth’s surface is just that, whether or not it is covered
by water.

It is likely that geological maps in the future will not be
expected to stop at the present-day coastline, but show the
mutual arrangement of both the on- and off-shore geology,
as in the current BGS 1:250 000 maps. The coastline will
almost certainly continue to be indicated, for maps can
look very strange until the shape of a familiar coastline is
recognised. It may be some time before the various prin-
ciples described earlier in this book can be applied to maps
of the seabed, because only in the best explored areas will
the outcrop boundaries be known with sufficient accuracy.
In fact it is in off-shore areas that the approach mentioned
in section 5.1 is often utilised: information based on well
and seismic data is first plotted on cross-sections and from
these the geological map is derived.

The content of geological maps is changing in other
ways, many inspired by the oil industry. The range of
maps which emphasise the sedimentological character-
istics of the rocks, with a view to helping interpret the
environments of deposition, have long been known as
facies or lithofacies maps, but are continually being
refined and extended in application (e.g. Low, 1977).
Special kinds of maps which are derived from normal
geological maps have already been mentioned in section
7.6. Palaeogeological maps were introduced, together with
the construction known as a sub-crop map. Section 3.4
illustrated maps which show the structure contours of a
selected underground surface, and section 4.4 mentioned
isopach and isochore maps. These latter maps are being
extended, particularly by petroleum geologists, to produce

171



172

maps that show, for example, formation thicknesses dif-
ferences, net sand thicknesses, and net sand/gross thickness
ratios, as well as such parameters as porosity, hydrocarbon
saturation and reservoir shrinkage.

Other fields of applied geology are developing modi-
fications of the basic geological map for their own
purposes. Section 11.4 touched on mining maps (see also
Herness, 1977). Engineering geologists have evolved maps
which accentuate parameters of significance to construc-
tion projects. Although these properties may coincide to
some extent with the units of a conventional geological
map, the civil engineer is little concerned with three-
dimensional arrangements or the geological histories that
can be derived from them, so the units can be treated dif-
ferently. For instance, a standard map may show two shale
units in strikingly different colours to emphasise their
different stratigraphic ages and all that implies to the
geologist. An engineer will be much more concerned with
whether or not the two shales have dissimilar compres-
sibilities or shear strengths and where such parameters
reach their optimum for construction. Varnes (1974) has
discussed the ways in which engineering information can
best be conveyed on geological maps.

An extension to these kinds of maps has come about in
recent years as a result of increased awareness of the need
to manage carefully the natural environment. Various
kinds of environmental geology maps have been pro-
duced (Turner and Coffman, 1977). These portray aspects
of the geology which need to be taken into account during
environmental planning and the preparation of environ-
mental impact statements. They may indicate, for
example, areas vulnerable to landslip or surface subsi-
dence, fault hazard zones, and areas of potential flood
damage. They may indicate foundation conditions and
likely excavation costs, areas of potential construction
materials such as sand and gravel, and ground-water con-
ditions relevant to extraction and waste disposal.

The use of environmental geology maps is strikingly
illustrated by Robinson and Spieker (1978). Apart from the
actual content, these maps differ from standard geological
maps in other basic ways. They are intended primarily not
for geologists, hence the construction and interpretations
dealt with in this book are not appropriate, but for
planners. Most environmental maps are actually a folio of
several maps, each covering a particular aspect, such as
construction resources, sand, gravel, limestone for cement,
mudstone for brick-making, etc., engineering properties,
pipeline siting, and ground-water resources. Hydrogeo-
logical aspects are so important in wise planning that some
environmental geology maps concentrate on these,
showing depths of bedrock, and various aquifer character-
istics.

Such kinds of maps grade into true hydrogeological
maps. These maps may show something of the geology at
surface, with the key emphasising the hydrogeological

characteristics of the rocks, together with further data such
as structure contours or isopachs of important aquifers,
contours of seasonal ground-water levels, and variations in
ground-water purity. They are commonly produced by
geological surveys in collaboration with other bodies that
may be directly responsible for ground-water matters.

Maps of this kind, which are essentially geological maps
but concerned with one particular theme, have existed for
some time, but they are proliferating. They are becoming
more technical, and more specialised. Tectonic maps
accentuate the rock structures, especially folds and faults.
Geochemical maps show the distribution of specified
elements at the earth’s surface, and geophysical maps
depict variations in parameters, such as gravity anomalies,
magnetic anomalies, and electrical resistivity. There are
geothermal maps, metamorphic maps, geocryology maps,
mineral resource maps and earthquake maps.

