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ABSTRACT

One of the principal uncertainties in geotechnical engineering is the risk of encountering an unexpected
geological condition. This is because geological materials are often irregularly arranged and highly variable in their
material and mass properties. Failure to anticipate site ground conditions generally results from an inadequate
geological understanding. The paper presents an approach to site evaluation designed to assist anticipation of
geological conditions, from desk study to project construction, that is based on developing an understanding of
the total geological history of the site and its environs.

The premise of the paper is that the conditions and geotechmcal characteristics of the ground are the product
of the geological and geomorphological history of the site, including past and present climatic conditions, in short,
its total geological history. The engineering performance of the site results from the influence of the engineering
works on the total geological history.

The object of the paper is to show how knowledge of the geological environment aids anticipation of the site
ground conditions by development of a preliminary engineering geological model which guides the planning of
the investigation and the design and construction of the project. This model develops progressively to be site
specific, as the understanding of the local geology improves during the development of the project.

The approach starts with an initial series of simple, related, geological and geomorphological models to
generate questions that should be asked about the site and to provide the basis for making a check list. The models
presented in the paper represent the end members of a continuous range of possibilities. One or more of these
initial models will be identified to represent the particular site to enable the earliest planning to take account of
the broadly anticipated geology and geomorphology. The geological concepts embodied in the selected initial
models and the specific check lists made for the site are then investigated thoroughly as the site specific
engineering geology model develops during the project studies.

To help anticipate the regional scale geology, ten two-dimensional initial global scale Tectonic models based
on the concepts of plate tectonics are presented. To help anticipate the local scale geology, seventeen three-
dimensional initial site scale Geological models are presented, each with an anticipation list, encompassing the
rock-forming environments and tectonic and diagenetic modifications to these environments. To help anticipate
the local geomorphology, eight three-dimensional initial Geomorphological landform models are presented, each
again with an anticipation list, related to climate and geomorphological processes .

The approach is supported by background discussions of site investigation philosophy and some essential
global geological/geomorphological history, and is illustrated by many case histories from different geological and
geomorphological settings around the world.

1.0 INTRODUCTION

The premise of this paper is that the ground conditions at any site are a product of its total geological and
geomorphological history (generally abbreviated to ‘total geological history’ in the paper) which includes the
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stratigraphy, the structure, the former and current geomorphological processes and the past and present climatic
conditions. The total geological history is responsible for the mass and material characteristics of the ground. To
help understand the total geological history, the development of a site specific geological model is required, based
on consideration of the regional and local geological and geomorphological history and of the current ground
surface conditions (Fookes, 1997) . The engineering performance of the site during and after construction results
from the influence of the engineering works on the total geological history.
The object of the paper is to describe and evaluate how:
® initial desk study knowledge of the engineering geology environment can help in the anticipation of
geological and geomorphological conditions at a project site, such anticipation being used to help construct
the preliminary geological model for the site, plan the investigation and assist geologists and engineers in
the conduct of the investigation and design of the project. This model develops progressively to be site
specific as the understanding of the local geology improves with the development of the project.
® improved understanding of the site as observations are made during investigation and construction also
helps the anticipation and definition of ground conditions.
The paper is targeted at site investigators and financial decision makers who will probably never be aware of
its existence.

1.1 The Observational Method in Projects

The approach advocated in this paper is based on the use of the observational method. Such an approach is
by no means new.

It is probably the writings and work of Terzaghi in the early and middle parts of the last century that have
illustrated the importance of this approach more than any other. The term'observational method' appears to have
been coined by Terzaghi and Peck in 1948 (p. 494): it became 'observational procedure’, in Terzaghi and Peck,
1967 (p.294). In his Rankine lecture, Peck (1969) made the following comments on the observational method.
He said, "If the governing phenomena are complex, or are not yet appreciated, the engineer may measure the
wrong quantities altogether and may come to dangerously incorrect conclusions.” This is where the
observational method is particularly useful. Peck briefly gives the application of the method as follows:

" (a)  Exploration sufficient to establish at least the general nature, pattern and properties of the deposits,
but not necessarily in detail.

(b)  Assessment of the most probable conditions and the most unfavourable conceivable deviations from

these conditions. In this assessment geology often plays a major réle.

(c)  Establishment of the design based on a working hypothesis of behaviour anticipated under the most

probable conditions.

(d)  Selection of quantities to be observed as construction proceeds and calculation of their anticipated

values on the basis of the working hypothesis.

(e)  Calculation of values of the same quantities under the most unfavourable conditions compatible with

the available data concerning the subsurface conditions.

(f)  Selection in advance of a course of action or modification of design for every foreseeable significant

deviation of the observational findings from those predicted on the basis of the working hypothesis.

(g) Measurement of quantities to be observed and evaluation of actual conditions.

(h)  Modification of design to suit actual conditions. "

We believe that all of Peck’s items (a) to (h) are needed for the approach to be classed as the Observational
Method (OM). For the method to be workable, all parties need to pay particular attention to contract
arrangements and relationships that will influence the OM’s implementation. Variations of the OM are being
increasingly used on ‘design and build’ (i.e. engineer, procure and construct) contracts. Such contracts often do
not have a clause about unforeseen ground conditions and may have only a little on-site involvement from the
designer’s geological/geotechnical specialist. We believe that these variations are often not true OM: the term OM
may be used to obscure, or as an excuse for, or as compensation for, the inadequate skills and resources being
put into a project’s investigation and design.

Peck makes the point that, for the method to be applicable, the character of the project must be such that it can
be altered during construction. He also distinguishes between situations where the use of the OM is envisaged
fromthe inception of the project, and those where the method is introduced part way through a project as offering
almost the only hope of success. In the latter situation, there may be contractual problems to overcome.



In our experience, for those contracts where the Contractor is not taking all the ground condition risk:

® Forthe OM to work well, it is essential that it is pre-planned prior to provision of the tender documents and
that the Contractor is fully aware of the procedures that will be adopted. This requires identifying the
range of likely geotechnical conditions and the range of construction activities required to construct
the appropriate design when a particular geological condition is found. It is therefore advisable for the
construction work, at tender, to be priced in a manner that is flexible, so that an agreed price can be applied
immediately to a required activity, whether it is changed because of the geology encountered, or remains
the same. Without a flexible price structure built into the contract, the method would inevitably generate
claims We believe that where the method has been applied successfully, claims related to unforeseen
geotechnical conditions have been minimal or non-existent.
® It is also necessary to have the appropriate geological, geomorphological and geotechnical staff on site to
observe and monitor the geological and hydrogeological conditions as they are revealed during construction,
and to liaise directly with the appropriate supervisory staff who in turn must be fully aware of the method.

® In the last decade or two, the 'fast-track' approach has been developed. A consequence of this approach
is that the degree of initial ground investigation is often much reduced below normal good practice and great
reliance is often placed on the succeeding OM. It should be noted that this can also occur with non-fast-
track construction. The risk in such a procedure is that, because of a lack of 'thinking time' and
investigation time, the important characteristics of the site are not identified early enough, so that the less
critical features are chosen for observation, i.e. there is poor application of the OM. The worst credible
ground behaviour is not envisaged and thus the appropriate course of action is not considered and
preplanned, and may well not be feasible at a later stage.

The implications from the above are that each site requires a reliable preliminary model on which to build
subsequent investigations which will, of necessity, modify and improve the model. It is the early development of
this model, by consideration of all the reasonably possible geological and geomorphological characteristics of the
site, which becomes the first objective. Itis essential to have an understanding of the site acquired from knowledge
of the fundamental basics of earth-building and surface-modifying processes, to help in the anticipation of the
likely geology/geomorphology. The second objective is to substantially improve the understanding of the geology
during the remaining investigation and construction.

Thus, this approach becomes the thread that runs through the paper: how anticipation of the site geology and

geomorphology allows for better engineering at all stages - the desk study, the ground investigations and the
construction.

1.2 Approaches to Geological Observation

McMahon (1985), in his Davis Memorial Lecture, says ".... It has always seemed to me that uncertainty is
the very essence of geotechnical engineering. Our materials are natural in origin, often irregular in form and
highly variable in their properties. They are usually obscured from sight and can be investigated only to a
small extent at great expense. The resulting uncertainty is often large and can have enormous economic
consequences, ....." He then goes on to develop the theme of geotechnical uncertainty, of which his first
uncertainty is the risk of encountering an unknown geological condition.

Much has been written on acquiring geological knowledge of the site. Most publications concerned with site
investigation recommend, albeit usually loosely, the practice of making regional and local desk studies, followed
by specific investigations of the local geology. Some also counsel continuing to develop an understanding of the
geology as project implementation proceeds. Hoek and Bray (1977), in their authoritative work on rock slope
engineering, say, in the context of regional geological investigations, "A frequent mistake in rock engineering is
to start an investigation with a detailed examination of drill cores. While these cores provide essential
information, itis necessary to see this information in the context of the overall geological environment.............
and itis therefore useful to start an investigation by building up a picture of the regional geology." [Our bold
for emphasis]

Professor Stapledon, the doyen of Australian engineering geology, has for at least the past three decades been
advocating a carefully considered approach to site investigations. For example, Stapledon (1983) says that he

believes that the geotechnical investigation should include some of the following geo-aspects which we have
quoted:



a suitable site investigation team
an objective orientated approach to the site investigation
geological material displayed clearly at appropriate scales
a high standard in the collection of basic exploratory data
studies continuing through all stages of project development
high quality project management staff and machinery
adequate time and funds
independent review
Stapledon (1982), on dams (he notes that he was inspired by a similar suggestion by Peck,1962), suggested
that desirable attributes for those wishing to contribute to sub-surface engineering should include:
" 1. Knowledge of precedents
2. Knowledge of geology
3. Knowledge of soil and rock mechanics
His accompanying recommendations for study of world and regional geological settings are reproduced here
as Table 1.1. He introduces this table by saying that in order to determine a "semi-quantitative model
(engineering-geological)", geological studies "should commence with consideration of the site location with
respect to global tectonics, and include studies of the geology of a broad region surrounding the site. The
main objectives and suggested activities for work on a regional scale are set out in [Table 1.1]." He goes on
to say, "The regional geological studies should be followed by studies on intermediate and detailed scales, a
principal purpose of which is to ensure that the site geology "fits" into the regional geological picture, i.e. that
the country adjacent to or containing the site is in situ, not displaced by major landslide or fault movements."
[Our bold for emphasis]
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TABLE 1.1 : STAPLEDON'S STUDIES OF WORLD AND
REGIONAL GEOLOGICAL SETTINGS (1982)

Objectives Activities
Understand geology of region surrounding the dam and Review published and other existing geological data.
storage, in particular: Interpretation of satellite imagery and air photographs.
1. Geological history - past processes and resulting model Ground geological surveys to fill relevant gaps in geological
2. Active (or potentially active) processes picture.
3. Locate main geological features, especially faults. Such Prepare plans and sections on scales usually ranging from
features may pass through or near the site but may 1:50 000 to 1:250 000; these must show the lay-out
not be exposed or evident in the site area. of the proposed works.

We recommend the adoption of this first wise dictum, of starting with a broad regional understanding.
However, this approach does not appear to be widely recommended. For example, the Australian Standard 1726
(1993), on Geotechnical Site Investigations, Item 4.7, says the process of evaluating the geotechnical character
of a site "may include ... evaluation of the geology and hydrogeology of the site". It is silent on the construction
of a geological model and on the understanding of regional geology and processes. The British Standard on Site
Investigations, BS5930 (1981) has a somewhat similar silence. Even Peck's (1969) list quoted above, which starts
with item (a) on 'Exploration’, might be construed as starting without a desk study of the local and regional
geology and his item (b) says only, ‘In this assessment geology often plays a major role’.

We believe that in general the use of engineering geologists and geomorphologists and the application of
intuitive and knowledge-based approaches which characterise good engineering geology do not occur at a level
of involvement in projects that is commensurate with the worth of their contribution. In the authors' experience,
it is not uncommon for engineering geologists to become involved after problems have developed rather than
before.

There are many examples in the literature of retrospective analysis of what has gone wrong with various site
investigations and related studies and the consequences that these have had on the subsequent design and
construction. One such study is by Matheson and Keir (1978) who examined site investigations for road works
in Scotland during the preceding decade. Although over twenty years ago and techniques are improving, we
consider that Table 1.2, modified from their publication, is just as relevant today: it is a simple matrix of the most



TABLE 1.2 : FAILINGS AND CONSEQUENCES
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Maximum
1. Techniques used not optimum 6 7 6 3 4 4 6 4 5 3 3 2 3 1 1 7
2. Methods used inappropriate 57 5 5 4 3 6 3 4 2 2 2 2 2 7
3. Available information not fully utilised 6 6 5 4 5 3 4 5 5 5 3 3 2 11 6
4. Stability poorly or wrongly assessed 6 2 6 6 5 5 4 3 2 6 3 2 2 6
5. Facts misleading 4 5 3 4 5 4 2 3 3 3 1 1 2 5
6. Rock condition inaccurately assessed 4 4 5 4 4 3 3 1 2 2 4 4 1 5
7. Workability wrongly or poorly assessed 4 1 4 5 2 5 5 4 4 2 2 2 1 1 1 5
8. Ground water condition wrongly assessed 4 4 3 3 2 3 3 4 3 3 2 3 1 1 4
9. Route not covered 33 3 2 3 2 2 3 2 2 1 2 1 1 2 3
10. Logging poor or inadequate 3 4 3 2 2 2 1 1 1 1 4
11. Interpretation wrong 1 11 2 2 2 1 1 1 2 1 2
12. Samples unrepresentative 2 2 2 1 2 1 1 1 1 2 1 2
13. Meteorological data not used 1 1 1 1 1 1 1 1 1 1 1 1
14. Mis-identification 1 1 1 1 1 1 1 1 1
Column
Maximum 6 7 6 6 5 5 6 5 5 5 6 3 4 2 2 2

Notes:

- The consequences may be the result of more than one failing.

- Each failing is given a penalty score out of a possible 16. 7 is the worst found.

- To be considered significant, failings have to affect the overall budget or scheduling by an amount greater than
approximately 5%, or for individual quantities by an amount greater than 50% of the original estimates. Individual
quantities would be, for example, earthworks, suitable rock excavation, unsuitable rock excavation, imported fill.

- Attempts were made to quantify accurately the consequences as time and cost but this proved impractical because of the
complexity of the situation, the interdependence of the factors involved, and the long term nature of the drained
settlements of the earthworks.

- Differences in ground conditions have been related not to the shortcomings in 'state-of-the-art' but to poor phasing of the

investigation, to the selection of inappropriate investigatory techniques and to the acquisition of unrepresentative data on
ground conditions.

(based on Matheson and Keir, 1978)

common consequences to the project of the 'failings’ of the site investigation. It will not come as a surprise: many
of the failings relate to poor investigation technique and lack of geological understanding or assessment.
Regrettably, the message from such studies often either falls on the ears of the converted or simply fails to reach
the point of impact with the designers and those who award investigation contracts.

1.2.1 Staged Understanding of the Geology

As a result of their study of the Scottish road projects, Matheson and Keir (op. cit.) suggest that the
effectiveness of site investigations can be increased by efficient planning and by placing particular emphasis on
the preliminary phase. A critical point: they strongly recommend that a planned preliminary site investigation
should be included in all [road] projects. They go further and say that the preliminary site investigation should
be of a qualitative to semi-quantitative nature, and that a high level of detail is neither necessary nor desirable: it
is sufficient to indicate rather than to define potential problems. Without some prior knowledge of the ground



conditions, it is difficult to plan an effective main investigation. Optimum methods and techniques cannot be
chosen to suit unknown geological conditions. Information obtained at the preliminary phase is thus of
paramount importance to the planning of a main site (i.e. ground) investigation. [Our bold for emphasis]

We agree with Matheson and Keir and in our paper recommend the adoption of this second wise dictum, that
of a staged approach with a preliminary investigation which itself starts with a desk study, to plan the main
investigation phases. However, this approach is not always seen as appropriate. For example, Ground
Engineering (Anon, 1999) in an article called ‘Time to Investigate’, written as a result of a survey of practitioners
in UK where the response ‘as usual was high, reflecting the strong feelings held by firms that something had to
be done ....", wrote in red for emphasis - ‘An average of only 39% of investigations include a desk study, which
could be considered the most important stage of the work. It appears that this is a result of ever-decreasing
timescales’. Also in red, ‘Worryingly, it seems that only 30% of clients appreciate the value of good
geotechnics. There is a lack of awareness of the benefit of sound site investigation strategy by clients and their
advisers ... some 38% of clients see site investigation as a “necessary evil’”.

It appears to us that the current trend around the world is for complex civil engineering projects to be carried
out within very short time scales. Such projects often involve difficult and protracted planning consultation which
leads to increased pressure on all the professionals involved to work at a very fast rate and, on occasion, at an
erratic pace that is dictated without regard for good practice. In no situation is this more so than with the
collection and utilisation of ground information for the design and construction phases of the project. Hence, the
preliminary stage, as a precursor to a fast and efficient main site (ground) investigation, becomes all the more
important and there is even greater emphasis on the engineering geologist's role in the assessment of risk arising
from the uncertainty about ground conditions (Eddleston, Murfin and Walthall, 1995).

It is worth repeating that at the preliminary stage the engineering geologist probably can have the most
significant influence on the project by indicating potential hazards and their consequence on the economy of design,
matters of construction and expected performance of the works. Our experience shows, however, that all too often
engineering geological advice is not adequately taken into account at this or following stages. Difficulties also
often arise when geological conditions are relatively simple yet the significance of the conditions may not be
understood or is lost sight of in a mass of other data, due to lack of understanding on the part of the decision
makers.

An incomplete appreciation of the ground conditions, which is subsequently presented at the construction tender
stage, can only cause the Contractor problems, which will almost inevitably increase the final cost to the Client.
The adage, ‘you pay for a site investigation whether you have one or not' (Anon, 1991), is backed up by many
publications, for example, in UK by Rowe (1972), Clayton, Simons and Mathews (1983) and by Attewell and
Norgrove (1984).

These publications and many others have established that one of the largest elements of technical and financial
risk in civil engineering projects is unforeseen ground conditions. Experience has shown that a modest increase
in ground investigation expenditure at the outset could have been repaid many times in reduced project cost over-
runs. Itis alsoconceivable, atleast in principle, that expenditure on ground investigation might be excessive, far
outweighing any possible savings for the project. Thus, in between these two positions, there must be an optimum
level of expenditure on ground investigation.

To arrive at this optimum level, Goldsworthy (1999), based on theoretical possibilities and assumptions,
considers the total project cost, T, as given by:

T=P+G+E

where P = planned project expenditure (excluding that for ground investigation)

G = ground investigation expenditure

E = cost of unforeseen conditions = a proportion, k, of P
assuming thatk depends on P/G gives k = SP/G, where S is a parameter which reflects the sensitivity of a project
to ground conditions.
Hence:

T =P +G + SP¥G
and, in terms of the ratio of total project cost to planned expenditure,
T/P =1+ G/P + SP/G
If R is the ratio of ground investigation expenditure G to the total project cost P,
G=RPand T/P=1+R+S/R



Tllustrative plots of this last relationship for three typical projects indicate that values of the predicted optimum
expenditure G, as a percentage of P are, for:

a low sensitivity (S = 0.0005) building project, around 1.5%

a typical (S = 0.002) civil engineering project, about 4%

a high sensitivity (S = 0.005) tunnel project, between 6% and 8%.

