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CLAIRE FOSTER 

THE DISTRIBUTION, CAUSES AND NATURE OF NATURAL 
LANDSLIDES IN DEVON AND CORNWALL 

Between 1985 and 1990 a computerised database was assembled that contains 
information concerning the distribution and nature of 9000 landslides in Great Britain. The 
South West accounts for 1,700 of the listed slope failures. Problems have arisen because in 
many areas the database merely serves as an archive of previous studies and is not a true 
representation of landsliding in an area. 

The aim of this research was to identify landslide environments correlated with 
landslide frequency and character and through this develop a landslide susceptibility map. 
Analyses were undertaken so that distinct inland and coastal landslide environments could 
be defined. These landslide environments characterised the likely extent and type of 
landslides that would occur in each land system. In order to compile data over such a large 
region a land systems approach was taken to characterise areas where the geological and 
geomorphological conditions were similar. The methods used for primary data collection 
were aerial photograph interpretation, airborne thematic mapper data, terrain evaluation 
and limited field mapping for ground truthing purposes. This landslide susceptibility map 
used probability to assess the relative importance of parameters important to slope stability. 

The landslide susceptibility map, along with the landslide environments, 
highlighted areas were landsliding was more prevalent as well as identifying areas where 
landsliding is less likely to occur. Two landslide environments were identified as being 
particularly susceptible to landsliding, and this was primarily related to geological 
conditions. It was found that within environments changes in topography also acted as a 
strong control on the nature and extent of landsliding. It is anticipated that the method used 
for assessing landslide susceptibility could have widespread application in all GIS based 
landslide studies and can be used to develop the potential of the complete UK landslide 
database, once the rest of the original data have been updated. 
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1. INTRODUCTION 

1.1 INTRODUCTION 

The primary alm of' this thesis Is to study landslicling in Devol, Mid Cornwall in 

order to bcttcr undcrstaild the paranictas that arc critical to fallures in the region. The 

application of these parameters will he to produce a landslide susceptihility mal) to define 

areas of' potential instahility. The production of' a landslicle inventory and susceptihility 

map in the face ofever increasing popUlation and development will be a useful tool to aid 

planners and engineers I- 

Landslides defined as "The movement of ti nuiss of rock, etiah or debris down ti 

slope" (Cruden, 1991 p28) are a complex, natural phenomena forming an important 

component of landscape evolution (Malairlud ei al., 2004). Globally landslides were the 

seventh deadliest natural disaster in 2006 and their impacts affect COLIntries both through 

the economy as well as the loss of' human life (()FDA/CRFD, 2006). Deaths due to 

landslides are set to increase as a resUlt ofthe expansion in worldwide population and the 

extension ot'hurnan settlements into previOLISly unpopulated landslide prone areas. 

Conthient No. of 
eveiits. 

No. of people 
killed. 

No of people 
homeless. 

Damage US 
(000, S) 

Africa Y) 721 7,936 0 

Americas 142 20,589 186,752 1,226,927 

Asia 231 16,130 3,704,826 1,479,492 

EUrope 75 16,152 3,125 2,128,689 

Oceania 15 528 8,000 2.466 

Table I. I. Effects of landsliding between 1903 and 2005 taken from the International 
Disaster Database (OFDA/CRED, 2006). 

On a global scale Europe has a low number of' landslide events but suffers the most 1ý1 

economic darnage (Table 1.1 ). It is estimated that Italy suffers around 400 landslides a year 

amounting to a total cost of 120 million Euros (ESA. 2005). In Spain, increasing numbers 

of landslides have led to economic losses of 36million euro/year nationally during the 



1990's (EEA, 2003). The loss of 111'e and (Imimoe to property atinhutahle to landsliding is 
I- 

relatively low in the LIK. Not HICILIC111h, the Ahert'an slide that killed 144 people In 1906,12 
I- 

deaths clue to landsliding, have been recorded since 1920 (Tahle 1.2). At present there is no 

estimate on the total cost of landsilding, in the LIK. 

Landslide Year No offatallities 

Bascombe, Dorset 1925 3 

Alum Bay, Isle ol'Wight 1959 1 

Kirnmeridge Bay. Dorset 1971 1 

Swanage, Dorset 1976 1 

Lulworth Cove. Dorset 1977 3 

Durdle Door. Dorset 1979 1 

NeWqLiay, Cornwall 1986 1 

Nefyn. N Wales 2001 1 

Total Number offittallitics 12 

Table 1.2: Recorded fatalities from natural landslides 1920 (jones and Lee, 1994, 
Geological Society, 2001). 