Such a list could go on. Thematic maps are of great use,
and are burgeoning. Specialised maps are likely to con-
tinue to proliferate. This is, after all, an age of geological
specialisation. However, there remains a central thread in
all this — the conventional geological map. Invaluable
though thematic and specialised maps may be, most of
them are not particularly meaningful without reference to
a standard geological map.

Geological maps will be increasingly produced and
manipulated using the technologies and methods outlined
in this chapter. But geological maps they remain. As this
book has tried to emphasise, the purposes and principles
are unaltered, and as important as ever. All the signs are
that the geological map will remain the basic tool of the
geologist.

15.5 Summary of chapter

1. The field surveyor has an expanding battery of tech-
nological aids to help him produce geological maps.

2. Remote sensing of different kinds is increasingly being
used in geological mapping.

3. Computers are revolutionising the manipulation of
map data, increasing the scope and reducing routine
tedium, but making imperative operator understand-
ing of the the principles involved.

4. Computers are beginning to help solve the problems of
map storage and indexing.

5. Tentative attempts are being made at portraying more
directly the three-dimensional arrangement of map
units, and the probabilities involved with inferred
boundaries.

6. Specialised and thematic maps continue to grow in
range and usefulness, linked by the central thread of
the conventional geological map.



15.5 Selected further reading

Kidd, C. M. (ed) (1985). Maps in the Geoscience
Community, Proceedings of the Nineteenth Meeting of
the Geoscience Information Society.

(Contains articles dealing with map indexing, storage
and retrieval.)

North, F. K. (1985). Petroleum Geology, London, Allen
and Unwin.

(Chapter 22 discusses the kinds of maps used in petrol-
eum geology.)
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Abbeycwmbhir, Wales, 11
Abingdon, BGS map, 170
Absaroka thrust, Wyoming, /17
aerial photography, 157, 168
aesthetics of geological maps, 7
adit, of mine, 132, 134
Alabama, unconformity example, 75
Alloa, Scotland, geological history example, /143
Alpine Fault, New Zealand, strike-slip fault example, 121, 122
Alton Pancras, England, map exercise, 110-11
angle of dip, 36, see also dip angle and direction
angular unconformity, 73-4, see also unconformity
anticline, 12, 86, 86, see also fold
antiform, 86, 86, 89, 166, see also fold
Appalachians, 167

map example, 90
apparent dip, 39-40

conversion to true dip, 40, 40-1
apparent thickness, 41

conversion to true thickness, 40, 41,

see also formation thickness
arch (regional upwarp), 12, 86, see also fold
Ardnamurchan, Scotland, igneous rock example, /29
Arran, Scotland, igneous rock example, 131
Aspen, Colorado, map exercise, 108-9, 136
attitude, of fold, 85, 85-6, 146, see also fold
Aubrey, John, 158
Auvergne, France, 158
availability of geological maps, 154-6, 155
axial surface, of fold, 84, 84, sec also fold
axial trace, of fold, 84, 84, see also fold
axis, of fold, 84, 84, 85

Bailey, Edward, 165, 165-7, 166
Balclutha, New Zealand, fold example, 90
Baraboo, Wisconsin, map exercise, 148-50
basin (extensional), 114
basin (regional downwarp), 12, 86, 87, sec also fold
Bear Hole, Montana, map exercise, 30—-1, 46, 62, 72
Bearpaw Mountains, Montana, extension fault example, 120
Beche, de la, 159
bedding, symbols for, 38
BGS (British Geological Survey), 159, 160, 162, 166, 167, 170
map availability, 155, 155
map products, 153, 154, 155, 155

Big Horn Mountains, Wyoming, 12
Black Hills, S. Dakota, fold example, 90
block diagrams, 60, 169
computer methods, 60
isometric, 60
perspective, 60
one-point perspective, 60, 61
two-point perspective, 60, 6/
rotation angle, 60, 60, 61
tilt angle, 60, 60, 61
BMR (Bureau of Mineral Resources, Australia), 160, 161
Board of Ordnance, UK, 163
Bohemia, Czechoslovakia, cross-section example, 57
Bordeaux, France, 17
boundaries, geological, see geological boundaries
Boyd Volcanics, Australia, map exercise, 46-7, 62, 82, 136
breakaway fault, 120, 120, see also fault
BRGM (Bureau de Recherches Géologiques et Miniéres,
France), 154
Bristol, England, BGS map, 161
Builth Wells, Wales, map exercise, 64-5, 72
Bureau of Mineral Resources (Australia), see BMR
Bureau de Recherches Géologiques et Minieres (France), see
BRGM
Butcher, N. E., quotation from, 164