Goldsworthy speculates that ‘regional differences relating to typically encountered ground conditions and
to contractual practices may affect the sensitivity factor distributions’.

The above estimates can be compared with current levels of expenditure on ground investigation, which are
reported to be well below 1% of the total construction costs (Institution of Civil Engineers, 1991; Littlejohn, et
al., 1994). The cost of claims due to unforeseen ground conditions is usually far in excess of this, let alone the
extra costs of over design to cover risk of unknown ground conditions. Note, however, that we believe that the
scope of investigation should be sufficient to answer the important questions, and not simply be determined as a
percentage of the project costs, although they can give some guidance.

1.2.2 Our Approach Introduced

The typical stages of geotechnical studies required for the design and construction of large civil engineering
works are more or less similar around the world. Figure 1.1 is a fairly common well established ‘traditional’
arrangement, although many variations exist. A ‘fast track’ approach puts all the activities on the critical path,
but decision milestones would remain. The stages of the site investigation and the build-up of the geological model
in amanner thatembodies OM during the preliminary and the main investigations and again during construction,
are critical to a successful outcome.
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Figure 1.1 : Common Project Organisation for Engineer Designed Construction



Our approach starts with the broad anticipation of the geology, from a desk study of that location, where the
geological knowledge may be minimal, or alot may be known already. Whichever the situation, it is necessary
to:

® form an understanding of what is found from the desk study;

® anticipate what geology conditions might be associated with the findings;

® develop this through subsequent stages of the investigation, design and construction.

Conventional approaches to the desk study work for the feasibility and early phases of site evaluation typically
use the local maps and literature which commonly exist from many developed areas around the world. The
Transport Research Laboratory Report (TRL 192), 1996, by Perry and West, on Sources of Information for Site
Investigations in Britain (Revision of TRL Report LR 403) is a good example from the UK. Such works also
often describe various forms of maps and remote sensing for engineering purposes.

Inlocations where much may be known already, e.g. geological maps do exist or there are good air photographs
or other imagery, the initial local geology can be quite well anticipated by site specific models prior to any
preliminary inspection (see Fookes 1997, page 348 and Figures 10,41ato41e, and Table 5). The site inspection,
preliminary and full ground studies can then be progressed quite quickly at such a location, to give as detailed a
picture of the geology as is considered sufficient or necessary. Nevertheless, this may result in some shortfall in

anticipation of the total geological picture if a fundamental understanding of the regional and local geology has
not been formed.
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anticipated during the stages of a Site Investigation



By 'anticipation of the total geological picture', the authors mean that all the geological and geomorphological
characteristics of the site have been anticipated together with the range of possible variation (e.g. sizes, locations,
properties) of these characteristics identified, i.e. ideally there should be no condition that comes as a surprise
during construction.

Figure 1.2 shows a crude approximation of how well-designed site investigation studies, from desk stage to
the project in-service stage, develop increasing geological and geotechnical knowledge. Note thatitis suggested
that geological knowledge rises more quickly than geotechnical in the earlier stages of a project: the gathering of
geotechnical data develops faster when in situ and laboratory testing and rigorous description is introduced during
the latter stages of investigations (Fookes, 1997). Rather fewer publications describe investigation activity during
construction but the principle and techniques are essentially those used in pre-construction investigations. For
guidance, see Eddleston, et al. (1995).

1.2.3 Different Types of Model
Even when no local geological information or imagery is available a very preliminary desk study can be made,
by identifying the local stratigraphical, lithological, structural, and geomorphological controls for the site.
Knowledge of these controls is used to give a very broad picture of the possible engineering geological conditions
and geometric (spatial) relationships at that location, and initial, i.e. wide-ranging and not rigorous, geological
model(s) can be assigned to predict geological features that might reasonably be expected in the site area.
In this paper, three series of initial models are introduced. These are all presented together at the end of the
paper, in the Models Appendix:
® Global scale Tectonic models based on plate tectonics. There are ten of these models, presented two-
dimensionally, i.e. as sketch sections. They cover large areas of terrain, typically many tens to many
hundreds of kilometres and set the scene for anticipating the regional structure and rocks of the area. See
Section 2.3.
® Local or site scale initial Geological models. There are seventeen of these models, presented three-
dimensionally, i.e. as sketch block models, which typically cover areas from kilometres to tens of
kilometres. They relate to the rock-forming environments - igneous, sedimentary, structural and
metamorphic and to the initial stratigraphy, and to tectonic and diagenetic changes modifying the
stratigraphy. Such models form a part of the relevant global Tectonic model(s) and are locally modified
by the processes involved in the Geomorphological models. See Section 3.1.
® Local orsite scale initial Geomorphological models which characterise the landforms. There are eight
of these models, presented three-dimensionally, i.e. as sketch block models, which also typically cover areas
from kilometres to tens of kilometres. They relate directly to the local geomorphology, i.e. the earth's
surface landforms, and to the earth surface processes which have modified or are modifying the local
geology. These processes are related to current climates and the relatively recent past climates, i.e. they
are essentially a product of the later Tertiary and the Quaternary Ages. Such models also help to portray
conditions of deposition in ancient equivalents to the models. See Section 3.2.
The approach to be adopted is as follows:
® At the Desk Study stage one or more of the initial global scale Tectonic and site scale Geological and
Geomorphological models are identified. They form a simple, related series to help develop the questions
about the site that should be asked. It thus becomes the first task to identify the relevant initial models for
the project area and the second to develop a check list of questions to be answered during the investigations.
These will be the responsibility of the engineering geologist. The geologist may need assistance with the
geomorphology.
® Combination of the initial site scale models and the site check list(s) will form the preliminary site
engineering geology environment model to enable the earliest planning to take the potential broad geology
and geomorphology of the area into account. The initial models and their check lists will need to be
investigated thoroughly and developed by the subsequent studies.
® Development of the subsequent specific site engineering geology environment model as the investigation
progresses is discussed in some detail in Fookes (1997). Initial models help plan the site investigation:
subsequent development of these models to form the specific models in the Walkover and Ground
Investigation stages help engineering design and construction. See Section 4.0.



Check list questions are not new in engineering geology but to date have generally been developed for selected
terrain types, e.g. extrusive volcanic, valley glacier (e.g. Fell, et al., 1992; de Freitas, 1993). The approach
described in this paper is based on the concept that global end members representing the entire spectrum of
possibilities can be identified and presented. An initial check list for each Geological and Geomorphological model
is embodied in both the annotation on the figure and in the text under the figure with the heading ‘anticipate’. The
more detailed site specific check list and site specific model then needs to be made, once the clear outlines of the
geology at the location are identified beyond the desk study stage.

The essence of the approach involves understanding the geology and geomorphology to be able to evaluate the
anticipated conditions. To do this and to understand the models there must be some appreciation of the history
of the world. Thus a brief account of this follows.

2.0 A SHORT ACCOUNT OF THE EARTH’S STRUCTURE AND HISTORY

2.1 Global Structure and Processes

This is very much a simplified summary and any reader wishing to read more should refer to, for example,
Park (1983), Press and Siever (1986), Dott and Batten (1988), Moores and Twiss (1995), or Kearey and Vine
(1996).

Text boxes have been included to give pertinent background information for the less geological reader. The
first is on the Earth's Core and Structure of the Crust.

2.1.1 The Stratigraphic Column

The sequence of rocks formed during geological time may be represented by the stratigraphic column which
lists them in their order of age: the oldest rocks are at the base of the column and the youngest at the top. Rocks
are grouped by age into broad Periods and Epochs, most of which are named after the areas where they were first
studied, many of these being in Britain. They are characterised by distinctive assemblies of rock types and tectonic
episodes and reflect identifiable periods in the Earth's history. Epochs are subdivided into finer and finer units,
often having only local significance. In order to help understand geological models, Table 2.1 gives the basic
stratigraphic column, showing the divisions of geological time, together with the age of important global scale
events. The dates of the naming of the divisions are also given to help illustrate the way the stratigraphic column
was developed by geologists, mainly throughout the nineteenth century.

2.1.2 Tectonic Elements of the Crust

The crust may be subdivided into distinctive structural features or ‘tectonic elements’ and related to the global
scale Tectonic models discussed in Section 2.2.

‘Tectonics’ describes the structural behaviour of large areas of the crust through geological time and explains
the formation and relationship of the principal geological structures.

Toillustrate the following text in pictorial form, Figure 2.1 shows the major morphological features of the earth
and the plate boundaries. Figure 2.2 is a cross-section of an imaginary continental land mass to show some of the
major structural components and Figure 2.3 shows the major collision mechanisms.

The crust and the lithosphere (see text box) can be divided into two major groups of tectonic elements:

Inactive areas with little seismic and volcanic activity:

® continental cratons - low, flat regions, subdivided into large down-warped basins and up-warped arches

(Figures 2.4, 2.5 and 2.6)

® oceanic abyssal plains - deep, flat areas of the sea floor (part Figure 2.8)

Active areas with much seismic, volcanic and other tectonic activity:

® continental rifts - areas of extensional tectonics within cratons (Figure 2.7)

® ocean ridges - shallow seismicity, basaltic volcanism, and extensional faulting or rifting (part Figure 2.8)

® magmatic arc orogenic belts - long zones of shallow and deep seismicity, andesitic volcanism, large granite

batholiths, regional metamorphism and compressional structures, including overthrust faults (Figures 2.9,
2.10,2.11 and 2.12 and 2.13).



Earth's Core and Structure of the Crust

The mdms of the camx at the equator is 6370 km and at the poles it is shorter by about 22 km; thus the earth is not
quite apej} t sphere. It has a surface area of 510 x 10° kn?.

olid core is very dense material and rich in iron and nickel. Thxs is mfermd fxom the earth's bulk density,
the magneuc»ﬁeld and comparison with metallic meteorites. The outer part of the core, dimensions and liquid character
are established from seismology: the interaction between the spinning solid mantle and liquid outer core is thought to drive
the magnm field. The core's average density is 10.7 gms/cm? and its radius about 3470 km.

The earth’s mantle, some 2300 km thick, lies between the core and the Moho layer (Mohorovicic discontinuity), and
is chiefly composed of ultramafic peridotite and its high pressure cousin, eclogite, i.e. it is similar to 'garnet’. These rocks
are nch in mgnesmm and iron and their bulk composmon appmxzmaws o thaz of stony mtwnms A low sexsxmc

here is ﬂm weak zonc ‘within the upper manﬂe unr.ier the hmosyhm whe;re the mﬂe rocks deform by
icf w %ponsa to applied st:resses of ca.100 MPa. The whole mantle forms some 84% of the volume of the earth,

exga has resulted from cemple)c, poorly understooé processes of differentiation from the upper part of the
driven by thermal ¢ energy ‘resulting in large part from radioactive decay. The relatively thin earth's crust
thosphere; it comprises the thinner oceanic crust and the thicker continental crust and accounts for 1.4%
. The surface of the crust is the Earth's surface. Parts of the crust are displaced relative to each other by
thought to be convection currents in the upper mantle, resulting in ‘plate tectonic’ movements which slowly
destroy and rebuild the earth’s surface.

The,dxsmbunon of the fopographic level of the earth's surface shows that there are two dominant levels corresponding
to the ¢ ts, with average height of about 1 km, and the ocean basins, with an average depth of about 4 km. The
ion of total area occupied by the extremes of hez,ght and depth (moummn ranges and ocean trenches) is
tmns greater than abouz 3 km make up mnly some 1 6% oi the tozal area of the eaxths crust and

) elevation between the connnents and oééans is merefo:c expiamed by the buoyancy of the thicker
,azk, 1983).

) s cover only 29% of the earth s sntfwe, dxsmbuwd in a rather uneven way with some 65% of the total
land area ng in the Northern Hemisphere. If the contmemai shelf and slope area are added to the Zand area of the

,ntmental surface area is 40% compared with that: of 6()% for the ocean basms ‘This reflects the
no mnanental crust to oceanic crust.

of :ch a large d;ffcrcnce is explamed pxxmanly by the d;ffemncc in ﬂmkness betwmn the cmnnemal
A j’e principle of gramat;onaﬁi balance (isostasy) means that topographically higher sections must
Y pxoportxon of lower density material to keep the total weight the same. At the base of the crust, the
very significant change in composition and density of the rocks. The mean density of the crustal rocks is
, whereas the pcmdonc rocks of the upper mantle have a mean density of around 3.4. Continental parts
e a "average thickness of about 33 km and a mean composition close to that of granite (acid) whereas the

arts have an avarage thickness of only some 7 km and are formed mainly of rocks of gabbroxc or basaltic
ition.

The kmg and sea water must have also formed by global scaie differentiation and their pxesem compositions
have r m’vanous processes, mciudmg loss of gas consisting of the lightest elements from the interior of the earth
and pho ' dzssoclauan of early formed compounds. The ocsamamaosphem system prov;des important regulatory
functior

( feed-back interactions between the atmosphere, sea water and crust, which together with bxo}ogxcal systems
have mai ,ncci anear steady state chemical and thermal equilibrium m:ough much of geological time (Dott and Batten,




TABLE 2.1 : THE STRATIGRAPHIC COLUMN SHOWING THE DIVISIONS OF
GEOLOGICAL TIME AND THE AGE OF CERTAIN GLOBAL TECTONIC EVENTS

Eon Era Period Epoch Approximate Mountain Building Orogenies
Duration and
Cumulative Age (Europe) (N. America)
(10% or Ma)
PHANERO- |CENOZOIC Quaternary Holocene (1885) PRESENT
ZOIC (‘recent or Recent (1883)
(‘evident life' 1841) (last 10,000 yrs) 0.01 Coast Ranges
life") Pleistocene (1839) 1.8 1.8 | (Himalayan)
(Neogene Pliocene (1833) 35
1853) Miocene (1833) 18.5 23.8
Tertiary e e B R
Oligocene (1854) 9.9
(Palaeogene Eocene (1833) 21.1
1866) Palaeocene (1874) 10.2 65 | Alpine Laramide
MESQZOIC Cretaceous (1822) 77 Nevadan
('middle Jurassic (1795) Each of these 63.7
life' 1841) Triassic (1834) Periods is 425 2482
divided into
PALAEO- Permian (1841) numerous 42
ZOIC Carboniferous*(1822) Epochs which 64 Hercynian Appalachian
(‘ancient Devonian (1837) can be 63 (Variscan)
life' 1838) recognised Acadian
Silurian (1835) throughout 26 Caledonian
Ordovician (1879) the world 52 Taconian
Cambrian (1835) 50 545 | Assyntic
PRE PROTERO- Edicarian (1982) Many c. 750 Rare
PHANERO- |ZOIC Precambrian primitive fossils
ZOoIC rocks are
(or PRE severely
CAMBRIAN) deformed and
All rocks older metamorphosed, c. 2000 First stable ) Numerous
than the but large areas |c. 1910  c. 2500 crustal plates ) orogenies
============| Palaeozoic can of undisturbed ) possibly not
ARCHEAN be collectively Precambrian ) involving
described as strata are known. ) plate tectonics,
PRECAMBRIAN Epochs that can ) prior to the
be correlated ) development
throughout the | c. 2100 ) of stable
world have not ) crustal plates.
been defined c. 3750 Oldest dated )
rocks )
)
c. 4600
*Equal to Pennsylvanian (1891) and Mississippian (1870) in USA. (After several sources)

Dates in brackets when Divisions were named.

2.1.3 Plate Tectonics Theory

Plate tectonics is a unifying theory that explains the structure of the Earth's near surface. The plates
(lithospheric plates) are delineated by the earth's major earthquake zones and plate motions are thought to be
driven by thermal convection in the upper mantle as well as the gravitational pull of cold dense parts of plates
descending into the mantle. Plates move apart at ocean ridges, or divergent plate margins, and towards one
another along magmatic (island) arcs or orogenic belts at convergent plate margins. Some important aspects of
the plate tectonic theory are: Ocean ridges are approximately linear zones of extensional faulting or rifting,
characterised by basaltic volcanism.

Sea floor spreading occurs as new ocean floor is added thus spreading occurs away from the ocean rifts.
Continents may be rifted apart to drift passively along as new oceans spread between them. Distribution of heat
flow, ages of volcanic islands and fringing reefs, barrier reefs, atolls and volcanic sea mounts, all support the view |



of slow cooling and subsidence of ocean floor as it moves away from spreading centres. Sea floors have the
following features:
® Transform faults, which offset sections of ocean ridges and move continually as the adjacent segments
spread. They help to accommodate the greater widening of spreading ocean basins in equatorial regions.

® Linear magnetic anomalies in the ocean crust, which are symmetrical and parallel to the ridges, record
reversals of the polarity of the magnetic field as the sea floor spreads. The polarity reversals may be used
to establish a universal time scale which provides the basis for both the dating of spreading histories and
the reconstruction of shapes of ocean basins and positions of continents during the past ¢.200 million years,
during which time the present ocean basins have been forming.
Deformation of the continental crust has occurred throughout most of geological time. A typical orogenic
episode is preceded by subsidence of marginal troughs in which sediments accumulate; plate convergence then
initiates deformation in a belt that extends hundreds of kilometres from the original troughs. The marginal
sediments are deformed by folding or faulting; thrust sheets ten to twenty kilometres thick slide over one another,
often for distances of tens to hundreds of kilometres. Huge foreign terranes (a group of rocks with similar history)
brought in with the subducting plate may accrete to the continental plate. Intrusions of batholiths and
metamorphism typically occur with the orogeny. The mountains are raised in a deformed belt and erode after the
orogeny ends. Renewed stages of uplift, or block faulting, that again raise the region, account for many of the
large-scale topographic features we see today.
Plate collisions are the main cause of these orogenic episodes, i.e. orogenesis. Collisions may involve either
two continents, or varying combinations of magmatic arcs, continents or micro continents. Orogenic belts appear
to be made up of collages of diverse terranes jammed together by successive collisions. Suture zones mark the
boundaries of such collisions: they are often characterised by crumpled mafic and ultramafic ocean rocks. The
collision of two or more continents forms a supercontinent. Plate margins can exhibit the following features:
® Subduction, the process of underthrusting one lithosphere plate beneath another at a convergent margin.
Much ocean floor is lost by subduction.

® Magmatic arcs, dominated by andesite eruptions that form at the surface above subduction zones. Once
a plate breaks down and begins to subduct, gravity helps to pull it downwards into the mantle where it is
slowly heated and assimilated.

® Obduction, the process of overthrusting of one plate over another at a convergent margin.

® Passive continental margins, where the edge of a continent is not on a tectonically active convergent margin

but moves with the adjacent oceanic crust, to which it is welded.

® Subsidence associated with plates, important as it provides room for accumulation of thick strata in

sedimentary basins of various types during periods of tens to hundreds of millions of years.