1.2 LANDSLIDE DATABASES AND INVENTORIES 

Datahases provide a Useful basis for tile assessment of' landslide hazard and risk 

(Griffiths, 2005) tlll-OLI(, h their ability to manipUlate and store temporal and spatial data. 

Analysis of spatial distributions of' landslidino is important in order to estahlish tile hroad 
ZI 

processes that may he active over a range of sites and to further understand slope 

movements (Cruden and Brown, 1991 ). One method of' assessing the di. stribUtion and 

patterns of landslides is through the production of a landslide inventory map, which is used 

to show the location of past instability and areas of frequently occurrino slope movements. 

However, the disadvantages of' landslide inventory maps are that they are not suitable for 

identifying the location of first time failures. 
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1.2.1 INTERNATIONAL LANDSLIDE DATABASES 

At the 50' International Landslide Symposium in Lausanne (Switzerland), 1988, the 

Working Party on the World Landslide Inventory was initiated to develop a detailed list of 

the world's landslides (Cruden and Brown, 1991). The World Landslide Inventory was 

established to aid the United Nations in understanding the distribution of landslides. In 

order for a landslide to be included in the World Landslide Inventory it needs to fulfil at 

least one of three criteria: 

I The landslide is over I million cubic metres in volume 

2 Ile landslide causes casualties 

3 Considerable economic or physical damage is caused either directly or 

indirectly 

Many countries around the world including Australia, Japan, Hong Kong and the 

US have developed their own national landslide databases. The Australian landslide 

database, LANDSLID for example is managed by Geoscience Australia and is available to 

download as a data file (Australian Government, 2005). The database lists >500 landslides 

dating between 1842 and the present. In America landsliding is much more commonplace 

and a database is held by the United States Geological Survey within the National 

Landslide Information Centre (Spiker and Gori, 2000). Japan's National Research Institute 

for Earth Sciences and Disaster prevention (NIED) manages the national landslide database 

which was developed in 1982 through aerial photograph interpretation (NIED, 2006). In 

Hong Kong digital maps and aerial photographs have been used to produce a Geographical 

Information System (GIS) containing information of landslides and natural terrain features. 

Statistical correlations of landslide frequency and terrain variables have allowed the 

production of landslide susceptibility maps (Dai and Lee, 2002). 
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1.2.2 ]LANDSLIDE RESEARCH IN EUROPE 

During the United Nations International Decade for Natural Disaster Reduction 

(IDNDR 1990-2000) several projects focusing on landsliding in Europe ran sequentially 

within the European Community. According to Dikau and Schrott (1999) these were: 

EPOCH (1991-1993): "Temporal occurrence and forecasting of landslides in the 

European Community". Aimed at developing and defining time class standards and the 

reconstruction of past landslide events. 

TESLEC (1994-1996): "Femporal stability and activity of landslides in Europe 

with respect to climate change". Concerned with the investigation of the relationships 

between climate, landslides and time. 

NEW TECH (1996-1998): "New technologies for landslide hazard assessment and 

management in Europe". Emphasis on monitoring and modelling single landslide events 

and the effect of climate change. 

CALAR (1997-2000): "The Concerted Action on Forecasting, Prevention and 

Reduction of Landslide and Avalanche Risks" funded by a grant from the Environment and 

Climate Programme of the European Commission (EC). Emphasis on forecasting, 

prevention and reduction of natural risks. 

Another aim of the EPOCH project was to establish the availability of data on 

landslide occurrence and how this data was stored within Europe (Dikau et al., 1996). 

Nations within the European Community were questioned to establish the usage of 

databases and GIS for landslide research, information storage and hazard assessment 

modelling. Results showed that seven European countries had landslide databases and 

landslide GIS databases: France, Germany, Italy, Spain, the UK, the Netherlands and 

Switzerland. 
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1.2.3 NATIONAL LANDSLIDE DATABASE OF GREAT BRITAIN 

'Me National Landslide Database is a product of a desk study commissioned by the 

Department of the Environment and carried out by Geornorphological Services Limited 

between 1985 and 1990. The aim of this desk study was to establish the extent and 

significance of landsliding in Great Britain. 'Me results of an analysis of the database were 

published in Landsliding in Great Britain (Jones and Lee, 1994) The database, compiled 

using maps, books and technical reports, is currently held and managed by the British 

Geological Survey (BGS). The database includes information on age, spatial extent, causes 

and nature of landsliding. The database has infonnation on over 35 attributes and includes 

both coastal and inland landslides. The number of landslides that was eventually recorded, 

8835, far out-weighed the initial estimate of 1000 landslides (Jones and Lee, 1994). 'nis 

low initial estimate was based on the subdued nature of terrain, which is characteristic of 

much of inland Britain. Only landslides on natural slopes were included within the 

database and not those located on railway cuttings and man-made slopes. 