Cades Cove, Tennessee, thrust example, 1/6
Cairnsmore, Scotland, igneous pluton example, 131
Calcaire a Astéries, 17, 18, 39
structure contour map, /8
Canada, 159
Geological Survey, 159, 161
Carmarthen, Wales, 163
Cary, John, 162
Cata Branca fault, Brazil, strike-slip fault example, 7122
Churchill, England, 161
Clark, and Lewis, expedition, 159
Clough, C. T, 166
Coalbrookdale coalfield, England, map exercise, 34-5, 46, 82
Coast Ranges, California, cross-section example, 57
colour, on geological maps, 153-4, 159, 160, 161, 165, 172
for map units, 6
colour printing of geological maps, 159
Comet lode, Wales, map example, 132
computer methods with maps, 169-70
cone sheet, 129, 130, see also igneous rocks
Connecticut, USA, fence diagram example, 59
contour interval, 4, 146
contour lines, see structure contours, or topographic contours
contraction fault, 114-19, see also fault
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Corndon Hill, England, map exercise, 134-5

Crich, England, fold example, 90

cross-cutting relationships, 14, 145, 147

cross-sections, see geological cross-sections, or topographic
cross-sections

De la Beche, 159
deformation

brittle, 84, 96

ductile, 84, 131

timing of, 145
Denbigh, Wales, BGS map, 161
Denison, Olmsted, 159
depth, see formation depth
Desmarest, 158
detachment fault, 120, see also fault
Devon, 159
dextral fault, 121, see also fault, strike-slip

diagrams, three-dimensional, 58—-60, see also block diagrams

digitising, 169, 170
dip, see dip angle and direction
dip angle and direction, 36
apparent dip, 39
conversion to true dip, 40
definition of] 39
of fault surface, 96
definition of, 36
derivation from structure contours, 38
introduced, 11
measurement of, 36
symbols for, 38
three-point method for, 44
true dip, 39
conversion to apparent dip, 40
definition of, 39
visual assessment, 66-71
younging direction, relationship with, 66
dip-slip fault, 97, see also fault
dipping formations
map appearance of, 10
outcrop patterns of, 66
visual assessment of, 66—71
‘V-rules’, 69, 70, 70
direction of dip, see dip angle and direction
disconformity, 73, see also unconformity
discordance, 11, 74
discordant relationship, 11, 74
displacement, see fault
dome (regional upwarp), 12, 87, see also fold
Dorking, England, fault example, 105
down-plunge viewing, 89, 104, 167, see also fold
down-structure viewing, see down-plunge viewing
downthrow, see fault, downthrow
drift, see superficial deposits
drift maps, 5, 156
ductile deformation, 84, 131
dykes, igneous, 12, 14, 71
radial, 14
ring, 130
see also igneous rocks

earthquake maps, 172
Ekofisk oilfield, North Sea, 15-16, 17
England and Wales, 161

first BGS map, 159

Greenough’s geological map, 158

William Smith’s geological map, 158
English Channel, 160
environmental geology maps, 172
Epernay, France, 62, 72, Plate 3 between pp. 72-3
exaggeration, vertical, 53-5, see also vertical exaggeration
explanation (map key), 6, 9
exposure mapping, 157
exposure, meaning of, 6
extension faults, 119-21, see also fault, extension
extensional basin, 114, 119
Eyles, V. A and Eyles J. M., quotation from, 162

facies maps, 171
fair copy geological map, 157, 159, 160
Farey, John, 162
Faull, H., and Faull, C., quotation from, 164
fault, 96-123
block, 100
braided, 100
breakaway, 120
example of, 120
classification, 97
contraction, 114-19
appearance on maps, 115
characteristics of, 114, 115
flat, 115
geological cross-section, 115-18
hangingwall anticline, 115, 117
listric, 114, 115
ramp, 115
recognition of] 115
staircase shape, 115
symbol for, 38, 115
thrust sheet, 114, 115
see also fault, thrust
curved, 100, 103
definition of, 96
descriptive terms, 99, 100
detachment, 120
example, 120
dimensions, 96
dip-slip, 97, 99, 114
displacement, 96, 97
distinction from unconformity, 74, 75
down-plunge viewing, 104
downthrow, 97, 97
symbol for, 97, 97
effect on folds, 104
en echelon, 100
examples, 9, 12, 105, 116, 117, 120
extension, 114, 119-21, 719
appearance on maps, 120
breakaway, 120
characteristics of, 119, 119
examples of, 120
geological cross-section, 115-18
growth, 120
imbricate zone, 120
listric, 119, 120
recognition of, 120
roll-over anticline, 7119, 120
sequence of, 120, 121
staircase, /19, 120
structure contours for, 121
sub-crop, 121
symbol for, 119