Hot mantle plumes rising from the lower mantle seem to cause the initial break up of the crust at triple
junctions, e.g. the Indian Ocean Ridge connects with the East African Rift Systemin a triple junction where three
rifts meet.

Aulacogens are sediment filled troughs associated with initial rifting of continents at triple junctions.

2.1.4 Sedimentary Basins

Sedimentary basins can be distinguished by their plate tectonic settings and characteristic rock types. Atleast
six types can be recognised. These are summarised in Table 2.2 and related to our Tectonic models.

Within these global sedimentary basins, as deposition environments shift through time, patterns of sedimentary
facies are produced, related to their depositional environment. As depositional environments change position,
adjacent sedimentary facies will succeed each other in vertical deposition sequences, i.e. vertical changes of the
lithology, due to transgression or regression, reflect similar lateral changes (e.g. sediments will coarsen laterally
as well as upwards). Change may be caused by:

® Tectonic downward or upward movement giving transgressive facies patterns with a reduction of the land

area due to the encroachment of the sea, or a regressive facies pattern due to withdrawal of the sea.

® Worldwide regressions and transgressions caused by the waxing and waning of continental glaciers, or by

large-scale down or up warping of the earth's surface due to glacial loading or unloading.

® [ ocal transgression and regression by subsidence or uplift of the crust due to rapid coastal sedimentation

or erosion (e.g. the loading on the crust by large deltas).



TABLE 2.2 : TYPES OF MAJOR SEDIMENTARY BASINS

Basin Type Characteristic sediments Depositional Examples of Global Tectonic
environments Models in figures of paper

Rift or Earliest rocks volcanic overlain by thick gravel and sand; Rivers and lakes Fig.2.4,2.7

aulacogen younger rocks may include evaporites and limestones. changing to shallow-

Long lived sediment-filled grabens. Little deformation.

marine

Intra cratonic Homogeneous quartz-rich sands and limestones, but may Mostly shallow- Fig. 2.6
include muds, evaporites, or coal at certain times. Little marine with some
deformation. deltaic

Passive margin Quartz-rich sands and limestones passing seaward to muds.  Shallow-marine shelf Fig. 2.6
Diapirism. to deeper-marine

Trench Fine sediments overlying ocean-floor basalts. Deep marine Fig.2.9
Extensive. Deformed accretionary wedge.

Forearc\Backarc Varied thick sediments ranging from pelagic through Non-marine to Fig. 2.9, 2.10
turbidites to alluvial fans, much derived from adjacent deep marine
orogenic belts. Volcanoclastics common. Deformed
accretionary wedge.

Foreland Heterogeneous gravels, sands and muds derived from the Mostly river and Fig. 2.13

orogenic belt and shed on to the continental craton; may deltaic
be coal-bearing. Relatively stable areas.

(Partly after Dott and Batten, 1988)

2.2 The Global Tectonic Models

The vast geological knowledge of the structure and history of the world unified by the plate tectonic theory has
been synthesised with much simplification into the Tectonic models. Ten ‘global tectonic’ models are presented
as Figures 2.4 to 2.13 in the Models Appendix. We have added to Figure 2.2 and Table 2.2 the approximate
correlation with our Tectonic models, where appropriate. Where there is no close single equivalent, we have
quoted two or more models.

The models must be considered quite idealised. They represent conceptual end members defined fromthe plate
tectonic theory and are not drawn to represent any specific location but to indicate the particular association of
rock types and structure that typically occur. Itis emphasised that all the models are meant to be self-explanatory,
drawn for engineering geology purposes, and to help lead the site investigator on to the site scale models. Each
drawing lists the possible lithological and structural associations within the model. A real areais likely to contain
parts of a variety of models brought together during a long geological history.

The Tectonic models also list as a guide the more likely initial 'site scale geological’ models that could occur
within the parent Tectonic model. However, this list is not exhaustive and judgment on each locality must be
made. Thus, by identifying the Tectonic model, the site scale models for the project site can be narrowed down
to a limited number.

Three principal groups of global Tectonic models have been produced to relate to the foregoing discussion: a
group of three relating to intra plate systems (cratonic cores, mobile belts, platforms/basins); a group of two
relating to divergent plate boundaries (continental rift, ocean rift) and a group of five relating to convergent plate
boundaries (fold and thrust belts, magmatic arc, collision complexes, foreland basins, accretionary prisms).

In Section 5.0, case histories related to the models have been added.

2.3 A Very Short History of the Earth

An understanding of the eons of geological time - deep time - is essential to understanding how the earth and
the Tectonic models work.

Some regularly repeating (or cyclic) changes, like the advance and retreat of glaciers during the ice ages, are
reflected in the stratigraphic record. Catastrophic irregular or episodic changes are more common, however, and
they have interrupted the record with large scale unconformities which bound the major rock sequences. The
stratigraphic record is thus punctuated, rather than being either continuous or gradual in character.

Unconformity bounded sequences of strata, comprising many formations and covering large areas provide
insights into the histories of plates, continental margins and cratonic interiors. Recognition of the same
unconformities on different continents show a considerable degree of global synchronisation which suggests world-



wide causes of, for example, sea level fluctuations.
The following relates to the stratigraphic column showing the larger divisions of geological time given in Table
2.1, and the gross distribution of tectonic elements on the Earth's surface in Figure 2.1.

2.3.1 The Prephanerozoic or Precambrian Time

This includes some 80% of the earth's history from its birth about 4.6 billion years ago (i.e. 4600 x 10° y, or
4600 Ma years ago). The record in the rocks of the Prephanerozoic is much more obscure than for Phanerozoic
times because the lack of datable fossil assemblages in rocks older than 600 to 700 Ma. Correlation must,
therefore, be based on physical field criteria and isotopic dating.

Prephanerozoic time may be divided into the oldest rocks, the Archean, followed by the Proterozoic.

The Archean, from 4600 to 2500 Ma, was dominated during its early part by a massive heat flux which was
so great that little permanent crust could survive; an oxygen rich atmosphere had not yet developed. It has two
main assemblages of rocks:

® Mobile greenstone belts with mafic igneous rocks (e.g. komatite and basalt) associated with heterogeneous

immature clastic sediments rich in feldspar and volcanic rock fragments.

® Gneiss and granitic belts.

By Proterozoic times, from 2500 Ma to 545 Ma, heat generation had apparently declined sufficiently to allow
much larger masses of continental crust to survive. Importantly, clearly recognisable cratons bordered by well-
defined orogenic belts suggested that plate tectonic processes may have been operating much as today.

Early Proterozoic sediments differed from the Archean ones in that they were texturally and compositionally
more mature. They included terrigenous (land derived) clastic material, with well sorted and well rounded quartz
grains, and non-terrigenous chemical carbonate and evaporate strata. Stromatolites formed by algae or bacteria
occurred quite widely in carbonate rocks all of which were deposited in broad shallow seas on stable cratonic
areas.

By late Proterozoic times, important large-scale rifting accompanied by eruption of widespread flood basalts
was occurring. Climates, as far as they can be deduced, seem not to have been too dramatically different from
Phanerozoic ones except that more carbon dioxide may have caused warmer global temperatures, due to the
greenhouse effect. There is clear evidence of extremes of both glaciation and aridity. The more the later
Prephanerozoic sedimentary record is studied, the more it seems to resemble that of Phanerozoic times, but with
the absence of animal remains.

2.3.2 Phanerozoic Time - the Palaeozoic and Mesozoic

These eras (which started some 545 Ma ago) are dominated by the presence of two supercontinents,
Gondwanaland mainly in the south and Laurasia mainly in the north. Gondwanaland came into existence through
several continental plate collisions associated with Cambro-Ordovician orogenesis: shallow inland seas covered
parts of Gondwanaland until the Devonian and there was a distinct southern marine assemblage of fossils.
Laurasia still comprised scattered small continents in the warm Tethyan sea until the late Palaeozoic, when they
began to merge.

Soon after the Permo-Triassic Gondwana orogeny the new super-supercontinent, Pangea, was formed by the
collision of Gondwanaland with the newly assembled Laurasia.

The palaeoclimate of Gondwanaland, and later, of early Pangea, was clearly zoned since glacial centres can
be shown to have shifted as different parts of the continent drifted across the South Pole. When the Gondwanaland
part finally drifted away from the South Pole and the landmass became larger with the formation of Pangea, the
overall climate became warmer and drier. It was not until the break-up of Pangea at the end of the Permo-Triassic
period some 250 million years ago and the eruption of basalts associated with rifts, that the formation of the
Atlantic rift began at the margins of the present central Atlantic basin.

During the Cretaceous, new Atlantic and Indian oceanic zones opened and rifting of micro continents from
northern Africa developed with the widening of the Tethyan Sea. The destruction of the former Gondwanaland/
Pangea was completed about 100 million years ago: the last continental breaks were between Australia and
Antarctica (in the late Cretaceous/early Tertiary) and South America and Antarctica (in the Miocene).

Youngrifts between the newly separated continents first received non-marine clastic and evaporite sediments
followed by deep marine sediments as the ocean basins widened. Shallow marine transgressions then flooded the
adjacent cooling and subsiding passive continental margins.



2.3.3 Phanerozoic Time - the Cenozoic

During this period (the last 65 million years), the world began to take on broadly the landforms and landscapes
more or less as we know themtoday, i.e. the basic engineering geology environment of the regions began to form.

In the Americas the Cordilleran orogenesis was complete during Palaeocene and Eocene times, when the
Rocky and Andes Mountains were formed by compression of Palaeozoic or Mesozoic strata. Inter-mountain
basins were then filled with river and lake deposits, scattered granites and ore deposits were also produced during
tectonic episodes.

Regional up-warping during the late Cenozoic (mainly Neogene) times rejuvenated rivers in the Rocky
Mountain-Colorado Plateau region, resulting in deep canyon cutting. Extension and transform movements of the
crust of the westernmost parts of North America characterised Neogene times in contrast with the compressional
tectonics of Palaeogene times and caused:

® block faulting resulting from crustal extensions across the Basin and Range province.

® plateau basalts to erupt from deep fissures over much of the northwestern American states.

® lateral movement forming the San Andreas Fault System, the long transform zone that offset the east Pacific

spreading ridge by some 3,000 kilometres, and decoupled the Baja California and Californian coast ranges
from the continent.

A passive continental margin coastal plain and the deposition of continental shelf strata succeeded many of the
former tectonically active Palaeozoic margin structures.

The Gulf of Mexico Province is now underlain by the thickest sequence of any passive margin and is
characterised by abundant rising salt domes, which produced important petroleum traps: the Arctic Province also
possesses evaporite domes reflecting the dramatically different hot climate that existed during sediment deposition,
in contrast to today’s cold one. The Atlantic Coast Province of Northern America also experienced a rejuvenation
of the Appalachian Mountains by crustal up-warping and river down-cutting.

The Pacific Ocean region underwent major changes from Palacogene to Neogene times.

The distribution of equatorial sediments and the track of the Hawaiian mantle plume indicate a change of
Pacific plate motion about the same time that California collided with an ancient ocean ridge.

® Most modern western Pacific magmatic arcs were either born or modified in mid-Cenozoic time (as was

the Cascade Volcanic Arc of western North America).

® The modern configuration of the Central American-Caribbean Region was achieved during the Neogene,

and the Drake Sea was formed by the separation of South America from Antarctica. The full development
of the circum-Antarctic current resulted.

Eurasia experienced major late Cenozoic tectonic events, viz.:

® The Alpine-Himalayan orogeny was caused by the collision of Africa and Turkey with Europe, as well as

Arabia, India and Thailand with eastern Europe and Asia. Very complex folded structures, including
recumbent nappes, resulted and south eastern Asia was squeezed eastward towards the Pacific along several
large transcurrent fault zones by the force of India's collision.

® The Tethyan Sea disappeared as the collisions occurred. The Mediterranean Sea, a partial remnant of

Tethys is still being closed. Blocking of the Strait of Gibraltar in late Miocene times led to evaporation of
the sea with repeated evaporite formation, followed by Pliocene refilling.

® Cratonic Eurasia, Africa and Antarctica all experienced important rift faulting and volcanism as a

byproduct of Neogene global plate reorganisation. Most obvious was the start of the separation of Africa
from Arabia along the Red Sea-Aden rifts.

Australia is currently on a collision course with the Indonesian Arc and ultimately with south east Asia,
converging at the rate of some 6 cm/year.

2.3.4 The Quaternary

The Quaternary is the last and shortest period of the Cenozoic, but it deserves special treatment, as the recent
past is within this period and the top few tens of metres of the Earth's surface, i.e. the part of the earth in which
engineering geologists, geomorphologists and civil engineers work, was predominantly shaped, certainly in detail,
by the events of the Quaternary. These events were mainly climatically controlled and typified by glacial and
interglacial periods. Details of the Quaternary Ice Age are given in the accompanying text box.



Quaternary Glacz‘atioiz

zm of mntmentai scale glaciation occurmd about a centufy and a haif ag and repiaced the diluvial
hypothesis. Initially, four major glacial episodes, with interglacials, were proposed but moder mtexprﬁauon and oxygen-
15@{&9@%95 from deep sea sediments suggest many more altemanng cold and warm episodes xiendmg baclr; well ove:r;

: t of ’denc :

 buried valk:ys
complex river terraces along valleys
dea& coral reefs, marine beaches and deltas, DOW high and dry
 temporary land bridges drowned by high sea levels ,
submerged beach ridges and other drowned features on contmenta! shelves
submarine canyons extending from continental shelves to the deep sea
Extensive covering of much of the world's land (and sea bed) suxface by complex tills (i.¢. morainic material) both
from valley glaciers and continental glacwrs
Vast volumes of granular ﬂuvm«glacxai debris issuing from the margms of continental glaciers and snouts of valley
glac:ers, on the retreat of the glaciers these materials covered the till laid down by the glac;ers themselves.
Repeated glaciations which built up sandwxches of ﬁuv:o—glamai materm} overlying true giacnal (tﬂ}) material,
perhaps overlying older till material, all of which became weathered and overlain by alluvial and other deposits
of the interglacial or postglacial warmer climates.
Overdeepemng of valleys and other gi iated terrain with pmducuon of zrregular bedrock profiles.
Numerous lakes of all sizes formmg near the glaclated regions, often containing annual varve laminations (which
can be counted like tree rings).

Enormous volumes of silt carried away by the wind from valleys that drained the meltmg glacxcrs a,nd deposited
as loess over vast areas

Extensive penglacxal conditions,

dxsmrbmg near surface profiles af}

times of maxima) and producing, along with glacial deposxts xheir own features, e.g. solifluction debris, cambering,
valley buigmg, pingos, all of which have a szgmfmant effect on engineering.

Many tens of metres of i isostatic rebound much still continuing, of the crust formerly warped downwards by the
load of ice sheets thousands of metres thick .

Extensive changes to margins and characteristics of hot deserts, equatorial and monsoonal rainforests and other
~ climatically related landforms. ,
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3.0 THE ENGINEERING GEOLOGY ENVIRONMENT

In some countries (including the UK) little geomorphology is taught to geologists: it is often taught as part of
a general or specialised geography degree. We consider it essential that engineering geologists have a good
grounding in geomorphology. In this paper, the term ‘engineering geology’ implies that the geology component
includes geomorphology.

In the same manner, the engineering geology environment of a site reflects the product of its total geological
and geomorphological histories. Engineering geology environments may thus be described by the site scale
stratigraphy and structure models concerned with 'bedrock’ geology - the geological models; and those concerned
with the superficial deposits and landforms - the geomorphological models.

It is important to state that these initial models speak also for themselves and, like the Tectonic models, are
extremely simple and must be considered quite idealised. They are conceptual and reflect existing geological and
geomorphological knowledge, and aim to help anticipate the association and possible geometric relationship of
geological and geomorphological characteristics and features of the project. This approach is loosely based on,



but is different from the GEM (Geological Environmental Matrix) approach described in Fookes (1997), p.395,
which is constructed by considering the results of interaction of rock forming processes with rock modifying
processes.

The purpose of the models is to:

® anticipate and stimulate thoughts on associations of geological and geomorphological characteristics and

features;

® give some idea of their spatial and possibly temporal relationship and, importantly;

® cnable development of check lists of characteristics and features which need to be considered in the design

of the site investigation and the project. In these it becomes necessary to establish whether such features
occur on site or not and, if so, what is their location, form, range of characteristics and engineering
significance.

The models are also a crude teaching aid to the understanding of geology and geomorphology. As aresult of
the simplifications made in developing the models, many geological and geomorphological concepts may have been
omitted or inadequately illustrated. Those wishing to develop their understanding further must read well beyond
this paper. The models are intended to help engineers not so well versed in the ways of geology and
geomorphology. However, to understand them fully requires considerable training, usually gained on a degree
course at University in these subjects, and subsequent relevant experience in the field. A little geological or
geomorphological knowledge can be dangerous unless its limitations are fully appreciated.

3.1 The Site Scale Geological Models
These models represent the 'building blocks' of the project site geology and comprise associations of geological
materials and geological structures, igneous and sedimentary rock types in various structural and metamorphic
settings. The models can be considered as site or 'local’ scale geology. They relate to the global scale Tectonic
models discussed in Section 2.2, as their characteristics relate to their global setting. The Tectonic models can
be considered as parents to the 'regional’ geology.
Geological materials at a site will be part of one or more of the three main groups of rocks, igneous,
sedimentary and metamorphic, which are directly or indirectly related to the plate tectonic setting:
® [gneous rocks are divided, on the basis of origin, into intrusives and extrusives, the former are usually
coarse grained: the latter fine grained or glassy. They are also classified as felsic (acid) or mafic (basic),
depending on the kinds and relative amounts of light and dark minerals. Volcanic rocks are further divided
by texture.
® Sediments and Sedimentary rocks fall into two main groups: the detrital, those formed from particles eroded
from pre-existing rocks and the chemical, those formed by chemical precipitation of minerals from salt or
fresh water. Detrital sediments are subdivided on the basis of genesis, grain size and mineralogy. The
chemical sediments are subdivided primarily on the basis of chemical composition. Subsequent to
deposition, new sediments are subject to diagenesis. Diagenetic changes to sediments are those which occur
at lower temperatures and pressures than common in metamorphic processes: with increasing pressure,
diagenesis grades into metamorphism. Diagenetic processes include compaction, dissolution, cementation,
replacement and recrystallisation, which are the means by which unconsolidated or loose sediment is turned
into sedimentary rock, e.g. sand becomes a sandstone. For related discussions see the following text box
on weathering, erosion and deposition.
® Metamorphic rocks are the products of either regional metamorphismin which large volumes of in situ rock
are transformed by regional increases in pressure and temperature, or contact metamorphismin which rocks
close to igneous intrusions are transformed primarily by heat. Metamorphic rocks are classified according
to their nature of foliation or cleavage and mineral assemblage or facies.
Detail may be found in any good basic geology or petrology textbook. Engineering geology discussions can
also be found in many good texts, e.g. Bell (1993) and Blyth and de Freitas (1996).
Geological structures are produced by forces acting on the geological materials within the crust. Tectonic
forces can deform large regions of the continents and produce earthquakes when released quickly.
® ]n some cases the regional movements are simple up and down displacements, i.e. epeirogeny, without
serious deformation of the rock formations. In other cases, horizontal forces connected mainly with plate
collisions, i.e. orogeny, can produce extensive and complex folding and faulting.
® Mostof today's continental crust can be divided into belts that have been deformed during different orogenic



periods. Africa and North America, for example, contain large stable central regions that have been
relatively undisturbed (except for gentle vertical epeirogenic movements and erosion) since undergoing
episodes of intense deformation in the Precambrian, i.e. they are now cratons. Surrounding these stable
interiors are younger orogenic belts - mountainous areas which were deformed at various times in the
Palaeozoic, Mesozoic and Cenozoic eras (see Tables and Figures 2.1, 2.2 and 2.3).