In a critical reflective review of the National Landslide database Jones (1999) 

highlights some of the problems associated with the production of a landslide inventory 

through a desk study approach: 

e Data on landslide distribution is unevenly spatially distributed, producing a bias of 

infon-nation. Areas of concentrated and conspicuous landslide activity, which 

reflect detailed studies, occur in South Wales (Conway et A, 1980), SE England 

(Hutchinson, 1969), Torbay (Doornkamp et aL, 1988) and the Jurassic escarpment 

(Cbandler, 1970). 

* No distinction is made between small landslides and more extensive areas of 

landsliding, leading to a lack of comparability. 

* Information is gathered from a number of different sources, which means there is 

never a 'standard landslide'. There can therefore never be a uniform interpretation. 
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* Ile information gathered is subject to operator variance. No two people will agree 

on the number and distribution of landslides in an area. 

e Gaps in the available data are also an issue. Information on the type and cause of 

landsliding is very limited. 

1.2.4 LANDSLIDE INVENTORY FOR DEVON AND CORNWALL 

The final aim of this study is to produce a landslide susceptibility map of Devon 

and Cornwall using data provided by analysing the landslide inventory produced for Devon 

and Cornwall. Until this point there was no landslide susceptibility map for these counties. 

The susceptibility map will be produced within a Geographical Information System at a 

regional scale. The area of Devon and Cornwall was chosen because there was some 

available data on the extent of landsliding but there had been only isolated field 

investigations. Based on the results of a national study (GSL, 1987) Devon and Cornwall 

represents an area of the UK with a relatively low density of inland landsliding. It was 

considered important to establish whether or not this was a true reflection of the situation 

and if so to investigate the nature of the landslide environment. 

13 STUDY AREA: DEVON AND CORNWALL 

Devon and Cornwall form a part of the South-west peninsula, the most southerly 

part of the United Kingdom (Figure 1.1). The South-west is the largest of the nine regions 

of England amounting to -15% of the landmass of the mainland. Devon is one of the 

largest counties in England with an area of 6710 km2 and a coastline of around 857 km, at 

mean high water (MHW). Cornwall is smaller than Devon with an area of 3549 km2 but 

has a coast that stretches over 600krn (MHW). Devon and Cornwall have a varied 

topography with a mix of gentle rolling hills, flat plateaux, rugged coastal cliffs and high 

granite moorland. The highest point lies at 621m on Dartmoor whilst away from the high 

moorland on the flat plateaus of South Devon the topography is mostly below 150m. The 

three highest points within the South-west peninsula, Dartmoor, Bodmin Moor and 
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Exmoor, are all within Devon and Cornwall's boundaries. Varied relief reflects a bedrock 

geology that extends from the Palaeozoic to the Mesozoic and Cenozoic. 

The South-west peninsula is relatively narrow with no point more than 40km away 

from the sea. As a study area the South-west is important for the UK as a predominantly 

non glaciated area with no extensive till cover and no glacially oversteepened valleys. This 

set of geomorphic conditions allows the study of landslides in the unique terrain of a relict 

periglacial landscape developed on rocks which range from hard Palaeozoic lithologies to 

unconsolidated Quaternary deposits. 

De% oil 

Comwall 

Figure 1.1: Location of Devon and Cornwall within the UK and the South-west. 

1.4 AIMS AND OBJECTIVES 

One of the aims of this study is to produce a landslide inventory for Devon and 

Cornwall, which will be used to investigate the significance, extent and nature of 

landslicling within the study area as well as a broad hazard assessment in the form of a 

susceptibility map. The production of landslide susceptibility map as a product of a 

landslide inventory is based on the following assumptions, as defined by Heam and 

Griffiths (2001): 
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* The location of landslides will be largely detennined by the distribution of existing 

or past landslides and these will continue to be a hazard. 

Future landslides will occur under similar conditions to those existing at sites of 

current landslides. 

The distribution of landslides can be approximated by studying the location of 

conditioning factors such as geology and topography. 