transport, 121
timing of, 145
footwall, 97, 97
geological cross-section, 55-6, 107, 115-18, 120, 121
geological history, 145, 146
growth, 120, 145
hangingwall, 97, 97
imbricate, 114
introduced, 12
listric, 114
map appearance of, 71
measurements on maps, 106-7
net-slip, 97, 98
normal, 97, 114
definitions of, 97
oblique-slip, 97, 99
offset, 106, 107
orientation, 96
production of, 96
radial, 100
reactivation, 121
recognition on maps, 99, 104
relative ages, 14
reverse, 97, 114
definitions of] 97
San Andreas Fault, 114, 121
sense of displacement, 96, 97
separation, 97, 98
slip, 97
splay, 121
step, 100
stratigraphic separation, 98, 107
stratigraphic throw, 106, 107
calculation of, 105
structure contour derivation, 105, 106
strike separation, 98, 106, 107, 119
strike-slip, 97, 99, 114, 121-3
appearance on maps, 121
characteristics of, 121
dextral, 121
displacement, 121
examples of, 122
left-lateral, 121
reactivation, 121
recognition of, 121
right-lateral, 121
San Andreas, 114, 121
sinistral, 121
splay, 121
trace, 121
structure contours for, 105, 106
symbols for, 12, 38, 97, 115, 119
terminating, /00
throw, 96, 106, 107
thrust, 114-19
appearance on maps, 115
bow-and-arrow rule, /18, 119
characteristics of, 114
displacement, 114
displacement amount, /78, 118-19
displacement direction, /18, 118-19
displacement sequence, /18, 118-19
examples of, 7116, 117
flat, 115
geological cross-section, 115, 116, 117, 119
hangingwall anticline, 115, 115, 117

imbricate zone, 116
offset, 119
ramp, 115
recognition of, 115
staircase shape, 115, 115
structure contours for, 115, 117
sub-crop map, 115, 117
symbol for, 115
thrust sheet, 114
transport, 118, 118, 119
window, 116
see also fault, contraction
timing of, 145
tip, 100
trace, 96, 97, 106
orientation, 96
upthrow, 96, 97
visual assessment, 99-105, 101, 102, 103, 104
faulting, see fault
fence diagram, 59, 59-60, 169, 171
construction of, 59, 59
field geological map, 159
field mapping, 151-2, 157
computer methods, 168, 169
remote sensing, 169
use of computer methods, 168
field surveying, 151-2 see also field mapping
Flett, J. S., quotation from, 166
fold, 84-91
amplitude, 86, 88
angular, 86
anticline, 12, 86, 86
hangingwall, 115, 115, 117
roll-over, 119, 120
antiform, 86, 86, 89, 166
attitude, 85-6, 85, 146
axial plane
symbol for, 38
axial su;face, 84, 84, 146
derivation from map, 89
orientation, 85, 85
axial trace, 84, 84
axis, 84, 84, 85
orientation, 85, 85
basin, 12, 86, 87
close, 86
cylindrical, 86, 87
derivation on map, 89
dimensions, 86, 88
down-plunge viewing, 88, 89
gentle, 86
geological cross-section, 55, 89
geological history, 146
hangingwall anticline, 115, 115, 117, 145
hinge zone, 84, 84
isoclinal, 86
limb, 84, 84
measurements on maps, 89
non-cylindrical, 86, 87
structure contours for, 97
open, 86
orientation, 845, 85
outcrop pattern, 87, 90
periclinal, 87
plunge, 89
derivation on map, 89
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fold — continued deformation history, 145