On the project site, geological structures can result from: tectonic forces related to plate movement; unloading
by erosion; loading by deposition; cooling of igneous rocks, or drying out of sediments, and can occur on different
scales at different times depending on the circumstances. The stress from such activities can be accommodated
either by the flow and deformation of rocks over long periods of time or by fracture, the latter being common in
the brittle rocks of the upper crust, often in a shorter period of time. In engineering geology, fractures are called
discontinuities (or defects) in the rock mass. Fractures in geological materials develop in response to stress and
form joints or faults. Joints are structures of small dimension formed in tension or shear but lacking any
significant shear in the plane of the joint. Faults are typically larger structures commonly formed by shear but
where significant movement occurs in the plane of the fault. Fault movement ranges fromup to a few centimetres
on shallow faults to tens, or hundreds of kilometres on faults extending to the base of the lithosphere. Most faults
can be broadly classified according to the direction of slip of the adjacent blocks, e.g. dip-slip, strike-slip.

Very commonly structural geology features occur in families ('sets’) or patterns related to their formation.
Knowledge of these sets is helpful in anticipating the nature of such features.

While fracturing is a common response to stress at the surface, sustained stress under high confinement
pressures can cause bedrock deformation by folding. Most folds originate at some depth, the simplest forms being
the monocline, anticline and syncline. Recumbent folds occur where rocks are overturned and both limbs of the
fold are nearly horizontal. The horizontal compression that creates recumbent folds may eventually lead to
shearing of the upper part of the fold, along a thrust fault. Fold patterns relate to the geological stress history, and
again an understanding of this can help in anticipation of the nature of the geological structure of the site.

3.1.1 The Geological Models

Seventeen site scale geological models have been built from personal experience and geological knowledge
briefly described in Section 2.0, Section 3.1 and the text boxes, and by further discussion following in Section 3.2.
They are presented together in the Models Appendix at the end of the paper as three-dimensional models. Figures
3.1t03.17 have been subdivided into three interrelated groups, i.e. the igneous group, comprising basic volcanic;
acid volcanic; and intrusions of plutonic rock; the sedimentary group, comprising continental fluvial, colluvial
and lacustrine; deltaic; shelf carbonates and evaporites; and deep marine deposits; the structural and metamorphic
group, comprising jointing patterns in undeformed sediments; normal fault systems; strike-slip fault systems;
thrust systems; open folds and joints; plastic folded with cleavage; multiple-folded/sheared; mélanges; schistose;
and gneiss and migmatite.

It is likely that more than one site Geological model will be required to describe adequately a site because the
models are idealised end members whereas project sites are underlain by real, often complex geological and
geomorphological conditions.

3.2 The Site Scale Geomorphological Models

3.2.1 Climate and Geomorphology

The role of climatic factors in influencing the nature and rate of operation of geomorphological processes has
led to the suggestion that different climates are associated with characteristic landform assemblages, i.e. over a
period of time climatic environments can generate a distinctive association of landforms of regional extent. Areas
characterised by landforms associated with a particular climate are called morphoclimatic zones.

Table 3.1 shows the earth's current major morphoclimatic zones which relate to the global distribution of the
morphoclimatic zones of Tricart and Cailleux (1972) and the important geomorphological processes in that zone.
We cannot over emphasise the importance of such processes in the site near-surface geology. We have added to
Table 3.1 the approximate correlation of our initial Geomorphological models with the appropriate morphoclimatic
zone. Where there is no close equivalent, we have quoted two models, the first quoted probably being the closer
to the given zone. The validity of the assumptions behind climatic geomorphology has been strongly challenged
by those who see little evidence of a close relationship between current climate and landform morphology, except



under the most extreme climatic contrast. Suffice to say that with the exception of landforms which have a very
short relaxation time (i.e. response of the landscape to changing climate), most elements of the landscape are likely
to be, to a greater or lesser extent, out of equilibrium with the prevailing climate conditions because of the rapidity
and magnitude of global climate changes that have occurred over the last few million years. Indeed, in some
regions, such as central Australia and central Southern Africa, there is generally a very low rate of
geomorphological activity and the landscape is dominated by relic landforms developed over millions of years,
often under climates somewhat different from those prevailingnow. See, for example, the helpful discussions in
Stoddart (1969), Thornes and Brunsden (1977) and Biidel (1982).

TABLE 3.1 : THE EARTH’S MAJOR MORPHOCLIMATIC ZONES

Morphoclimatic Mean Annual Mean Annual Relative Importance of Examples of Site Scale
Zone Temperature Precipitation = Geomorphological Processes Geomorphological
(°C) (mm) Models in this Paper

Azonal Highly Highly Rates of all processes vary significantly with altitude; Fig. 3.18
Mountain variable variable mechanical and glacial action become significant Fig. 3.21
Zone at high elevations.
Glacial <0 0-1000 Mechanical weathering rates (especially frost action) Fig. 3.18

high; chemical weathering rates low; mass movement Fig. 3.19

rates low except locally; fluvial action confined to
seasonal melt; glacial action at a maximum; wind
action significant.

Periglacial -1to+2 100-1000 Mechanical weathering very active with frost action Fig. 3.20
at a maximum; chemical weathering rates low to
moderate; mass movement very active; fluvial
processes seasonally active; wind action rates locally
high. Effects of the repeated formation and decay of

permafrost.
Wet 0-20 400-1800 Chemical weathering rates moderate, increasing to Fig.3.21
mid-latitude high at lower latitudes; mechanical weathering activity

moderate with frost action important at higher latitudes;
mass movement activity moderate to high; moderate
rates of fluvial processes; wind action confined to coasts.

Dry 0-10 100-400 Chemical weathering rates low to moderate; mechanical Fig. 3.22
continental weathering, especially frost action, seasonally active;

mass movement moderate and episodic; fluvial processes

active in wet season; wind action locally moderate.

Hot dry 10-30 0-300 Mechanical weathering rates high (especially salt Fig. 3.22
(arid weathering); chemical weathering minimal; mass move-
tropical) ment minimal; rates of fluvial activity generally very

low but sporadically high; wind action at maximum.

Hot semi-dry 10-30 300-600 Chemical weathering rates moderate to low; mechanical Fig. 3.21
(semi-arid weathering locally active especially on drier and cooler Fig. 3.22
tropical) margins; mass movement locally active but sporadic;

fluvial action rates high but episodic; wind action
moderate to high.

Hot wet-dry 20-30 600-1500 Chemical weathering active during wet season; rates Fig. 3.21
(humid-arid of mechanical weathering low to moderate; mass Fig. 3.23
tropical) movement fairly active; fluvial action high during wet

season with overland and channel flow; wind action
generally minimal but locally moderate in dry season.

Hot wet 20-30 >1500 High potential rates of chemical weathering; mechanical Fig. 3.23
(humid weathering limited; active, highly episodic mass
tropical) movement; moderate to low rates of stream corrasion

but locally high rates of dissolved and suspended load

transport.

(partly based on various sources summarised in Summerfield, 1991)



Weathering, erosion and deposition

Weathering is chem:cal change and physxcai fmgmentanon, unﬁer the comixtxons at, the earth's surface, of rocks and
minerals that were formed for the most parz, at hzgher pressures and tempexames below the earth's surface. The
breakdown of zock masses to fragmenw ranging from boulder to clay size is the result of chemical weathering combined
the forces of physical disintegration. Soluble mcks (e g Iumstones) weather by going into solution and may leave

insoluble debris. The intensity of weathering depends upon the climate, tectomcs, original rock composition and
time. Given enough time, the effects on landform of factors other than climate are less important. The weathering process
produces the residual clays and dissolved substances that are carried by rivers to the oceans.

Foﬁowmg the weathering, processes of active erosion and tmnsportatzon take over to create more varied topography.
Landshdzs and river activity erode landscapes and, together with other agents of erosion, help repeatedly shape the land
surface. The forms and slopes of valleys are clues to the agents of erosion that shaped them - water, ice and wind forces,
thatacti o?posmon to tectonic forces that elevate muntams ’I‘he evolunon of ‘landscape is thus a balance between uplift,
erosion déposznon over the course of time.

Most ¢ f t}ze debris resuitmg from erosion is carried downhill by rivers erodmg channels and moving particles
downstream. The ability of a river to transport particles in different amounts and sizes depends on current velocity and
form, the tota amount of water carried downhill and the downhill slope of the channel. Currents form ripples, dunes and
hannels, deltas or lake sediments. The river can be analysed as a complcx system with drainage patterns which
form in responsc to the conditions of climate, bedrock and particles producea by the weathering. Such sediment in
transport may be temporarily stored as a%lzw;um and other deposits onits j joumey to the sea.
ime brought to the sea by rivers or eroded from the coast by wave action is distributed along shores as beaches
d by currents on the continental shelf and into deeper parts of the ocean. Coastal features express the balance
’upply of sedzmem provxded by erosion of the shore and the transport of material by rivers, wave erosion and
rents. ’I‘he continental slopes and abyssal plains are shaped by mrbldxty currents that transport much material

ver t!m deeper parts of t,he sea Tkw czzxmnt, Qattems of the g neral circulation of oceans influences the

s to whxch 1ce, air or water currents can
( awater maintains a reasonabiy constant

ting pre ) , waathmng prodncts broughz in by the nvers Calcmm
car he iargest voinme snciz)ciacnucai sadzme, . Much i .

;deposmon pattems of sedmaems are strongly affected ’by zhe gcomoxphoiogxcal environment in wh;ch they
chtomsm largely controls subsidence in the deposition area and, to an extent, the rates of weathering
I thc erosion  debris. Chemzcai and physical changes after deposmon convert the weak sediment to rock and
cause many other alterations of composmon and texture by diagenesis.

W, d,ﬁalfhough less powerful than water currents, can erode sand and silt effectively, particularly in periglacial and
i The deserts of the world are sites of mtenszvc wind and somaumes salt action, and display special
' ”4 erosional and depositional processes more intense than those of humid regions. Sand dunes, depositional
d 'y wind, are heaps of sand that accumulate in dxffergnt shapes and move in response to the abundance
pl the strength and direction of the wind and the nature of the bedrock surface Loess (wmdblown silt
, ge axeas adjacent t to giacxawé terram where rock ﬁonr (sﬁt»siwi parucles) were produced and carried

’lha?ow tempcratures and precxpztznon of snow that are typ;cal of polar regions and high mountains contribute to the
formatz iers and snowfields. As snow accumulates, it becomes compacted, gradually changmg from snowflakes
solid massive ice. As local glaciers move down valleys, they sculpt the topography by erodmg rock and
the ciebns to locations where melting takes place. Glaciers of continental size, like those in Greenland and
roduce a variety of erosional and sedlmentary landforms. The gIac;aI landforms of the recent past are
Ie}stocenc glacial epoch during which huge areas of North America and Eurasia were covered by ice.
he text box on Quaternary Glaciation in Section 2.3.4.

For furthﬁ dxscuss;on on weathering, erosion, transportanon and deposition, see for example the excellent discussions
in Press and Sxever (1986).




If the concept of relaxation time is accepted, then distinctive processes and landforms may be associated with
certain climatic environments and that association clearly demonstrates that major differences in climate can have
a profound effect on landscape development. Uncertainty comes with the finer distinctions between degrees of
humidity and temperature evident in attempts to characterise morphoclimatic zones uniquely. There also have
been many discussions relating climatic controls to the magnitude and frequency of meteorological events, e.g.
Douglas (1978).

We present some simple Geomorphological models related to the basic climate classifications, so that the
association of processes and possible landform elements can be considered, together with key annotations and
descriptions which go with the particular model for the purposes of the engineering geology site evaluation.

Basic details of weathering, erosion and deposition are given in the accompanying text box.

TABLE 3.2 : A HIERARCHICAL RELATIONSHIP BETWEEN TIME AND SPACE SCALES

IN LANDFORM EVOLUTION
Dimensions Examples of Landforms Major Controlling Factors
Spatial Time Scale in years
Scale Linear  Areal Endo- Fluvial Exogenic  Aeolian Endogenic Exogenic
(km) (km?) genic Glacial
Micro <0.5 <0.25 Minor Poolsand  Small Sand Individual ~ Microclimates Steady  Tens
fault riffles in moraine ripples  earthquakes meteorological time
scarps a small ridges and events
river volcanic
channel eruptions
Meso 0.5-10  0.25-10> Small Meanders ~ Small Dunes Localand  Local climates Dyna- Thousands
volcanoes glacial regional short-term mic
valleys isostatic climatic time
uplift; change
localised
volcanism
and
seismicity
Macro 10-10*  10%-10°  Block- Flood- Highland  Sand Regional Regional )
faulted plains ice caps seas uplift and climates; )
terrain of major subsidence long-term )
rivers climatic )
change )
(glacial- )
interglacial )
cycles) ) Hundreds
) Cyclic of
Mega >10° >10¢ Major Major Continental Large Long-term  Major climatic ) time thousands
mountain  drainage ice sheets  sand patterns of  zones; very ) to
ranges basins seas uplift, little climatic ) millions
subsidence change )
and (ice ages) )
continental )
motion )

(after Summerfield, 1991)

3.2.2 Scale and Time in Geomorphology

In general terms, any change in an input to a geomorphological system, such as an increased rate of uplift or
decrease in river discharge, is reflected in a change of form. The time this takes may be particularly important
for the life of an engineering structure, as it can range from a few minutes for changes in a small section of an
alluvial channel, to tens of millions of years, say, for the uplift of a major mountain range. The form of a channel
inunconsolidated alluvium may change in a few hours in response to marked changes in river discharge, whereas
achannel of similar size, cutting into dense, resistant bedrock, may take hundreds or thousands of years to adjust,
assuming that the change in discharge persists. It is therefore useful to categorise this range of scale and to talk
of, for instance, micro-scale or macro-scale forms. Such a classification is presented in Table 3.2.

The table gives some suggested ranges of linear and areal dimensions, though it should be emphasised that the
divisions between each scale are somewhat arbitrary. Clearly the micro- and meso-scales are of most importance



to engineering projects and on occasion perhaps the macro-scale, e.g. flood plains of major rivers. Inenvironments
in which rates of erosion and deposition are high, landforms can be modified rapidly and the effects of occasional
high magnitude/low frequency events can be obliterated fairly quickly. In such environments a steady state of
equilibrium can be reached in a short period of time. There are many factors affecting this, an important one being
the degree of resistance of the material being eroded.

Such scale effects are not implicit in the models and their annotation, and need further evaluation during the
project investigations.

For further discussions on geomorphological processes on various scales, see for example the several excellent
discussions in Thorn (1982).

3.2.3 The Geomorphological Models

The Geomorphological models are designed to be combined with the selected site scale Geological model(s)
for the site. It is the combination of these initial Geological and Geomorphological models that provide the simple
preliminary model of the engineering geology environment. It is again stated that the objective is to help identify
and predict associations and spatial relationships of geological and geomorphological features and to develop
check lists for further evaluation of the site.

Eight models have been devised and are presented together in the Models Appendix, as three dimensional
models, see Figures 3.18 to 3.25. These portray: mountain glaciation; continental glaciation; periglacial;
temperate; hot/dry; hot/wet; coastal; and soluble. They are based on our experience and the geomorphological
knowledge synthesised in Table 3.1. This table indicates how the models have been combined to cover all the
zones described.

It is likely that more than one Geomorphological model will be required to describe a site adequately because
the models are idealised end members, whereas project sites exhibit real, often complex, landforms and superficial
deposits. These will reflect past morphoclimatic regimes, varying relaxation times and the local geology.

4.0 PREDICTIONS FROM THE INITIAL ENGINEERING GEOLOGY ENVIRONMENT MODELS

In summary: the global Tectonic models provides the setting for the other two groups of models. The site scale
Geomorphological and Geological models have annotations and key descriptions to form the basis for the check
lists, since it is these models which provide the initial basic conceptual picture of the local potential conditions.
Of course, an understanding of the actual geology/geomorphology of the site must come from the subsequent
ground investigation.

We also repeat, we consider it essential that an engineering geologist/geomorphologist of experience be
involved in important projects. It is his/her training and experience that are needed to interpret and develop the
engineering geology history and to input to the planning and the investigation design.

At the desk study stage: the relationship of the initial models for identifying and building the site check list is:

Identify Relevant Global Tectonic Model(s) ‘

\

Identify Relevant Initial Site Scale
Geological + Geomorphological Model(s)

J

| Preliminary Site Check List(s) |

J

L Preliminary Site Engineering Geology Environment Model ]

When the preliminary site engineering geology environment model has been developed, it is used for overall



planning and for the design of the preliminary ground investigation or the full ground investigation, should there
be no preliminary investigation stage.

Atthe ground investigation stage(s): a well designed ground investigation should now progressively identify
site conditions, answer check list questions and give information to build the site real model(s). It is not the
intention here to elaborate on the development of the specific site geological/geotechnical model(s) and the conduct
of the ground investigations - guidance is given in numerous publications, but it is worth emphasising that the site
check list should continue to be systematically evaluated and developed, using geological/ geomorphological
judgement and the findings from the investigation.

It is also necessary to emphasise that the investigation should not consist solely of boreholes. Adequate
engineering geology/geomorphology mapping should be carried out or be in place early in the investigations, and
pits and other high return ground observation techniques should figure largely in the investigation. Engineering
geological/geomorphological interpretation of the situation must be continuous and early observation and
deductions continuously reviewed, objectives defined and questions asked (see for example Stapledon, 1983 and
1996). This process must continue into construction and the service life of the project.

5.0 THE CASE HISTORIES

5.1 Introduction

Case histories have been used for many years to illustrate reasons for various failures. For example, Stapledon
(1976) reviewed what he called 'factors which contributed to dam incidents' which we have reproduced in Table
5.1. This table illustrates the need for good geological advice and good interaction and communication between
engineers and geologists, in short, good engineering geology.

The case histories which

follow are presented to show how TABLE 5.1 : FACTORS WHICH CONTRIBUTED
the use of the models, described TO DAM INCIDENTS (from Stapledon, 1976)
in this paper, could have helped
in anticipating the various Physical Factors
. . Fact No. of Cas
geological causes of failure that Sﬁgiﬁ; 2 ';f S
were identified. These cases Uplift 2
resulted from a considerable Displacement on fanlt 2
. X K Internal erosion 2
review of worldwide literature. Earthquake 2
There was some difficulty in Weakening of foundation on inundation 1
. . Slope creep 1
choosing them since many of the Landslide into storage 1
cases reviewed contained Excessive deformation of foundation 1
. ffici 1 . 1 Excessive deformation of dam 1
¥nsu 1cient geologica Flood scour 1
information to make hindsight Technological Factors
judgements on the relevance of Description . No. of Cases
. . Limit of state of art was reached in one or more aspects 6
appropriate models, and in many Lack of engineering knowledge by geologist 4
cases the causes of the failures Geological advice was incorrect or insufficient 3
Inadequate project management machinery 3
were not clear. Such case Inadequate subsurface exploration 2
histories were not used. The Communications problem - geological language not understood by engineer 1
covera by ¢ histori . Error in design or construction 1
ge Dy case histories 1s Magnitude of project introduces extraordinary site investigation problems 1

therefore not complete and it
should be noted that:
® cxamples illustrating the relevance of some site scale models (and two global Tectonic models) are not
provided through lack of leading case histories;
® where it is not clear which particular model would have prompted the inclusion in the check list of the
condition that was the cause of the failure (due to lack of information published within the case history),
i.e. identifying the single most significant model, two site scale models have been given as potentially
containing the appropriate check list item.
® some site scale models were over-represented with cases, e.g. the soluble, open folds and joints, mountain

glaciation and periglacial models. Where this occurred these models have been limited to three or four
leading case histories.



® the majority of case histories are somewhat negative; they are, by necessity, all about failures.

® some of the case histories are from many decades ago, and investigation techniques have moved on.

As the models are all part of a continuous series, i.e. any one model can merge with any other model, and many
of the potential check lists will repeat items. For example, sheared clay might appear in several models, as also
do many situations leading to mass movements or the presence of weathered material. The case histories are not
in particular order: developing a systematic scheme for presenting them was not found practical and, therefore,
the case histories have been simply numbered in the order in which they appear in the text to illustrate the model.
Models are presented in their figure number order related to the site scale models.

It is important to note that many of the models illustrate contemporary conditions as well as ancient, i.e. fossil
conditions or activity at the time of formation. For example, 'fluvial, colluvial and lacustrine' (Fig. 3.4) illustrates
both modern river systems and evidence of the existence of ancient river systems, now preserved in their
sedimentary rocks. 'Basic volcanics' (Fig. 3.1) serves to illustrate both modern volcanic situations (e.g. common
in island arcs) and long cooled ancient volcanic rocks. 'Hot dry climate features’ (Fig. 3.22) illustrates both
modern deserts, and ancient deserts such as those found in the Permo-Trias in Europe. In southwest England,
tropical residual soils still exist in the weathered profile of near surface rocks, although the climate that was largely
responsible for them ceased to exist in Britain before the Quaternary as its plate moved northward into cooler
latitudes. 'Hot wet' (Fig. 3.23) therefore illustrates this situation, as well as modern conditions in tropical
rainforests.

5.2 Global Tectonic Models and Case Histories

These models are large scale and are primarily intended to help identify site scale initial models and to put these
models into the broader setting. No anticipation list has been given with the global Tectonic models for this
reason; anticipation annotation is only supplied with the site scale models. Therefore, the case histories are not
specifically based on the global models although the relevant global model is indicated in each case history; where
more than one model pertains, this is also indicated.

Identification of the appropriate Tectonic model for any particular site would be made by the geologist, either
from his local knowledge or reading of the literature. Since the theory of plate tectonics was developed in the
1960s, many of the subsequent geological papers published of a particular area identify the relevant tectonic
setting. Such papers can be used to identify one or more of the models. Appropriate modern text books carry
maps of the world divided into various plate-related subdivisions, which can be used to help identify the relevant
model or models. Our Figures 2.1, 2.2 and 2.3 and Sections 2.0 and 3.0 are to help broadly in this.

Each Tectonic model contains a list of the principal lithologies associated with the model, the gross structure,
examples and, in particular, related site scale Geological models. However, the site scale list must not be
considered fully comprehensive as, within reason, each Tectonic model has the potential to contain parts of the
great majority of the site scale Geological models and, therefore, only the most likely models have been listed. The
engineering geologist using this system should be aware of this.

Each figure portraying the model is meant to be essentially self-contained and requires little further comment.
The way the figures relate to each other is broadly indicated in Section 2.2, in Figure 2.2 , and in Tables 2.2 and
3.1. Discussion of the fundamental geology of the global structure and processes is given in Section 2.0. The
following are short notes on each global Tectonic model and indicate their relevant case histories.

Cratons (Fig. 2.4) - Refer especially to Figure 2.2 to see how these ancient land masses merge into adjacent
systems: see Case Histories 16 and 17 below.

Mobile belts (Fig. 2.5) - These rocks are the remains of ancient collision zones: see Case Histories 14, 26 and
217.

Platform sediments and basins (Fig. 2.6) - This model covers large parts of the world and produced many
case histories. For example, see Case Histories 4, 12, 18, 19, 20, 21, 22, 24, 26 and 31.

Continental rifts (Fig. 2.7) - We thought that this would produce several case histories: in fact, we could not
find a good one - no doubt they exist.

Oceanic rifts (Fig. 2.8) - Much of this model exists on sea floors and where these emerge, for example in
Iceland, conventional case histories become possible. See Case History 6.

Accretionary prisms (Fig. 2.9) - In the formative stage of this model the system is under deep water and
therefore did not produce conventional case histories, and we did not find any good examples from the older parts
of the stratigraphic column.



Fold and Thrust belt (Fig. 2.10) - This model is generally found as a distinct zone in orogenic belts, after the
deep water sequences of forearc or backarc basins have been subjected to orogenesis (see Figs. 2.2and 2.3). See
Case History 27 which is one of a few that we have tested ourselves by work in the field, using key words and
check lists that we developed and which were very successful in identifying problems, some of which were hitherto
unforeseen (although not unforeseeable) in the original site investigation. Though the model and key words were
only used after the original site investigation had been completed, problems were quickly identified. Note that this
same case history is used to illustrate the magmatic arc model as the site setting contained elements of both models.

Magmatic arc (Fig. 2.11) - Modern examples of this are found in the world's active island arc zones and are
illustrated by our Case History 27.

Collision complexes (Fig. 2.12) - This proved one of the easier models for which to find case histories as much
engineering and building construction seems to have been carried out in such zones. See Case Histories 1,11, 13,
14, 23 and 28.

Foreland basins (Fig. 2.13) - Again, another area in which construction is active. See, for example, Case
Histories 3, 4, 5, 10 and 15.

5.3 Site Scale Models and Case Histories

Selection of the case history number was based on what was considered to be the site scale model most relevant
to that case history, i.e. it becomes the leading case history: each case history invariably had several other, 1.e.
associated, site scale models that could also be related to it.

Itis opportune to emphasise again that in the figures the models are portrayed simply for clarity. Each model
will inevitably require considerably more detail to be added to it and the engineering geologists are encouraged
to do this from their experience and from relevant literature studies. The check lists produced should therefore
be much more comprehensive than the model. For example, Fell, et al. (1992), their Section 3.2.7, gives acheck
list of questions for intrusive and flow volcanic rocks, and a separate check list of questions for pyroclastic rocks
in Section 3.3.3. The discussions they give with the development of their check list are very helpful in
understanding the function and derivation of such lists.

5.3.1 Geological Models

Basic volcanics (Fig. 3.1) - Although potentially a common model, no case history was found where it was
thought this model would be the leading one providing the check list. However, several of the case histories also
include this particular model as an associated model. These cases are identified in the following text.

Acid volcanic (Fig. 3.2) - Similar comments to those for the basic volcanic model apply also to this model.

Plutonic intrusions (Fig. 3.3) - This is an example of a model with geological processes that do not have an

active expression on the ground surface, so that all the examples of such a model are ancient. See Case History
1.

Case iihswry } i‘:’irand Qﬁlﬂ&&i f}m USA
, (Be:rkey, 1935; Anderson and ‘l"ngg, 1976; Blyth and de metas,k 1996)

The mncrete gravzty Grand Con!m D&m on the Calumbla Rwet is 163 m high. It was eonstructed in 1942
on a granite bathahth wluch is overlain above dam faundatmu level by Tertiary basalts and pyrociastxcs 'I*he

ty on ﬁ)e;fmits was aiiavxatad when gzam:
these were found to be: undxsplaced slmwmg there, to have b@eu no aamv::ty since late

prod;med the excavauoﬁs ’I’hus, on the advice of Dr Berkey, excavancm was smpped the dam built and any
remaining open joints sealed by grouting.

This dam site was carefuﬁy explored geologmaily and the geomorphomgxcal sntaatxon well exploxted. The




erosion, pra vided azxexce‘l}entfoundanonforihe damoncethesheeﬁnggomtproblem had been dealt with.

Assocxated models Cratonic cores (Fig. 2.4); Collision complexes (Fzg 212 Contmemaigiacxatwn features
(Fig. 3.19)

Continental, fluvial, colluvial and lacustrine (Fig. 3.4) - A good example of a model representing both
modern and ancient situations, illustrated by Case Histories 2, 3 and 4. Case History 2 is one of the cases with
which the authors have had direct experience. In their view the existence of initial models would have helped
anticipate the problems that occurred.

Case Histozy 2: Ok Ma tailings dam site, Papua New Guinea
. / (Fookes, et al., 1991; Fookes and Dale, 2992 Gxx,fﬂths, et al, in prepn.)

The site is located in the Star Mountams of western Papua New Gumea, which form part of the active
Pacific and Indo-Australian plates. In connection with the nearby Ok Tedi gold and copper
permanent tailings élsposal system was required and a site at Ok Ma was chosen for the
constmctmzz;o the tailings dam.

At the proposed dam location, the southward flowing Ok (River) Ma has eroded an asymmetrical valley 150m
to 200 m deep through a sequence of Middle Miocene sediments dipping at 8°to 10° in a south-west direction.
Partly because of the component of dip across the valley to the west, the average slopes of the left and right valley
sides are around 12° to 13° and 20°, respectively. The slopes are capped by the Warre Limestone, around 80 m
thick. Thi "'zxnderlam conformably by the mudstones and siltstones of the Pnyang Formation, probably around
which forms most of the valley slopes and tends to behave as an engineering soil. As aresult of the

strong, »smnalaxed n mrosmn and the high rainfall, up to 10 m per year, both valley slopes are
mantled . They are well forested 'i)ut xcconnzussm s by heizcopter and on foot after the failure
showed e*pxesence of pre-existing landslides on the left vaiiley side could have been established beforehand.

The ”’on forthe eatthfroc]cﬁli tanhngsdamwas prepared by excavaﬁnga”footpmt" through the variable

soft colluvium in the valley floor, to a depth of about 14 m in the left abutment. These excavations were in
progres ,,}Z)ecember, 1983, when a landslide of about 3 million cubxc ‘metres occurred in the lower part of the
left valley ope, moving about 6 mtowards ther mver The works were halted and further investigations instigated.
In early Ja January, 1984, a further landslide of some 35 mxli;on cubic metres took place, affecting most of the
remamm eft valley slope. The works were evenmally abancioned '

erous examples of seriouslar : €] erate& by removing the toe from an unstable
leslope. In this case,’ 76 boreholesand 3 t&stpits w é,put down and 20 seismicrefraction
b it these were concentrawd iargeiy in the footp rint area and the wxder geological/
cal setting, parﬁcu}aﬁy the m&sence ofa large pr&exzstmg landslide, with its toe being
by er, was not properly appreciated. Also, despite highliquid limits and clay fractionsin the
Payan rmation, i its residual strength was initially somewhat over-estimated, with the result that the few
stablllty clwcks ma&e indicated high apparent factors of safety and generated a false sense of security.

Assocxatedmodels Magmatxc arcs (Flg 2 11), Open folds and joints (Fxg 3.12); Hot wet climate features
,  (Fig. 3. 23} '

Casc’Hisﬁdry 3:  Goldau rock slide, Switzerland
. (Heim, 1932; Eisbacher and Clague, 1984)

The xoclc shde—avaianche of 1806 at Goldau took place in a dip slope forming the south face of the Rossberg
Massif. Approxxmately 35 million cubic metres of rock, chiefly conglomerates of the Tertiary Molasse, slid down
ashaley bedding plane dipping south at around 15° (steepening to more than 20° near the crest) to destroy the town



of Goldau with the loss of 457 lives. Although apparently notbrought out previously, the toe of the dip-slope was
undercut by probably both glacial and fluvial erosion, and the shales were doubtless pre-sheared as a result of
tectemcaliy induced flexural slip. The failure was triggered by the rapid melting of an unusualiy thick snowpack,
followed by heavy rainfall. The fahrboschung was 11° to 11.5°.

Trans}"’tnonal slides on dip slopes (and overdip slopes, Cruden, 1985) are especially dangerous,
Whem undercut. Thisis because their geology and geometry facilitate the involvement of large
s of ,Ock, commonly sliding on pre»exisnng tectonic shears, which being kinematically unrestrained,
encourage rapxd movement.

Assocxated models:  Collision complexes (Fig. 2.12); Foreland basins (Fig. 2.13); Open folds and joints (Fig
, 312)

Case History 4:  Avulsion of the Kosi River fan, India, and the Mississippi River and its delta, USA
. (Freeman, 1922; Gole and Chitale, 1966; Schumm, 1977)

An amlsxon is a major change in the position of a river channel, greater than, for instance, the cutting off of
ameander. One of the most dramatic was the 1851 avulsion of the Yellow River, China, which shifted its mouth
over 300km to the north of its former position. Avulsions are a feature of fluvial fans, rivers and deltas. Between
1731 and 1963, the course of the Kosi River across its fluvial fan shifted laterally on over ten occasions by a total
of over 110 km. In the Mississippi delta, 14 different lobes have formed during the past 7500 years, each one
probably marking an avulsion upstream.

Avulsion is generally a response to two factors: channel aggradation due to progressive extension of a delta
into theo;ea (necessary in order to maintain the gradient upstream) and the availability of a shorter, steeper route
for the river to the sea. Indeed, without the control structures built by the Corps of Engineers, the Mississippi
won’i;i Zy’already have avulted to the shorter course to the Gulf of Mexico offered by the Old River-
Atchafalaya channel.

In an engineering geologxcai context, avulsion can be of great importance in its effects on drainage,
irrigation and agriculture, on the stability of river crossings (bridges and pipelines) and on the viability of
major ports ami industrial complexes (such as New Orleans).

Associated models Platform ents and basins (Fig. 2.6); Continental deltaic (Fig. 3.5)

Continental deltaic (Fig. 3.5) - Although this incorporates ancient coal measure systems, which commonly
occur, we could not find a leading case history. However, this model is given elsewhere as an associated case
history.

Shelf carbonates and evaporites (Fig. 3.6) - Again, this is a good model to illustrate local modern and ancient
environments. See Case History 5.

Case;'ﬁistoty;S: Col de Braus and Caranca tunnels, France
(Legget, 1939) »

Inthe constmctlon of the Col de,Braus unnel between Nice and Coni, France, just before the first World War,
rock consisting of almost pure anhydrite was encountered over a length of one kilometre. Groundwater reaching
the exposed anhydrite from adjacent Jurassic limestones caused it to increase in volume by around 30% in
transfonnmg to gypsum. The problem was worsened by the fact that the works were halted between 1914 and
1919. On oompiictx,on of the tunnel excavation it was lined with masonry. However, the groundwater was not
completely drained and the anhydrite continued to swell. As a result, part of the masonry lining was severely
disrupted. Reconstruction was carried out using a combination of further drainage and aluminous cement and
appears to have been effective.

This experience was utilised in the adjacent Caranca tunnel, completed in 1921, which passed through a few




| with coal tar and the
tar was injected under

ypsu m can be very
ge and sealing

Deep marine deposits (Fig. 3.7) - Although offshore oil exploration is extending into deeper water, and we
hoped would provide good examples of case history studies, we have found only Case Histories 6 and 7 to
illustrate this site scale model.

. Submanne shdes on the Hawauan dege
, ;mormark, etal, 3993)

ne slzées up m 200 km long azzd with voiumes of about 5 ()GO km® have bcen ‘mapped on the
he volcanic Hawaiian mdge They are intimately coz;nect’ vith the growth and dcvelopment of the
volcanoes, zendmg to widen the base of the ridge and fill the Hawaiian Trough. The more rapid slide movements
lead to tsunamis, some of which in the past are inferred to have been extremely large.

The ﬁawamn Ridge submarine slides are among the largest on earth. Tsunamis resulting from their rapid
moveme Aconstlmtc a potennaliy catastrophxc hazard pamOulariy around the Pacific Rim.

Ass "

de is one of the, largest and bestdoczxmemed of ﬁmse on tke US oommemal maxgm Itscrest
,tal slope off North Carolina and i it extemis about 430 km downslope, with an average width of
into the Hatteras abyssal plam at more than 5000 m depth Failure dates range from about 12,000
, at a time when world sea levels were eustatically depressed. Tnggemg mechanisms are
chide earthquakcs, mcreased pore-water pressures denvmgfromthedecomposmon of gas hydrate
d (facilitated by 1owered sea levcls) and the growth of sa}t dmpxrs which fmx:mred and over-
ower slopes

all scarp of the Cape Fear slxdemay constltuteahazardto offshore hydrocarbon operations.
he main hazard from a significant reactlvatxon of shde movemem would be a tsunami.

o,;iélr Platform sediments and basins (Fig. 2. 6)(?)

Normal faults (Fig. 3.8) - Although such features are relatively common and often encourage landslide
occurrence, only one suitable, but small scale, case history was found. See Case History 8.

Case sttory 8 . Opening-out of the Cofton Tunnel, England
. (McCallum, 1931; Legget, 1939)

There are many cases where a fault plane provides a pre-existing shear surface which is partly exploited by



e as its nghbhand' sz&e scarp.
;tyof siapes, 9axtly hecause of their

Assecxaeed magial Hot dry climate features (Fig. 3.22) (?)

Strike-slip faults (Fig. 3.9) - Again, a relatively common model. The 1906 San Franciscan earthquake on
the San Andreas Fault is used to illustrate this model. Case History 9.

an Andreas Fauit, U S A

Caéé%fiis » a .
. ( ;eaxs etal, 1997 ﬁamherand Lxsowskz 1987)

The San Andraas is’ perhaps the best known examp%e ofa smke»ﬂz;; (rzght lateral) fault. Its ime is marked by
fault scazps, offset streams and rivers, sag ponds and en echelon ruptures. The total offset on this fault since the
Plioceneis nmated at 55 km; offsets of 5.2 m or more occuxred onit dunng the 1906 San Francisco earthquake.
Its zate H" cene slif rate is abmzt 34 mm/yean. _

Assoiatod models:  —

Thrust systems (Fig. 3.10) - Again, a relatively common phenomenon in active plate tectonic areas but no
leading case history was found.

Jointings in undeformed sediments (Fig.3.11) - Again, we thought this would produce several case histories,
but no leading case history was found.