derivation from structure contours, 9/ examples, /44
production of], 84 fault history, 145
profile, 89 in field mapping, 159
recognition on maps, 87, 88, 90 fold history, 145
roll-over anticline, 145 igneous rocks, 146
rounded, 86 interpretation procedure, 146
scale, 146 map example, 147
shape, 86, 86 metamorphic rocks, 146
structure contours, 9/ mineral deposit, 146
style, 86, 87, 146 palaeogeological maps, 80
symbol for, 38 geological maps
symbols for, 85, 85 accuracy, 165
syncline, 12, 86, 86 aesthetics, 7
synform, 86, 86, 89 colour printing, 159, 164
tight, 86 colouring, 154, 159, 160, 162, 165, 172
visual assessment, 87, 88, 90 computer methods, 169
wave-length, 86, 88 as coordinating documents, 172
fold axis, 84, see also fold earthquake maps, 172
fold-and-thrust belt, 114 engineering geology maps, 171, 172
folding, see fold environmental geology maps, 171, 172
formation (map unit), 6 facies maps, 171
formation depth, 41, 171 fair copy maps, 157
definition of, 41 geochemical maps, 172
derivation from a map, 43 geocryology maps, 172
on exaggerated sections, 55 geophysical maps, 172
from three-point method, 44 geothermal maps, 172
formation dip hand-colouring of] 159
visual assessment of, 66-71 history of, 158-67
see also dip direction and angle hydrogeological maps, 172
formation thickness, 40, 40-1, 142, 169, 171, 172 indexing (bibliographic) of, 170
apparent thickness, 40, 41 interpretation procedure, 146
conversion to true thickness, 40, 41 as interpretive documents, 7, 152, 158
map appearance introduced, 11 isochore maps, 171
from outcrop width, 41, 42 isopach maps, 171
true thickness, 40, 41 lithofacies maps, 171
conversion from apparent thickness, 40, 41 lithography, 164
see also isopachs metamorphic maps, 172
France, 158, 159, 160, 161 mineral deposits maps, 172
examples of unconformities, 76 mounting of, 163
new forms in, 170
Geikie, Archibald, 162 new technologies, 168
geological boundary off-shore maps, 168, 171
depiction on maps, 7, 160, 171 palaeogeological maps, 80, 171
symbols for, 38 posting maps, 170
three-dimensional nature, 151-2 Powell’s improvements to, 165
geological contact, see geological boundary preparation for publication, 153-4
geological cross-section, 7, 42, 52-8, 89, 148, 157, 160, 170 probability maps, 171
computer methods, 60, 159 production of, 151-6
construction of, 56, 56 reports, 154
contraction fault on, 115, 115-18 writing of, 148
direction (line) of, 39 retrieval of data, 170
examples of, 56, 57 sources, of, 154=5, 155
extension fault on, 120, 121 specialised maps, 171-2
fault on, 96, 107 stack-unit maps, 171
in field mapping, 159 storage of, 163, 170
folded beds on, 55 structure contour maps, 15-25, 171
hints on drawing, 55, 56 sub-crop maps, 80, 171
line (direction) of, 52 tectonic maps, 172
manual drawing of| 55, 56 William Smith’s map of England and Wales, 162
relations with strike and dip, 39, 52 geological section, see geological cross-section
thrust fault on, 115, 115-118 Geological Society of London, 158, 162
vein on, 132 Quarterly Journal, 160
zigzag, 52 Geological Survey of Canada, 159
geological histories from maps, 142-6, 143, 144, 147 Geological Survey of New Zealand, 160
concept introduced, 14 geophysical maps, 172

180



geothermal maps, 172
Glen Creek, Montana, map exercise, 124-5
Gold, C., quotation from, 169
Grand Canyon of the Colorado, Arizona, 66, 72
Powell’s exploration, 164
unconformity example, 75
Greenly, Edward, 153
and Williams, H., quotations from, 156, 159
Greenough, early geological map, 162
grid systems, 2
growth fault, 120, 145
Guettard, Jean, 158, 159, 160-1
Gwynfynydd Gold mine, Wales, map exercise, 140-1

hachures, 4
Hackness Hills, Smith’s geological map of, 162
Hamblin Bay Fault, Nevada, map exercise, 126-7, 136
Heart Mountain, Wyoming, 72, 82, 126, Plate 6 between
pp. 72-3
Helderberg, South Africa, map exercise, 80-1
Highland and Agricultural Society of Scotland, 163
Hill End, Australia, geological history example, 143
hinge-zone, of fold, 84, 84
history of geological maps, 158~67
Honister Slate mine, England, map exercise, 138~9
Hope fault, New Zealand, strike-slip fault example, 121, 122
horizontal formations
appearance on maps, 66, 67, 68, 69
Horne, John, 166
Hutchison, W. W., quotation from, 169
Hutton, James, 73
hydrogeological maps, 172

Iberian fold belt, Spain, cross-section examples, 57
Iceland, 161
igneous dyke, 14, see also igneous rocks, dyke
igneous pluton, 130, see also igneous rocks, pluton
igneous rocks, 12, 71, 74, 128-30, 143, 145, 146, 148

cone sheet, 129, 130

dyke, 14, 71, 129, 130

radial, 14
swarm, 130

examples on maps, 129, 131

geological history, 146

pluton, 129, 130

ring dykes, 130

sill, 12, 129, 130

timing of, 145
igneous sill, 12, 130, see also igneous rocks
Illinois

stack-unit maps, 171

State Museum, 164
imbricate zone

extension fault, 120

thrust fault, 176
index (map key), 6, 9
indexing maps, 170
India, Trigonometric Survey, 159
inlier, 78, see also unconformity
International Geological Congress, colouring of maps, 161
Ireland, 159
isochore, 41, 169
isometric projection, 59, 60, see also block diagrams
isopachs, 41, 169, 172
Ivanov, and Lebedev, 158

Jameson, Robert, 163
joints, 96

Kent coalfield, examples of unconformities, 76
key, of a map, 6, 9, 146, 147, 160
Kingside lode, Wales, map example, 132

Lacq gas field, France, map exercise, 28-9, 46
Lagunazo, Greece, mine map example, 133
Lake Bomoseen, Vermont, fold example, 90
geological history example, 143
Lavoisier, 161
Leadhills, Scotland, ore deposit example, 132
Lebedev, early map of Transbaikal, 158
left-lateral fault, 121
legend (map key), 6
level, of mine, 132, 134
Lewis and Clark, expedition, 159
limb, of fold, 84, 84
Lister, Martin, 158
listric fault, 114=15, 115, 119, 120
lithofacies maps, 171
lithography, 164
lithology, 6
Llandovery, Wales, 11
map exercise, 92-3
Llanidloes, Wales, fold example, 90
Loch Fada fault, Scotland, strike-slip fault example, 122
Lochcarron, Scotland, thrust example, 116
Logan, William, 159
London, 167
King’s College, 164
Long Mountain, Wales, 50, 72

Maccoyella Ridge, New Zealand, map exercise, 32-3, 46, 94
MacCulloch, John, 159, 163
MacLure, early US map, 158
magmatic rocks, 128-30, see also igneous rocks
Maine, igneous pluton example, 131
Malmesbury, England, 72, 82, 94, Plate 8 between pp. 72-3
map reports, 154
writing of, 148
map scale, 2, see also scale of maps
map storage, 170
map units, 6, 66, 151
Marraba, Australia, 94, 136, Plate 7 between pp. 72-3
measurements on geological maps of
dipping formations, 36—45, 38, 40, 42, 44, 54
fault, 106—7
fold, 89
formation depth, 40, 41
formation thickness, 40, 40-1, 42, 55
Merthyr Tydfil, BGS map, 170
metalliferous deposits, 132
metamorphic maps, 172
metamorphic rocks, 130-1, 143, 145, 146, 148
geological history, 146
regional, 130
thermal, 130
metamorphism
regional, 130
thermal, 130, 131
mine maps, 133-4, 151, 160, 172
example, 133
mineral deposits, 133-4, 160
adit, 132, 134
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geological history, 146
levels, 132, 134
map examples of, 131, 132-3
mine maps, 134
shaft, 132, 134
stratiform, 132
vein, 132, 132
area in cross-section, 132
footwall, 132, 133
geological cross-section, 132
hangingwall, 132, 133
thickness, 132
mineral resources maps, 172, see also mine maps
mining maps, 133-4, 151, 172, see also mine maps
Moine thrust, Scotland, 117, 166
Monkhouse, William, 164
Monnet, and Guettard, 161
monocline, 86, see also fold
Moor House, England, geological history example, 143
Mount Rainier, Washington, volcaniclastic rock example, 129
Mull, Scotland, 166
BGS geological map, 166, 167
Murchison, and McCulloch’s map, 163

National Grid, UK, 2, 3, 3, 167
Natural History Museum, UK, 162
Naukluft Mountains, S. Africa, cross-section examples, 57
net slip, of fault, 97, 98
new forms in geological maps, 170-2
new technologies in geological maps, 168-70
New Zealand, Geological Survey, 160
Newtown, Wales, fault example, 105
non-cylindrical fold, 86, 87

structure contours for, 9/
nonconformity, 73, see also unconformity
normal fault, see fault
North America, 161

early geological map, 164
Northcrop, S. Wales, map exercise, 48-9, 126

Oban, Scotland, BGS map, 154
oblique-slip fault, 97, 99
off-shore geological maps, 168, 171
offlap, 77, see also unconformity
offset, 106, 107
thrust, 119
Olmsted, Denison, 159
one-point perspective, 60, see also block diagrams

"Ordnance Survey, UK, 159

ore deposits, 132, see also mineral deposits
orientation of;
dipping formations, 36—-40
faults, 96-7
folds, 84-5
ornament, 6, 153, 170, 171
outcrop
meaning of, 6
structure contour derivation, 21, 151, 152
outcrop patterns, 10, 147, 152, 171
contraction fault, of, 115
dipping formations, of, 66-71, 68-71
fault, of, 101-5
field mapping, in, 152
fold, of, 12
horizontal formations, of, 66, 67-70
geological history, for, 142

metamorphic rocks, of, 131

thrusts, of, 115

vertical formations, of, 68—70, 71

visual assessment, 66-72, 68-71

younging direction, derivation from, 142
outcrop width

and formation thickness, 40, 41, 42, 45, 71, 72

controls on, 71
outlier, 78, see also unconformity
overlap, 77, see also unconformity
overstep, 75, see also unconformity
Ozxfordshire, England, 161, 163