Open folds and joints (Fig. 3.12) - This particular model produced many case histories from which we have
selected three. Case Histories 3 (again), 10 and 11.

Case mstoxy Z{) ;Mangia Dam, Pakistan
, . (anze, etal, 1967 Fell, etaI 1988 Hutchmson, 1988 1995)

o ',,of stmta is acaompame& b;y d:lfferennal movemm betwean the beds mvolved This tends

residt : ;have pxofound effects on the stabllzty of the system
and, ¢ lly d rphologx al expxessxon, they are easily missed. '

Such d a significant influence on the Mangla Dam Project in West Pakistan (Binnie, et al., 1967),
constructed on. folded alternations of sandstones and shales of the S1wa!1k$e:nes. Although to be expected in such

strata with dips up to around 45°, the flexural shears were not observed until construction of the earth dams began
and a costly design modification became necessary. Aithong‘h flexural shears were already known in structural
geology, this was the first occasion where they were reported to have had a significant influence on engineering




B = dam crest; Js = Upper Jurassic limestones; C = Lower Cretaceous marls;
1 = principal fissure; 2 = other, deeper fissures; 3 and 4 = secondary fissures; 5 = stress relief fissures
(Gignoux and Barbier, 1955)

Figure 5.1 : Barrage de Castillon - block diagram



Plastic folded with cleavage (Fig. 3.13) - This model is again potentially fairly common in convergent
boundary systems. However, we did not find any readily identifiable case histories and thought that this could
be because the cleaved nature of the rocks involved was not brought out in the case histories we reviewed.

Multiple folded sheared (Fig. 3.14) - This model related to several of the case histories, though not always
as the leading case. It is again a potentially very common model, especially for convergent boundaries, and we
illustrate it with Case History 12.

Case i{[istory 12: Malpasset Dam, France =
~ (Habib, 1987; Londe, 1987&, Wz tke and Leonarﬂs 1,987)

Th@éé 5 mhxgh, double curvature concrete arch damat Malpasset was completed about 1954 Its first fﬂlmg
took place very slowly. In December, 1959, when the reservoir. was 0. 1¢r§$t level, the
dam suddenly failed. The resulting flood wa 2 rean

The damis sited in the crystalline Tanner nMassifand con ) gge ,,erailyN-S The
fohatzon dips betwaen 30° and 50° downstream and towards the rlght bank. Tectomc disturbances from the
Hercyman orogeny ¢ mawards have led to cicse 3omt1ng of the rocks, with associated low moduli, and numerous
shears and faults. The site investigation was very restricted, consisti g, o{f ;mst a few boreholes and vxsual
mspectx:}n of the excavation bottom (Londe, 1987b).

Subsequent investigations, conveniently summarised in Leonatds (ed 1987), found no' fault mt:h the design
or construction of the dam itself. Its collapse was brought about by excessive deformat ions of the rocks forming
the left abutment culminating in the development of high groundwater pressures which caused the uplift and
removal of a Iarge wedge beneath the dam foundation. This wedge was defined upstream by a foliation surface,
partmlly apened by crackmg, anci downstream by the ”downstream fauit nnsscd by the site mvestxgatmn The

i , . .

The failure nf the Maip , dal
which, because of madequate sn:e investig atmn, were not forween. Inadd;tmn, instrumentation that would
have permitted the observaﬁo’ alme o beap ed”wasnotprov:d ‘ ««Suhsequentevents demonstrated
thatit would have been wnse to dnscaré the arc dwgn (Londe, 198’7a' Terzaghi, in Goodman, 1999).

Associated models:  Mobile belt (Fig. 2.5); Gneisses and qﬁgmatiggs (Fig. 3.17)

Tectonised mélanges (Fig. 3.15) - A potentially fairly common situation in convergent boundaries but also
one for which we found no leading case history.

Schistose rocks (Fig. 3.16) - A potentially fairly common situation in convergent boundaries but also one for
which we found no leading case history, but see Case Histories 14 and 30.

Gneiss and migmatite (Fig. 3.17) - A potentially fairly common situation in convergent boundaries but also
one for which we found no leading case history, but also see Case History 30.

5.3.2 Geomorphological Models

Mountain glaciation (Fig. 3.18) - This model is related to many case histories and itself merges into the
continental glaciation and periglacial models and potentially into the temperate model, so that there is a lot of
overlap in this area. This particular model is illustrated by Case Histories 13, 14 and 15.



fer, 1955; Anderson and Trigg, 1976;

) pilot 6 cmd ameter sxphoxz to reduce the Iake levai ’I‘he u}mnate axm is to supplement thxs
sche achieve a lake }owprmgofISmto 20m.
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Figure 5.2 : Barrage des Echelles d’ Annibal - cross section of gorge cut by sub-glacial torrent

Continental glaciation (Fig. 3.19) - Again, this is a potential, common model which we illustrate with Case
Histories 16, 17 and 18. This model merges into mountain glaciation, periglacial and temperate models.

Case

\ in this intraplate

an belt, and concluded
that th e 1970s amajor Late-glacial
fault, th is most extensive and continuous fault scarp
is over Related fault systems lie to the east and north-



mﬂuénce 0 plans for the ﬁisposal of radxoactlve Wast&s in the regmn.

Assocxated models Cratons (Fig. 2.4); Mobxle: belts (Fig. 2.5); Basic volcanics (Fig. 3.1); Plutonic intrusions
(Fig. 3.3); Periglacial features (Fig. 3.20)

Case Htstoxy 17: Silent Valley, Northern Ireland
(Mclldowie, G.,1936; Legget 1939 Walters, 1962)

ailey earth damin the Mourne Mountains of Noxthem Ireland is 27 m high and was constructed
1 the initial site mvasugauon, granites encountered at a depth of 15 m were interpreted as bedrock.
minimum .depth of penetration into rock of these boxehoies isnotknown. Subsequent shafts, taken
down to 65 m below ground level (partly for dewatering puxposes}, and further boreholes showed that this
"bedmck” actuaily consisted of boulders. This was confirmed by the cut-off trench, which had to be taken, with
great dszicu}ty, to a depth of 55 m through running silt under compresscd air.

(stc on McIIdowm, 1936) said that it was not surprising that the boulders had been misinterpreted
 one was as big as a cottage. However, their non-local provenance, which wouid have clearly
m as bonlders, was not realised. For all subsequent boreholes a minimum penetratnox; of 6 minto
'md.} Legget (Corr. on Mclldowie, 1936) regretted the "complete absence of reference to geology
e's paper”. .

; rminauon of firm bedrock is a fundamexxtal part of snte mvestlgatmns ‘and a minimum
y coring s commoniy specxfied. ‘I‘he €rrors on thxs pro;ectsprang ennrely from ignorance of
especxally glaciai geology.

Cratons (Fig. 2.4); Plutonic intrusions (Fig. 3».3); Monntain glaciation (Fig. 3.18)

istory 18: Wabamum Lake, Canada »
o (Tsui, et al., 1989; Hutchinson, 1988)

ilures occurred in the large open pit coal mine of nghvaie, sxtuated in ﬂatuw ng Upper Cretaceous
,estem prairies of Alberta. These failures were in a mudstone on deep-seamd sub-horizontal
rs at approxxmately residual strength within a remoulded and brecclated layer. They occur in
oughs where proglaclal water bodies were xmpounded and thawed the permafrostin front of the ice
/, éiécreasad the resistance of the sub~glacza1 strata to xoe»-thmstmg The shears are attributed to
/e assocxated with the Late Wisconsin i ice sheet.
‘on tothe shearing and deformation in push moraines, glaciotectonics can give rise to through-
gomgi»y e- exisﬁng shears in flat-lying shales and mudstones. 'I‘hese are reported to depths of up to 180m
below grouné ieve} in western Canada (Kupsch, 1962).

Assocxatedmodels Platform sediment basins (Fxg 2.6); Jointing patterns in undeformed sediments (Fig. 3.11)
.  Periglacial features (Fig. 3.20)



Periglacial (Fig. 3.20) - This model is for areas outside the limits of glaciation and may also be superimposed
on former glacial areas as glaciation retreats. The model is important because it describes both fossil (i.e. ancient)
conditions and currently active conditions. It is illustrated by Case Histories 19, 20 and 21.

mﬁiesﬁgaﬁaz}, mcizzémgmaﬁi pits *
é&mi@p& from7°tobelow 3°, were
‘ sizg&i armmé 2 m thick formed

¢ ¢ xis {amgiﬁimnm i%f& }iiwas;gienﬁeém

Associated xm}éeis ?iaﬁ‘ﬁxm sedime ni:s and basins (B‘ig 2. 6}, Cmnnamai deltaic {Fig 3 5} Open folds ami
- joints (Fig. 3.12) \
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(Horswill and Horton, 1976)

Figure 5.4 : Empingham Dam, River Gwash valley - cross section showing camber and valley bulge features

Temperate climate (Fig. 3.21) - This is an important model in that it links the various landscapes between
cold conditions and the hot conditions, so it is the model that links Figures 3.18, 3.19 and 3.20 with Figures 3.22,
3.23 and 3.24. It may well contain relict periglacial or glacial conditions or even relict hot dry or hot wet
conditions as the climate belts have moved in the Quaternary and a little earlier. Itisillustrated by Case Histories

22 and 23.




A : hroug : a:;éizmngﬁt
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\ pe : k, over 2 km long, aifmgtixe agpmﬁmt&zmémgaf the eventual 1963
! m@eﬁeﬁcﬁ%ﬁ“ aﬁmeﬁfﬁnnmﬁ;hzghA ndicatir

iththe brittle failure on mt&maisﬁémm%ﬁemfher this constraint was saéé@niyxemoved

the slide to accelerate dramatically as its factor of safety fell from effectively unity to around 0. 9
(H;ztckmsm, 1987).
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Hotdry climate (Fig 3.22) - This model is based on hot dry conditions, i.e. hot deserts, but in some cold deserts
similar conditions also pertain, the unifying feature being lack of rain and, especially in hot deserts, evaporation
exceeding precipitation at all times. This model merges into the temperate and, depending on the location, may
also merge into the soluble and various coastal models. It is illustrated by Case History 24 which is an example
of an ancient hot dry situation. This is another case where the authors had first hand experience of the successful
use of the initial model. It is also illustrated by Case History 25, a modern desert situation.




Hot wet climates (Fig. 3.23) - Again, like hot dry, there are potentially many case histories relating to modern
conditions of this model as well as the occasional ancient conditions. Surprisingly, we have found no case history
that we could use as a leading case.

Coastal (Fig. 3.24) - This is a particularly important model because it represents most coasts of the world, all
being subject to the worldwide sea level changes in the Quaternary, which have made most coasts quite
geomorphologically active zones. The coasts themselves would have been further modified by their hinterland -
hot wet, hot dry, periglacial, and so on. This model produced many case histories of which three have been
selected: Case Histories 22 (already described), 26 and 27. The latter case is again one in which the authors have

had first hand experience. By use of the models, all the geotechnical conditions contributing to the during-
construction instability were anticipated.
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Soluble rock (Fig. 3.25) - This model can occur more or less anywhere in the world and is related to those
rocks that dissolve in relatively short periods of geological time, particularly limestones: gypsum and other less
common evaporite rock types also suffer from similar solubility characteristics to the limestones, but usually
dissolve more quickly. This model is illustrated by Case Histories 28, 29, 30 and 31.
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6.0 CONCLUDING REMARKS

From the numerous case histories examined to select those appropriate for summarising in the paper, we
reached the overwhelming conclusion that for well over a century there has been a repetition of common reasons
which, individually or in association with the others, have led to failure to anticipate geological conditions. This
in turn has led to failure in the project engineering. We have learnt little new in this respect and many authors have
reached similar conclusions before, e.g. see Tables 1.2 and 5.1 reproduced here from the original author.

We have not carried out a statistical evaluation of causes, or of features leading to causes of the failures, since
the case histories differ widely in degree of detail available, and in the numbers of various types of case. However,
we have come to some broad principal conclusions:

There must be a specific and determined endeavour to understand the engineering geology and
geomorphology environment of the site and to incorporate that understanding into the project design.
The engineering geologist must be competent, well trained, experienced and a good geologist if he is to be
either the lead engineering geologist in the team, or the only engineering geologist in the team.

The engineering geologist must have a good knowledge of geomorphology and on occasion will need to
work with a geomorphologist. Appropriate experience is most important in the professional development
of qualified geologists and geomorphologists.

Each site evaluation, however small, should ideally have at least one engineering geologist involved in the
work. We believe this does not always occur in practice.

Itis at the preliminary stage that the engineering geologist probably can have the most significant influence
on the project by indicating potential hazards and their consequence on the economy of design, matters of
construction and expected performance of the works.

To help evaluate a site successfully, we have developed a total geological history model approach which is
presented in the paper:

Our use of models to understand the total geological and geomorphological history of the site helps in the
identification of the mass and material characteristics of the ground. The approach generates questions and
check lists which must be answered to develop a full understanding of the geological and geomorphological
history of the site. In this way, anticipation of all possible geotechnical conditions should be achieved. This
is accomplished through a staged understanding of the ground from the initial models to the final site-
specific model. The initial models help in the planning of the ground investigations which provide
information on which to build the subsequent site specific models.

We consider that there is very little geology or geomorphology which will be unforeseen on a site if the
evaluation is done properly. Nevertheless, it can be unforeseeable, i.e. all geological conditions affecting
the engineering performance of the ground should be reasonably foreseen by a considered investigation.
However, the detailed variation in their location, form and size or specific engineering characteristics (the
potential range of which must be established) might be unreasonable to evaluate within available time and
money constraints. A simple example of this would be the presence of a karstic cave system anticipated
by the model and proved by drilling. The precise configuration of the cave system would require either
underground mapping, which might not be feasible, or an enormously large number of boreholes, which



would be impracticable. i.e. the cave system has been foreseen and allowed for in the contract arrangement,
butits detail is unforeseeable. Note that in such circumstances, adoption of the observational method would
overcome potential engineering problems

® Engineering geological interpretation of the site must be continuous and early observations and deductions

should be continuously reviewed, objectives should be defined and questions should be asked. This process
must continue into construction and the service life of the project.

Our initial models and anticipations are offered as aide-mémoires for competent geologists, geomorphologists
and engineering geologists. Engineering geological environments around the world, which began to be shaped long
ago, can offer a bewildering array of conditions that can impact on projects: there is not enough time in a lifetime
to see them all. The models offer assistance to those breaking potentially new ground and therefore will need
constant review and addition. Some of the annotations and text on the models can, with little time or effort, be
dismissed as inappropriate for a particular site: others may take extensive and expensive investigation to prove
their presence and relevance, or otherwise.
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APPENDIX

Model Figures
Title Fig. | Leading Case History
Tectonic elements of the world 2.1 | -
Section showing major tectonic element of the earth’s crust 2.2 |-
Simple tectonic crustal collision mechanisms 2.3 |-
Tectonic model - intraplate setting - cratons 24 |16,17
Tectonic model - intraplate setting - mobile belts 2.5 | 14,26,27
Tectonic model - intraplate setting - platform sediments and basins 2.6 |4,12,18, 19,20, 21, 22, 24, 26, 31
Tectonic model - divergent plate boundary - continental rifts 2.7 | None found
Tectonic model - divergent plate boundary - oceanic rifts 28 |6
Tectonic model - convergent plate boundary - accretionary prisms 2.9 | None found
Tectonic model - convergent plate boundary - fold and thrust belts 2.10| 27
Tectonic model - convergent plate boundary - magmatic arcs 211127
Tectonic model - convergent plate boundary - collision complexes 2121, 11,13, 14, 23,28
Tectonic model - convergent plate boundary - foreland basins 2.13) 3,4,5,10.15
Geological model - igneous - basic volcanics 3.1 | None found
Geological model - igneous - acid volcanics 3.2 | None found
Geological model - igneous - plutonic intrusions 33 |1
Geological model - sedimentary - continental fluvial, colluvial and lacustrine (3.4 [ 2,3, 4
Geological model - sedimentary - continental deltaic and coal measures 3.5 | None found
Geological model - sedimentary - shelf carbonates and evaporates 3.6 |5
Geological model - sedimentary - deep marine and continental slope 3.7 16,7
Geological model - structural - normal faults 38 |8
Geological model - structural - strike slip faults 39 19
Geological model - structural - thrust faults 3.10 [ None found
Geological model - structural - joints in undeformed sediments 3.11 | None found
Geological model - structural - open folds and joints 3.121 (3), 10,11
Geological model - structural - plastic folds with cleavage 3.13 | None found
Geological model - structural - multiple folds and shears 3.14] 12
Geological model - structural - tectonised melange 3.15 | None found
Geological model - metamorphic - schists and phyllites 3.16] (14, 30)
Geological model - metamorphic - gneisses and migmatites 3.17] (30)
Geomorphological model - valley glaciation features 3.18]13,14,15
Geomorphological model - continental glaciation features 3.19] 16,17, 18
Geomorphological model - periglacial features 3.20(19,20,21
Geomorphological model - temperate climate features 3.21122,23
Geomorphological model - hot dry climate features 3221 24,25
Geomorphological model - hot wet climate features 3.23 | None found
Geomorphological model - coastal features 3.24| (22), 26, 27
Geomorphological model - soluble rock features (landform scale) 3.251 28, 29, 30, 31
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Figure 2.1 : Tectonic elements of the world (based on Moores and Twiss 1995)
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Figure 2.2 : Section showing major tectonic elements of the earth’s crust
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Figure 2.3 : Simple tectonic crustal collision mechanisms
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LITHOLOGIES: Precambrian cratons generally form rolling uplands hence called "shields". Archaen systems
(>2,500Ma) include granites, gneisses, migmatites, subordinate metasediments, deformed mafic-ultramafic,
and quartzite-carbonate-iron formations. Proterozoic systems may have developed after some crust became
stable (2,500 - 550 Ma) and includes basic dyke swarms, undeformed sediments, highly deformed orogenic
belts, aulacogen infills, stratiform mafic complexes, anorthosite bodies.

STRUCTURE: ductile polyphase deformation, high grade metamorphism, early refolded low angle faults and
folds and later upright folds, complex structural relationships to greenstone belts including shear zones,
unconformities, and intrusions.

RELATED MODELS: basic volcanic Figure 3.1, acid volcanic Figure 3.2, granite Figure 3.3, continental
fluvial, colluvial and lacustrine Figure 3.4, shelf carbonate and evaporites Figure 3.6, deep marine and
continental slope Figure 3.7, plastic folds with cleavage Figure 3.13, multiple folds and shears Figure 3.14,
schists and phyllites figure 3.16, gneiss & migmatite Figure 3.17.

EXAMPLES: Yilgarn craton of western Australia; Superior Province of Canada.

Figure 2.4 : Tectonic model - intraplate setting - cratons
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LITHOLOGIES: originally "greenstone" belts, ie. mafic volcanics, but now distinct zones of associated
volcanics, deep water sediments and immature sediments, with low pressure regional metamorphism,
intruded by intermediate and acid plutonics. Usually three groups, lower komatiitic ultramafics and mafics
with pillows, middle intermediate volcanics, and upper clastics including greywackes, sandstones,
conglomerates, banded ironstones and limestones. Zones of considerable economic, precious and base
metal mineralization.

STRUCTURE: typically in synformal structures 40 - 250 km wide and 120 - 800 km long,
multiple folding, throughgoing shears, steeply dipping schistosity.

RELATED MODELS: basic volcanics Figure 3.1, acid volcanics Figure 3.2, deep marine and continental
slope systems Figure 3.7, thrusts faults Figure 3.10, plastic folds with cleavage Figure 3.13, multiple folds
and shears Figure 3.14, tectonised melange Figure 3.15, schists and phyllites Figure 3.16.

EXAMPLES: Kalgoorlic greenstone belt of western Australia; Barberton greenstone belt of the Kalahari
craton, South Africa; Abitibi greenstone belt of the Superior Province, Canada.

Figure 2.5 : Tectonic model - intraplate setting - mobile belts
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LITHOLOGIES: quartz rich sands, limestones, muds, evaporites and coals; facies changes across basins;
thicker sequences in rifted basins; these systems are the main source of coals and hydrocarbons.

STRUCTURES: regional jointing related to basin shape, conjugate jointing, low dip angles, growth faults
and monoclinal drapes. Many basins display repeated phases of subsidence throughout the geological record
and also inversions, when the sense of differential movement is reversed.

RELATED MODELS: fluvial colluvial and lacustrine Figure 3.4, deltaic and coal measures Figure 3.5,
shelf carbonates and evaporites Figure 3.6, undeformed basin accumulations Figure 3.11.

EXAMPLES: Illinois basin, Michigan basin, Williston basin of North America, Mesozoic and Cenozoic
sediments of southern United Kingdom.

Figure 2.6 : Tectonic model - intraplate setting - platform sediments and basins
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LITHOLOGIES: marginal fans, coarse braided alluvium, meandering alluvium, lacustrine deposits,
minor evaporites and coals, basic intrusive and volcanic and their differentiates, but also characteristically
alkali rich igneous rocks (trachytes and syenites).

STRUCTURE: extensional tectonics involving doming and uplift above areas of thinner continental crust
and high heat flow, horst and graben, minor open folding. Often evolve firstly with volcanism, then doming,
then rifting. Some rotation or tilting of blocks can occur during the later phases. Graben are typically 15 to
50 kilometres wide but may occur in swarms. Downfaulting as a result of rifting may involve active
deposition occurring well below current sea level. Normal faulting at the margins may be listric and
transition to very low angle normal faults called detachments at depth.

RELATED MODELS: basic volcanic Figure 3.1, continental fluvial, colluvial and lacustrine Figure 3.5,
normal faults Figure 3.8.

EXAMPLES: Rhine graben; African rift system; Basin and Range Province of North America.

Figure 2.7 : Tectonic model - divergent plate boundary - continental rifts
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LITHOLOGIES: The ophiolite sequence ie.

Pelagic sediments, thin oozes, muds ,cherts, metal rich

Extrusive volcanics, massive or pillowed basalts, some breccias, some dykes
Sheeted dyke complex, multiple injections of basic dykes

Top plutonic complex, gabbro, diorite and quartz diorite intrusives
Stratiform plutonic complex, cumulates in magma chambers

Tectonised peridotite, foliated ultramafic.

STRUCTURE: extensional tectonics.

RELATED MODELS: basic volcanic Figure 3.1, plutonic intrusions Figure 3.3, normal faults.
Figure 3.8.

EXAMPLES: The mid Atlantic ridge with Iceland formed where the ridge extends above sea level,
the Trudos ophiolite complex on Cyprus (inactive remnant of sea floor).

Figure 2.8 : Tectonic model - divergent plate boundary - oceanic rifts
(based on Moores and Twiss 1995)
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LITHOLOGIES: deep marine sediments, muds radiolarian cherts and oozes, exhalative cherts, pillow
basalts, slumped masses from the upper slopes including massive shelf limestones.

STRUCTURE: intense compression and shearing, tectonic melange, imbricate thrusts, high pore water
pressures.

RELATED MODELS: deep marine and continental slope Figure 3.7, thrust fault Figure 3.10, plastic folds
with cleavage Figure 3.13, multiple folds and shears Figure 3.14, tectonised melange Figure 3.15.

EXAMPLES: south of the Sunda arc; northeast Honshu Japan; Franciscan rocks of west North America.

Figure 2.9 : Tectonic model - convergent plate boundary - accretionary prisms
(based on Moores and Twiss 1995).
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LITHOLOGIES: dominated by deep water marine sediments, flysch, and greywackes with some pyroclastics
and volcanoclastics ie. volcanic associations (formerly called engeosynclinal facies) in deeper parts of the
original basin, and with shelf deposits of limestones, sandstones and mudstones with no volcanic associations
(formerly miogeosynclinal facies) in shallow parts of the original basin. Epitomised by "slate belts" where thick
monotonous sequences of fine grained sediments have accumulated in deep trenches.

STRUCTURES: Towards the centre of an orogenic belt there is generally a fold and thrust belt dominated by
deep water marine sediments with volcanic associations which transitions laterally to shallow water shelf
sediments. The original basins in which the deep water marine sediments were deposited may be a forearc or a
backarc basin with the shallow water shelf sediments deposited on adjacent stable continental crust. There is
characteristically a low angle shear that separates the rocks of the fold and thrust belt from the underlying
basement. The deep water sediments tend to be close to the orogenic core and are usually metamorphosed to
greenschist facies and above with plastic folding that can be inclined or even recumbent and can form nappes.
Slaty cleavage and foliation is well developed and multiple folding is common. Towards the shallow margins
multiple thrusts with duplex structures are common and bedding parallel faults form in incompetent layers.
Shallower thrusts tend to be younger resulting in prograding deformation.

RELATED MODELS: deltaic and coal measures Figure 3.5, shelf carbonates and evaporates Figure 3.6,
deep marine and continental slope Figure 3.7, thrust faults Figure 3.9, plastic folds Figure 3.13, multiple
folds and shears Figure 3.14, tectonised melanges Figure 3.15.

EXAMPLE: slate belt of north Wales; southern Appalachians in USA; Canadian Rockies.

Figure 2.10 : Tectonic model - convergent plate boundary - fold and thrust belts
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LITHOLOGIES: composition dominated by acid and intermediate volcanics ie. andesites, rhyolites, but with

some basalts. Texturally the sequences include various lavas, pyroclastics, tuffs, ashes, lahars, and megabreccias.
Sequences characteristically include zones of hydrothermal alteration, mineralization, and, locally, proximal

black shales and minor limestones from contemporary fringing reefs. Distal volcaniclastics are deposited in trench
systems. Young arcs tend to be underlain by thin crust (20 kms) and are dominated by tholeiitic basalts, whereas
older arcs tend to have thicker crust (20 - 35 kms) and have more calc-alkali andesites and alkali basalts. In mature
arcs plutonic rocks from magma chambers are exposed. Many rich epithermal and mesothermal base metal and
precious metal deposits are formed in this environment.

STRUCTURE: caldera collapse, neotectonics, active uplift, surface faulting, high heat flux, seismicity, normal
faulting and thrusting. A close association exists between active volcanic activity and present day seismicity.

Magmatic arcs may be grouped as follows:

Active volcanic arcs: consisting of currently active or dormant volcanoes, with typical landforms of cones,
craters, calderas, lava flows, ignimbrite plateau etc. especially occurring around the circum-Pacific belt. These
tend to be acid or intermediate in composition and may be built up from several cycles of volcanicity, but are
generally non-tectonised although they are depositionally complex due to the volcanic processes themselves.

Ancient island arc type systems: with lavas, pyroclastics and volcaniclastics deposited in trenches, associated with
crustal shortening involving thrusting, high pressure regional metamorphism, possibly with introduced ultrabasic
rocks, and minor plutonic intrusions of intermediate or acid composition although large granite batholiths tend to be
absent.

Andean Cordilleran type systems: with lavas and volcaniclastics in continental rifts paired with shelf facies,
little crustal shortening, dominated by vertical movements, open folds without cleavage are most common ,
regional burial metamorphism, batholiths range from predominantly granitic to a calc-alkaline association of
gabbro, diorite, granodiorite and granite.

RELATED MODELS: basic volcanics Figure 3.1, acid volcanics Figure 3.2, plutonic intrusions Figure 3.3,
normal faults Figure 3.8, thrust faults Figure 3.10.

EXAMPLES: Active volcanic arcs occur in parts of Indonesia such as Bali and Java; Aleutian arc; parts of Japan.
Ancient island arc systems occur at Bougainville (Panguna deposit); the Mount Read Volcanics of Tasmania.
Andean Cordilleran arc systems occur at the Bolivian tin belt (Cordillera Real) in the Andes; the San Juan field of
Colorado in the North American Cordillera.

Figure 2.11 : Tectonic model - convergent plate boundary - magmatic arcs
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LITHOLOGIES: the system forms when two masses of continental crust collide and continue to converge and
hence the entire range of crustal igneous, sedimentary and metamorphic rocks may be entrained, or formed, in

the collision complex, together with ophiolite sequences from pieces of oceanic crust that may be caught up in the
collision.

STRUCTURE: major crustal thickening due to underthrusting of thick crustal slices and relatively shallow
seismic events associated with the thrusting are characteristic, but considerable strike-slip faulting is also common
and can form patterns suggestive of indentation of one continental mass by another. Ophiolites may be emplaced
by obduction at the tectonic suture that forms between crustal masses and involves detachment of pieces of
oceanic crust from the downgoing oceanic plate and thrusting onto the continental plate. Sutures are usually
intensely sheared and often separate markedly different stratigraphic or tectonic regimes. Crustal shortening of
many hundreds of kilometres can result from an ongoing collision and the immense compression causes deep
crustal rocks to be thrust to the surface. This results in intense ductile folding and multiple deformation episodes,
intense shearing along regional thrusts, and the development of nappes as the crustal rocks are extruded from the
collision complex and flow out close to the surface as huge recumbent fold systems. The rapid uplift and
youthful topography combined with the neotectonic movements of nappes and sheets of tectonised crustal rocks
can result in surface instability in the form of massive landslides.

RELATED MODELS: entire range of igneous and sedimentary models Figures 3.1 to 3.7, plastic
folds with cleavage Figures 3.13, multiple folds and shears Figures 3.14, tectonised melange Figure 3.15,
sheared schists Figure 3.16, gneiss and migmatite Figure 3.17.

EXAMPLES: central Alps; Zagros region of southwestern Iran; Himalayan mountain range.

Figure 2.12 : Tectonic model - convergent plate boundary - collision complexes
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LITHOLOGIES: “molasse” assemblages, coarse clastics, sandstones, mudstones, limestone, coals,
evaporites; coarseness decreasing away from mountain front, tend to be fining upwards, may indicate
shallowing with time, "unroofing sequences" may display the reverse order to the provenance stratigraphy,
and indicate progressive uplift and erosion within the source mountains.

STRUCTURE: slight deformation, open folds with large wavelengths, tighter inclined folds verging
towards the stable platform close to the mountain front. These basins are characteristically formed in the
later stages of tectonic activity when orogenesis is largely complete, and may be associated with flexure or
faulting induced by isostatic adjustment of the crust to the load of the developing mountain front.

RELATED MODELS: fluvial, colluvial and lacustrine Figure 3.4, deltas and coal measure Figure 3.5,
shelf carbonates and evaporites Figure 3.6, undeformed basin accumulations Figure 3.11, open folds
and joints Figure 3.12.

EXAMPLES: Cretaceous basins to east of the Cordilleran belt in USA; the Swiss Plain between the Jura
mountains and the Helvetian Alps.

Figure 2.13 : Tectonic model - convergent plate boundary - foreland basins
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ANTICIPATE:

Lithological: oceanic undersaturated olivine basalts, continental saturated tholeiitic basalts, porphyritic,
vesicular tops, amydales, scorias and local pyroclastics, pillow lavas where extruded into water, tachylite (basaltic
glass) altered by water absorption to brown waxy palagonite, some differentiates into more acid lava types.

Setting: shield volcanoes, plateau lavas, ring complexes, extensional tectonics, flows along drainage lines, relief
inversion where resistant flows in valleys are preserved after erosion.

General: local unpredictable variations due to irregular lava flows, pyroclastics, steam vents, sediment diapirs etc.,
slope instability associated with weak clayey intraflow sediments, locally strong groundwater flow, local faults and
folds associated with volcanic episode generally good aggregates, ASR due to opal and zeolites in vesicles.

EXAMPLES: Hawaii, eastern parts of Australia; Deccan plateau of west India; Antrim plateau of Northern Ireland,
Columbia and Snake river regions of USA.

Figure 3.1 : Geological model - igneous - basic volcanics
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Lithologies: thyolites, flow banding, dacites, andesites, porphytic textures, vesicular zones, breccias,
pyroclastics, mixed lavas and unconsolidated ash and clinker, hydrothermal alteration, mineralisation.

Setting: gravity collapse, caldera collapse, pre-eruptive bulging, very chaotic deposits, columnar jointing.
General: vast hazard zones, pyroclastic surges, poisonous gasses, mobile lahars; gross slope instability;
extremes of permeability; low density zones, collapse potential, weathering products include smectites,

halloysite, sensitive soils; ASR due to glassy lavas.

EXAMPLES: Mount St Helens in USA; Vesuvius in Italy; many volcanoes in Java; Mont Pelee in Martinique.

Figure 3.2 : Geological model - igneous - acid volcanics
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Lithologies: granites, diorites, some gabbros, porphyries, late stage mineralization, metamorphic aureole,
Setting: batholiths, passive (stoping) or forceful intrusion, syn- and post-intrusion shear zones, late stage dykes,

General: weathering corestones may not be in-situ or may have soils below them, hydrothermal alteration at all
levels, deep weathering in warm wet climates and weathering profiles often preserved in temperate climates

EXAMPLES: Dartmoor in UK; Hong Kong; western Saudi Arabia.

Figure 3.3 : Geological model - igneous - plutonic intrusions
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ANTICIPATE:
Lithologies: recent soils range from clays, silts, sands, gravels to boulders, according to depositional environment,
ancient rocks include claystones, siltstones, sandstones and conglomerates, often red/brown, may contain evaporites.
Setting: tends to be associated with stable crust and/or post orogenic landscape development, also early basin fill, forms
continuum with deltaic and coal measure model (Fig. 3.5) in lower parts. Base level, gradient, water tables all interact.
General: processes such as flooding, scour, mass movement, sediment movement, well graded construction materials.

EXAMPLES: Amazon; Mississippi; Thames; Niger, numerous examples from most major drainage systems.

Figure 3.4 : Geological model - sedimentary - continental fluvial, colluvial and lacustrine
(based on Selley 1985, Tucker 1991 and Emery and Myers 1997).
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Lithologies: cyclic sediments, coarsening upwards, and fining seawards. Sands, muds, clays, swamps. Extensive
bioturbation by organisms and roots. Weathered crusts producing heavily overconsolidated layers within normally
consolidated sequences. Environment of deposition for coal measures rocks. Minor dykes on extensional faults
at a late stage of basin development.

Setting: downwarps in continental plates, growth faults during deposition, normal faults associated with basin
extension,

General: sediments with high water contents, rapid changes in channels and prone to avulsion, ground movements
due to differential compaction of sediments,

EXAMPLES: Mississippi delta; Nile delta; Ganges Brahmaputra delta; Hwang Ho delta; coal measure rocks
from the Carboniferous; Fly River, Papua New Guinea.

Figure 3.5 : Geological model - sedimentary - continental deltaic and coal measures
(based on Selley 1985, Walker and Prior 1986).
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ANTICIPATE:

Lithologies(by grain size / constituents / texture):

Flats: calcilutites / clays, muds, pellets, evaporites / mudstone

Lagoons: calcilutite, calcisiltite, calcarenite / muds, pellets, ooids, pisoids, skeletal debris / wackestones,
mudstones

Back reef: calcarenite / ooids, skeletal fragments / grainstones, packstones

Reef: calcarenite, calcirudite / insitu skeletons - biolithite / boundstones

Fore reef: calcarenite, calcirudite / skeletal fragments / grainstone, packstone

Slope: calcilutite, calcirudite / muds, skeletal fragments, blocks of biolithite/ mudstones, wackestones

Settings: shallow continental shelfs and edges with “carbonate factory™ active when water depth <40 m
and within photic zone, carbonate platforms range from rimmed shelfs, ramps, epeiric platforms, isolated
platforms, drowned platforms.

General: extreme variability in strength, cementation, porosity, permeability.

EXAMPLES: north west Australia; Great Barricr Reef Australia; Yucatan coast Mexico; Trucial coast of
the Arabian Gulf.

Figure 3.6 : Geological model - sedimentary - shelf carbonates and evaporites
(based on Selley 1985, Tucker 1991, Emery and Myers, 1996, Fookes 1997)
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ANTICIPATE:

Lithologies: interbedded muds and sands, and mud/sand mixtures with muds rich systems dominating,
some coarser deposits if the mountain front is close. Transport by gravity flow (turbidity currents, fluidized
flow, grain flows and cohesive flows) and mass movement induced by seismic events and storm loading.
Turbidite beds characterised by immature sediments, scours and sole marks, dewatering structures,
convolute bedding, inverse bedding, thin, laterally continuous, repetitive beds, generally coarsening
upwards and thickening upwards within a sequence. Thick sequences of turbidites referred to as flysch.

Setting: on the continental slopes or just off the continental shelf, within trenches at plate margins, in
rifted basins at passive margins, forearc and backarc basins.

General: environment currently being explored for oil and gas, rates of active sediment transport, mass
movement and deposition depending upon system equilibrium with high sediment input rates being
associated with active mass movement of many cubic kilometres of sediment. Ubiquitous mass movement
and gravity flow represents a significant hazard to oil and gas development infrastructure. Tsunamis caused
by mass movement.

EXAMPLES: Grand Banks of Newfoundland; Norwegian continental margin (Storegga); Kidnappers
slide New Zealand, West Florida slope in the Gulf of Mexico; Atlantic continental margin of northern USA.

Figure 3.7 : Geological model - sedimentary - deep marine and continental slope
(based on Emery and Myers 1996)
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ANTICIPATE:

Associations: basin extension, continental and oceanic rift zones, horst and graben, fracture systems allowing
extension formed above salt domes developing by upward movement, growth faults active during
sedimentation, scarps, piedmont fans. May displace river terraces, produce lines of springs, vegetation
lineaments etc. Prolonged erosion leading to slope retreat may displace and flatten a scarp moving it hundreds
of metres from above the initiating fault trace.

General: low horizontal stresses, possibly listric (spoon shaped) surfaces flattening with depth,

groundwater dams or conduits, locally deeper weathering. Dating of superficial deposits infilling surface
hollows or accumulating against scarps can clucidate fault history. Jointing tends to consist of one set
sub-parallel to the fault plane, a second set with similar strike but opposite dip, and a third vertical set striking
at right angles to the fault plane.