Packe, early map of Canterbury, 158
palaeogeological map, 80
panel diagrams, 59, see also fence diagrams
parallel unconformity, 73, see also unconformity
Peach, Ben, 166
periclinal fold, 87
perspective, 169, see also block diagrams
Phillips, John, 162, 163-4
plunge, see plunge and trend
plunge and trend, 39
definition of, 39
fault trace, of, 96
fold, of, 85, 85
posting maps, 170
Powell, John Wesley, 164-5, 166
preparation of maps for publication, 153-4
probability maps, 171
production of geological maps, 151-6
computer methods in, 169
profile, 89, see also fold
projections on maps, 2, 9, 169
Prudhoe Bay, Alaska, stucture contour example, 19

quadrangle maps, US, 2
Quarterly Journal of the Geological Society of London, 160

radial dykes, 14, see also igneous rocks

ramp, of fault, 115

Ramsay, A. C., 159

Rangeley, Colorado, fault example, 105

Rappaport, R., quotation from, 160

Raton, New Mexico, map exercise, 26-7, 46

reactivation, of fault, 121

reading a geological map, sequence of steps, 146-8

relief, representation on maps, 4-6, 4, 5, 146, see also
topography

remote sensing, 168

Republic, Michigan, geological history example, 143

retrieval of map data, computer methods, 170

reverse fault, see fault, reverse

right-lateral fault, 121

ring dyke, 130

Root River, Canada, 62, 94, Plate 4 between pp. 72-3

Rosses igneous complex, Eire, 131

Russia, geological map products, 171

San Andreas Fault, California, 114, 121, see also fault
Sanquar, Scotland, 72, 82, 126, 136, Plate 5 between pp. 72-3
satellite imagery, 151, 169
scale of maps, 2, 2, 53-6, 146, 153, 156, 159, 161, 163, 169
common examples of, 2
field mapping, used in, 153
geological cross-sections, of, 53—6



published maps, of, 2, 2, 153
Scotland, 159, 163, 166
Highland and Agricultural Society, 163
Scotsman, newspaper, 163
section, see geological cross-section or topographic cross-section
sedimentary environments, 142, 143, 144
sedimentary rocks, 131
sedimentary successions, 142, 147
on William Smith’s map, 142
separation, fault, 97, 98
stratigraphic, 98, 107
strike, 98, 106, 107, 119
shaft, of mine, 132, 134
Shaftesbury, England, unconformity example, 75
Shrewsbury, England, geological history example, 147
Shuttle imaging radar, 169
Siccar Point, Scotland, 73
side-looking airborne radar, 169
sill, 12, see also igneous rocks
sinistral fault, 121, see also fault, strike-slip
Slaidburn, England, 23
slip, of fault, 97
Smith, William, 158, 161-2, 163, 164, 165, 168
colouring of maps, 154
Geological Map of England and Wales, 162
Snake River Plateau, Idaho, 10
Snowdonia, Wales, BGS map, 154
solid and drift edition BGS maps, 6
solid edition BGS maps, 6, 156
Somerset County, Pennsylvania, map and geological cross-
section example, 56
sources of geological maps, 154-5, 155
Southern Alps, New Zealand, map exercise, 136-7
specialised geological maps, 171-2
splay, of fault, 121
spot heights, 4, 9
stack-unit maps, 171
Standford, Edward, 162
state maps, of the US, 155
State surveys
history of] 159
maps by, 155
storage of maps, 170
stratiform deposits, 132
stratigraphic sections, 57-8, 169
construction of, 58
see also geological cross-sections
stratigraphic separation, 106, 107
stratigraphic succession, 142, 147
on William Smith’s map, 162
stratigraphic throw, 106, 107
strike and dip, 11, 36-9, 37-9, 147
explanation of, 36, 37
fault, of, 96
fold axial surface, of, 85
introduced, 11
symbols for, 38
see also dip angle and direction
see also strike direction
strike direction, 11, 25, 36-9, 37-9
definition of, 36
introduced, 11
measurement of, 36
structure contours, relation with, 36, 38
three-point method, from, 44
see also strike and dip