EXAMPLES: Tetons/Snake river in USA; Derwent graben in Tasmania, Australia; east African rift
system; Rhine graben.

Figure 3.8 : Geological model - structural - normal faults
(based on Spencer 1977)
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ANTICIPATE:

Associations: movement is dominantly horizontal , may be local or may represent regional or continental
shears where developed at plate boundaries ie. major tectonic shears, sinistral displaces to the left, dextral to
the right, secondary structures (thomb shaped pull apart basins, en echelon folds, splay faults, reidel shears)
develop in cover rocks or surficial materials depending upon the scale of the shear.

General: also called tear, wrench, transcurrent or transform faults but transform generally used when
associated with sea floor spreading. Sites of major earthquakes. Associated with ancient crustal fractures.

EXAMPLES: Philippine fault; San Andreas fault in California; Alpine fault in New Zealand; Atacama
fault in Chile.

Figure 3.9 : Geological model - structural - strike slip faults
(based on Park 1997)
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ANTICIPATE:

Associations: folding, orogenesis, movements of many tens or hundreds of kilometres on the floor thrust
or sole or decollement, thrust climbs through stratigraphy on flats and ramps defining a staircase, ramps
may be frontal (in thrust direction) or lateral/oblique (at an angle to thrust direction), numerous frontal
thrust planes form a stack of imbricate or schuppen structures, a block bounded by thrusts is a horse and
a series of horses form a duplex.

General: Large scale thrust form nappes. A window or fenster is an exposure of the rock below the thrust,
a klippe is an exposure of rock from below the thrust surrounded by rock from above the thrust.

EXAMPLES: Moine thrust in Scotland; Glarus thrust in the Alps; McConnell thrust in eastern Canadian
Rockies; Hindenberg mountain range Papua New Guinea.

Figure 3.10 : Geological model - structural - thrust faults
(based on Park 1997)
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ANTICIPATE:

Lithology: bedded sediments, with the more systematic joint systems developed in relatively strong uniform fine
grained sediments such as siltstones and fine sandstones interbedded with thin shales.

Setting: basin and platform sediments of any age, recent sediments subject to slight tectonic warping, pore
pressures during tectonism can play a significant role in fracture formation.

General: shear joints tend to be planar and persistent, dilational joints tend to be curved and irregular and less
persistent. It is often the case that even flat lying undeformed sediments exhibit jointing patterns that are the
result of more than one episode of tectonism. The different tectonic episodes may have stress fields

with coincident axes (controlled by basin morphology which remains constant) but different relative stresses
(controlled by basin tectonic evolution which might include periods of compression, tension, high fluid pressures
etc).

Discontinuity description: type (bedding, foliation, cleavage, joint, fault, shear zone, crush zone, decomposed
zone infilled zone), genesis/phase (from geological history), orientation (dip and direction), shape and amplitude
at scales >1 m, shape at 100m mm scale (planar, curved, undulose, irregular, stepped), surface roughness
(polished, smooth, rough, very rough) infill (mineral type and thickness), persistence (length and nature of
termination), spacing (average and extremes).

EXAMPLES: Cambrian to Cretaceous flat lying sediments in the Grand Canyon USA; Cretaceous flat
lying sediments in the Cotswolds UK.

Figure 3.11 : Geological model - structural - joints in undeformed sediments
(based on Price and Cosgrove, 1990)
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ANTICIPATE:

Lithologies: bedded sediments, often with interbedded weak lithologies such as mudstone, fracture sets
develop in beds at various scales, neutral surface may separate extension from compression within one bed.

Settings: fold belts especially foreland basins and distal parts of fold and thrust belts, typically Class 1b or
parallel folds, folds initiated by buckling.

General: associated faulting tends to follow the same pattern, actual fracture pattern that is developed is
dependent on local stress system and pore pressure, history of stress system development often exhibits
complex evolution, many fracture systems display a complex interrelated development between types of
fractures.

EXAMPLES: Siwaliks at Mangla damsite; Teton anticline northwest Montana.

Figure 3.12 : Geological model - structural - open folds and joints
(based on Price and Cosgrove 1990)
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ANTICIPATE:

Lithologies: plastic folding with cleavage develops particularly well in uniform mudstones to form high quality
slates, but can develop in most rocks, particularly those with a high content of phyllosilicates and/or if subject to
high temperatures and pressures (ie. within a metamorphic regime). Thick mudstones are often associated with
immature greywacke sandstones and/or volcaniclastics in deep marine sediment sequences. Cleavage is a fissility
due to mineral orientation. Crenulation cleavage forms from the folding of a pre-existing cleavage, fracture
cleavage is non-penetrative, pressure solution cleavage forms mineral segregations.

Setting: fold belts, forearc and backarc basins, thick sequences of deep marine sediments.
General: cleavage bedding relationships may be used to deduce the position of the fold axial plane, highly

anisotropic strength properties, unfavourable for stability if cleavage or sets of shears are adversely oriented
with respect to an excavation. Poor aggregates and rockfill can be difficult to compact due to particle shape.

EXAMPLES: Slate belt of north Wales; Ordovician slates of Victoria Australia (which contain gold-
bearing quartz reefs).

Figure 3.13 : Geological model - structural - plastic folds with cleavage
(based on Price and Cosgrove 1990)
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ANTICIPATE:

Lithologies: multiple folding and faulting can occur in any lithology but will be most clearly observed in
bedded or foliated lithologies. Generally the folding and faulting occurs ubiquitously, and not separately as

in the block diagram above, consequently complex rock mass conditions develop. The interfering fold and
fault patterns occur at scales from small outcrops to extensive regional settings and can lead to complex outcrop
patterns with dome and basin structures. This level of tectonism is usually, but not always, associated with some
slight level of metamorphism (ie greenschist facies and higher).

Setting: fold belts, orogenic belts, tectonic corridors, or wide fault zones subject to repeated movements in
different directions, major portions of most of the world's fold mountain belts.

General: prediction of rock mass conditions difficult due to complex structures Several more phases of
folding may often be discerned by detailed structural analysis but this level of detail may not be important
for project engineering, which is often controlled by the later stage brittle structures.

EXAMPLES: Palacozoics of north Corwall in UK; Archaen greenstone belts of western Australia;
Palacozoics from Soroy in northern Norway; Palacozoics from Parrsboro in Novia Scotia Canada.

Figure 3.14 : Geological model - structural - multiple folds and shears
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Lithologies: melange or olistostrome consisting of blocks of sediments (shallow and deep water

deposits juxtaposed), metamorphics or volcanics, especially ophiolite, in a matrix of sheared clay, sand

clay mixture or serpentinite. Matrix may have a characteristic anastomising foliation along which it breaks
down to form small scale-like fragments, hence the names scaley clay, scaley argillite and "argile scagliose".

Setting: trench slopes, thick sediment sequences adjacent to major fault zones at plate boundaries,
accretionary prisms.

General: chaotic nature makes them difficult to map and interpret. Individual melange blocks may be
kilometres across and form mappable units. Surprising juxtaposition of different rock types.

EXAMPLES: scaly clays of the Italian Apennines; Anglesey in North Wales; Damaran belt in Namibia;
San Franciscan rocks in the Coast Ranges of California USA.

Figure 3.15 : Geological model - structural - tectonised melange
(based on Moores and Twiss 1995)
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ANTICIPATE:

Lithologies: rock types dominated by micas, schists, phyllites. Interbedded marbles, quartzites and
deformed pebble beds form if rocks were originally sediments, greenstones form if originally volcanics etc.
Differentiated layering and segregation of quartzo-feldspathic material develops with more intense
metamorphism, injection or partial melting to form igneous rock types is possible.

Setting: metamorphic rocks, shear zones, mobile belts, extensive belts of flat lying schistose rocks
associated with the sole of major thrusts and recumbent folds, "schistes lustres" in the cores of nappes.

General: platey clasts, anisotropic and low shear strengths, high mica contents, low durability, schists exhibit
reduced shear and compressive strength when wet, schist formations show a tendency to attract regional
tectonic strain during orogenesis because they are weak and this generally manifests itself in the form of
numerous conjugate kink bands and shears throughout the formation. Landslides are common, schists can be
poor aggregates, rockfill etc. due to shape and low strength.

EXAMPLES: Otago schists of New Zealand; Lewisian of Scotland; Sanbagawa terrain of Japan.

Figure 3.16 : Geological model - metamorphic - schists and phyllites
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ANTICIPATE:

Lithologies: gneiss, migmatite, granites, schists seams, granulites with no obvious foliations, basic
eclogites.

Setting: high grade metamorphic zones, cratons, root zones of orogenic belts, mantled gneiss domes

consisting of a core of gneiss and migmatite diapirically intruded into a cover of metavolcanic or
metasedimentary rock.

General: massive rock system but with weak foliation and seams of micaceous material, deep weathering

profiles retain weak foliation and seams and often instability is associated with the relict structure, flaky
aggregates, strained quartz alkali silica reactivity.

EXAMPLES: cratonic areas of most large continents - Africa, Australia, Canada.

Figure 3.17 : Geological model - metamorphic - gneisses and migmatites
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ANTICIPATE:

Superficial deposits: tills or boulder clays (formation: comminution, deformation, fransport: supraglacial,
englacial, basal, depositional: ablation, meltout, lodgement, flow, waterlain), rock flour, varved silts with
low shear strengths, glacial erratics with boulders up to many metres in size, outwash sands and gravels,
chaotic and often unpredictable distribution of different superficial deposits, innate heterogeneity.

Processes: powerful erosion and swift transport and deposition of bedrock fragments, deformation and

shear in superficial deposits and bedrock at the base of the glacier, striation of bedrock, deep subglacial
erosion (overdeepening) and later infill leads to irregular rockhead, overconsolidation of boulder clays,
transport of debris results in terminal moraines many kilometres away from existing glaciers that have been
deposited before glacial retreat, numerous phases of advance and retreat including the "Little Ice Age" during
the 16th Century, stress release phenomena in swiftly eroded bedrock. Proglacial lakes dammed by ice cored
moraines may present a hazard.

EXAMPLES: Switzerland; Scotland; New Zealand; Canadian Rockies; ie. all mountainous areas

Figure 3.18 : Geomorphological model - valley glaciation features
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ANTICIPATE:

Superficial deposits: tills or boulder clays (formation: comminution, deformation, transport: supraglacial,
englacial, basal, depositional: ablation, meltout, lodgement, flow, waterlain), rock flour, varved silts with

low shear strengths, glacial erratics with boulders up to many metres in size, drumlins, eskers, outwash sands
and gravels, chaotic and often unpredictable distribution of different superficial deposits, innate heterogeneity.

Processes: deposition of bedrock fragments derived from distant provenances, blanketing of sub-glacial
topography with superficial deposits, deformation and shear in superficial deposits and bedrock at the base of the
glacier, deep subglacial erosion and later infill leads to irregular rockhead, overconsolidation of tills

due to weight of ice, numerous phases of advance and retreat, isostatic rebound due to the removal of up to
kilometres depth of ice.

EXAMPLES: Laurentian shield Canada; Baltic region of northern Europe.

Figure 3.19 : Geomorphological model - continental glaciation features
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ANTICIPATE:

Superficial deposits: altiplanation terraces, block fields, rock glaciers, patterned ground, frost mounds, pingos,
thermokarst, loess, talus.

Processes: frost wedging, nivation, frost heaving/creep/sorting, deflocculation, gelifluction/solifluction,
permafrost, ice heave, mass movement.

Major engineering problems are associated with permafrost.

EXAMPLES: Active - Alaska, Siberia. Fossil features - northern Europe, United Kingdom, northern U.S.A..

Figure 3.20 : Geomorphological model - periglacial features (based on Ritter 1986)
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ANTICIPATE: Flood plain wetter climates

Superficial deposits : features are the least distinctive of all the geomorphological models, they generally include
much evidence of landscape change during former climates. Deposits tend to be thinner and less well developed
in comparison with other systems. Landforms may often be subdivided into upper planation surface remnants,
valley slopes with various colluvial deposits and alluvial systems infilling the valley floor (see also Figure 3.4).
Slope systems may be conveniently subdivided into a nine unit landform model (but note that this model also
applies to other geomorphological regimes such as hot wet, hot dry, coastal etc.):

Interﬂl\lve Seepage slope
/ /Convex creep slope

Fall face
/

Transportational mid slope

Colluvial foot slope
/ Alluvial toe slope

/ Channel wall

Channel bed

Processes: fluvial, also colluvial and talluvial, active where slopes are responding to relatively recent incision,
many formerly active processes are represented as relicts produced by earlier climate systems.

Examples: Southem UK; northern France; south eastern seaboard of Australia.

Figure 3.21 : Geomorphology - temperate climate features (based on Ritter 1986)
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ANTICIPATE:

Superficial deposits: colluvial, taluvial and alluvial sands and gravels, deposited close to slopes or by ephemeral
water courses; wind blown sands winnowed from deposits leaving ablated surfaces; active and quiescent sand seas
silts, clays and evaporites, aggressive salty groundwaters, salinas (salt pans) in center of basins; metastable fine
soils; aggregations of silts and clays by chemical cements; duricrusts of different ages (Mesozoic, Tertiary,
Quaternary and Recent), variable thickness (up to a few metres) and type (eg. gypcrust, gypcrete, calcrete, silcrete,
ferricrete) depending on bedrock geology and age of the desert surface. "Crusts" are weak, "cretes" are strong.

Processes: minimal vegetation cover to bind superficial deposits, sheet and channel flash floods, mobile dune
sands, sand blasting, extremes of temperature and thermal stresses.

EXAMPLE: arid parts of Middle East, north Africa, parts of Arizona, inland parts of the Pilbara region and the
Great Sandy Desert of Australia

Figure 3.22 : Geomorphological model - hot dry climate features
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ANTICIPATE: colluvial and taluvial slopes

Superficial deposits: existing or former cover of thick rain forest, deep weathering profiles, depth of weathering
related to climate, geomorphological history and geological rock type and structure but can be many tens of
metres. Duricrusts where groundwater concentrates soluble weathering products, collapsing soils where there are
porous extremely weathered rocks, relict discontinuities in weathering profile control stability, profiles range from
older, leached, kaolinite and gibbsite dominated soils, to poorly drained, younger, montmorillonite (smectite) rich
soils. Deeply weathered colluvial soils often difficult to distinguish from in-situ weathering profiles. Permeability
contrasts often control slope stability with highly permeable zones at bedrock/weathing profile interface and in

the zone of piping failure where silty soils form from extremely weathered rock below residual soils. Volcanic
ashes tend to develop moisture susceptible andosols. Use weathering grades and duricrust terminology and avoid
"laterite profile" terms because many different interpretations.

Processes: active weathering sometimes proceeding at startling rates where rock types are susceptible,
mass movement associated with incision of deep weak weathering profiles includes gully erosion,
landslide, mudflows etc. System may also be responding to recent land clearing by man and extensive
soil erosion may result. Characteristic intense rainfall leads to saturation of surface layers and instability,

also movement of high pressure water along soil pipes. Silty soils characteristic of deep weathering profiles
susceptible to internal erosion and piping failure.

EXAMPLES: Hong Kong; central Malay Penisula; Udzungwa scarp in central Tanzania; south-west
coastal ranges of western Australia.

Figure 3.23 : Geomorphological model - hot wet climate features (based on Thomas 1994)




Regrading (destructive) Prograding(constructive) advancing coastal system
retreating coastal system Bl ) £ il

. . . Outcrop of beachrock (sand cemented by carbonate
River channel.overdeep_ened dunng glacial or organic material in warm climates ) Note that
lowstand and infilled with soft sediments calcareous acolian sands can be cemented to form

to form buried valley _ Marsh or saltrich  high strength limestones Backbeach dunes
Quick clay sabka in hot ibly underlai

. limates possibly underlain

Washover fan . slides (rare) ¢ by weak lagoon or

Tidal flats : Y ag
Flood tidal deposits
Coastal landslide tidal delta Beach/foreshore
triggered by erosion possibly with
beachrock which

Isostatic rise due
to removal of ice
load in former
glaciated areas

may extend below
sea level

Ebb tidal delta
~_
~ N > Wave-base
N Offshore muds
Intrusion of
saline groundwater
Sea cliff with

caves and arches  Wave cut platform
ANTICIPATE

Superficial deposits: sands and gravels sorted by wind and wave actions, offshore sand and gravel bars, foreshore
sands and gravels, dune sands, quartz and carbonate sands, shell components, organic deposits and clays preserved
in lagoons behind dunes, muds and fine sands, shell banks, mangrove muds, chenier sands and plains in more
sheltered tidal flats, constructive features, destructive features.

Processes: reflect sediment budgets, sediment cells, delivery of sand by post glacial transgression and subsequent
erosion, coastal erosion, rising and falling sea levels, landslides, progradation, regradation.

Some key instances of eustatic (world wide) sea level change associated with the Pleistocene (but note that isotatic
rises and falls of sea level associated with tectonics or ice unloading are locally important):

Flandrian maximum, c¢. 6,000 years BP, when sea levels c. 2 m higher than today.

Onset of Holocene, 10,000 years BP, sea level c.40 m lower than today

Onset of Post glacial (Flandrian) transgression <20,000 years BP

Last glacial maximum, c. 20,000 years BP, sea level around 150 m lower than today
Various glacial maxima between 20,000 and 120,000 BP with associated sea level falls
Last interglacial, say, 120,000 years BP sea level 2 or 3 m higher (various interpretations).

EXAMPLES: south coast UK; east and south coast USA; all coastlines will display combinations of these features.

Figure 3.24 : Geomorphological model - coastal features
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Associated lithologies: limestone, dolomite, halite, gypsum, (and documented examples of impure quartzite if
exposed for long enough periods on the tropics). Thick limestones give rise to most of the world's karst
topography. Karst systems usually relate to former water tables and often structurally controlled with fissures,
conduits and caves initially developing along faults and joints. Controls on karst development are usually
complex and difficult to evaluate.

Superficial deposits: terra rosa, insoluble bedrock components, collapse breccias, tufa, windblown infills,
alluvial infills, skeletal remains of animals that have become trapped.

Processes: active solution, enlargement of joints, surface collapse, deposition of speleothems and tufa.

General : significant hazards to engineered works due to subsidence, collapse, gross permeabilities,

complex and locally flat water tables due to high permeability, complex flow paths etc. Processes may be active,
or renewed activity may be triggered by engineering works. Karst best developed in areas of high rainfall with
hot wet climates producing some spectacular forms. Solution occurs in both the vadose (unsaturated) zone and
the phreatic zone (below the water table). Larger dolines called uvalas and poljes. Active solution of halite and
gypsum very possible. Relict karst can occur in arid climates.

EXAMPLES: classical description of karst ("a bleak waterless place") from a high plateau near the
Adriatic sea between north-west Italy and Yugoslavia; central Florida in USA; east-central Missouri in
USA; Ordovician limestones belts of Tasmania, Australia; Mendip Hills in UK; Jamaica; parts of Malaysia.

Figure 3.25 : Geomorphological model - soluble rocks features (landform scale)




	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	