strike-lines, 25
strike-separation, 106, 107
thrust, of, 119
strike-slip fault, 121-3, see also fault
structure contours, 15-25, 169, 171, 172
boreholes/wells, from, 17-19
cross-sections, 15
definition of; 15
derivation of dip from, 36, 38
examples on maps, 17, 18, 23, 79
explanation of, 21
extension fault, of; 121
field mapping, in, 151
fold plunge derivation, 89
folds, of, 91
formation depth derivation, 41
hints on drawing, 21, 22, 23
irregular, 39
map reports, in, 148
origin of] 16
palaeogeological maps, 80
straight, 25, 36
strike and dip, relation with, 36, 38
three-point method for, 44
thrust fault, of, 115
examples 116, 117
topography, 21
topography and borehole/well information, 24
unconformities, of, 78, 80
visual assessment, aid to, 68
structure sections, 57, 58, 169, see also geological cross-sections
style, of fold, 86, 87, 146
sub-crop map, 80, 169
extension fault, of; 121
thrust surface, of, 115, 117
superficial deposits, 6, 159, 171
surface, two meanings of, 15
surface of unconformity, see unconformity
Swinden, England, fault example, 105
Swindon, BGS map, 170
symbols on geological maps, 38, 170, 171
syncline, 12, 86, see also fold
synform, 86, 166, see also fold

tectonic maps, 172
Ten Mile map of the UK, 9-14, 34, 48, 50, 64, 74, 76, 156,
162, 167, Plate 1 between pp. 72-3

Territorial Surveys of the US, 60
thematic geological maps, 171-2
thermal metamorphism, 130, 137
thickness, see formation thickness
three-point method, 41, 43, 44
throw, of fault, 96, 106, 107

stratigraphic, 106, 107

calculation of], 105

thrust belt, 114
thrust fault, 114-19, see also fault, contraction
topographic base map, 1-6, 168
topographic contour lines, 4, 6, 15, 16, 16, 66
topographic cross-sections, 4, 55

construction of; 5, 5
topography, representation on maps, 4, 4-6, 5, 146
township and section, US grid system, 2, 3
trace, on map, of,

fault, 96

fold axial trace, 84
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Structure contours — continued
strike-slip fault, 121
unconformity, 11, 74

transport, thrust, 718, 118-19

trend direction, 39, 39
definition of, 39
see also plunge and trend

Trigonometric Survey of India, 159

Trigonometrical Survey, UK, 163

true dip, 39
conversion to apparent dip, 40, 40

true thickness, 40~1, see also formation thickness

Tywyn, Wales, map exercise, 155-6

UK Ordnance Survey, see Ordnance Survey
UK Ten Mile map, see Ten Mile map of the UK
unconformable junction, 74, see also unconformity
unconformity, 73-80
angular, 73, 73, 74, 145
associated features, 75
concept of, 73
definition of; 73
disconformity, 73, 73, 145
distinction from faults, 74, 75
examples, of, 75, 76
geological history from, 142
inlier, 77, 77, 78
examples of, 76, 77
introduced, 11
nonconformity, 73, 73
offlap, 77
example of, 144
outlier, 77, 77, 78
examples of, 76, 77, 78
explanation of, 78
overlap, 77
example of, 76, 144
overstep, 75
examples of, 75, 76
parallel, 73
recognition of, 74
structure contours for, 78, 80
examples, 78, 79
surface of, 73
terminology, 73
trace of, 11, 74, 74
use on maps, 78
United States Geological Survey, see USGS
upthrow, of fault, 96, 97
US (United States)
eastern, Maclure’s map of, 158
geological map of, 1:2 500 000, 9-14, 126, Plate 2 between
pp. 72-3

south-eastern, unconformity example, 75
state maps, 155
state Surveys, 155, 159
Territorial Surveys, 160
USGS (United States Geological Survey), 153, 154, 155, 160,
165
founding of, 165
geological map of US, 1:2 500 000, 9-14, 126, Plate 2
between pp. 72-3
history of], 160, 165
maps by, 155
map products, 7, 155, 155
USSR, early map of Transbaikal, 158
UTM grid system, 2

V-rules, 69-71, 70, 70, 151
V-rules, for dipping formations, 69, 70, 70, 129
vein, 132, 132, see also mineral deposits
vertical exaggeration, 53-5, 169

corrections for, 53, 54

definition of, 53, 53

dip angles, effects on, 53, 54

formation depth, effects on, 55

formation thickness, effects on, 53, 54

topography, effects on, 53, 53
vertical formations, 71

visual assessment of, 71, 72, 68-70
visual assessment, of outcrop patterns, 68-71
volcaniclastic rocks, 128, 146

examples of] 129

geological history, 146

Wales, 159, 163, 167
Wellington, Duke of, 163
Wells, England, structure contour example, 79
Whiterabbit Creek, Canada, thrust example, 116
Williams, H., and Greenly, E., quotation from, 156
Wilson, H. E., quotation from, 170
Wiltshire, England, 163

unconformity example, 75
Witch Ground, North Sea, extension fault example, 120
World War I, 166
World War II, 167
Wren’s Nest, England, map exercise, 112-13
writing a map report, 148

York, England, 158, 163, 164
younging direction, 142
map appearance of; 11
symbol for, 38

Zambia copper belt, map exercise, 62-3
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