The assumption of this study is that by studying the pattern and distribution of 

landslides in the South-west and their conditioning factors will allow a susceptibility map 

to be produced which will highlight potential areas of landsliding. Selby (1993) and Jones 

(1995) detail the four stages involved in the production of a landslide hazard assessment 

(susceptibility map), which will provide a useful framework for the present study. These 

stages are outlined below: 

* Identification of locations of concem associated with landslides. 

* Define the extent of the areas that require study. 

Map and catalo e areas of active and past landsliding in the study area. 

Identify slope units, topographic situation and superficial deposits or stratigraphic units 

associated with instability and extrapolate to locations that are potentially unstable. 

The specific objectives of this study have been produced to follow guidelines set 

out by Griffiths (2005) as the basis of a geomorphological study on landsliding and to 

Evaluate the nature, distribution, causes and controls on landsliding in Devon and 

Cornwall based on the upgraded database. The objectives are to establish within Devon 

and Cornwall: 

* What is the distribution of pre-existing failures? 

* Are there any typical landslide prone stratigraphic sequences? 

9 What is the potential for landslide susceptibility in Devon and Cornwall? 

* Where are the landslides likely to occur? 

* What are the likely consequences? 

8 



1.5 CHAPTER SUMMARY AND THESIS STRUCTURE 

Ile premise for this study is to update the existing landslide database by employing 

primary data collection methods for an area in the South-west of England and to produce a 

broad landslide hazard assessment. The area chosen was the counties of Devon and 

Cornwall where an investigation of both coastal and inland landsliding was undertaken. 

Chapter Two presents a review of the processes of landsliding with particular attention 

to those relevant to the study area. The present knowledge on the extent of landsliding in 

the UK and the SW will be presented in this chapter. The geological and geornorphological 

framework within the study area is presented in Chapter Three in order to provide an 

understanding of the environment in which landsliding is taking place. In Chapter Four the 

methods of data collection are presented to show the approaches that were undertaken for 

the study. Chapters Five and Six detail the results of the investigation into coastal and 

inland landsliding respectively and present the coastal and inland landslide environments of 

both counties. Chapter Seven draws together the results of the thesis and presents data on 

the susceptibility of Devon and Cornwall to future landsliding. Finally, the contributions of 

this study to our understanding of landslide occurrence in general terms, but more 

specifically in Devon and Comwall are presented in Chapter Eight. 
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2. CONTROLS ON LANDSLIDING 

2.1 INTRODUCTION 

This chapter introduces the topic of landsliding and evaluates some different 

classifications of landslides and definitions. The initial section discusses the landslide 

classification scheme adopted by this study and the reasons for its use (Section 2.1). As 

part of the introduction to landslides a description of the types of landslides is included 

along with a discussion of the causes of landsliding, with particular reference to the study 

area (Section 2.2 and 2.3). A summary of the state of present knowledge on landslides 

within the Great Britain (Section 2.4) and South-west England (Section 2.5) is presented as 

context for the study. 

1.1 DEFINITION OF A LANDSLIDE 

The International Geotechnical Societies' UNESCO Working Party on World 

Landslide Inventory (WP/WLI), initiated at the International Symposium on Landslides 

(1988), produced a recent definition of a landslide: 

"The movement of a mass of rock, earth or debris down a slope" (Cruden, 1991 p28). 

This supersedes the simple and widely used definition of a landslide given by Vames 

(1958 in Schuster 1978 p2): 

"A downward and outward movement of slopeforming materials". 

It was decided by the WP/WLI that snow avalanches and ground subsidence were 

outside of the scope of this definition and were not considered as landslides; consequently 

these processes have been excluded from this present investigation. 
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2.1.2 CLASSIFICATION OFLANDS1,11)FS 

The study of' landsildes is an international scientific discipline and as such an 

avreed classification and terminology are necessary for accurate inter-communicallOll 

(Donnelly ct al., 2002). Classification of landslides can he made on tile hasis ot'numerous 

factors Including the type of movement. material involved. speed of movement, geometry 

of the slide area and the degree of development. Typically. there are five main distinct 

type.,., of' landsliding: falls, slides, I'lows, topples and spreads (Cruden and Varnes. 1996) 

Fit, Lire 2.1 
L- 

I ýIltl 

%I& 
1 .0 

q9 
AM 

3ni 

20m 

Hý q- --- , -, 
. 

--- 

qOOm 

Figure 2.1: Five fold classification of landslide types modified from Varnes (1978). 

A) Fall B)'Fopple C) Slide D) Flow E) Spread (after Cruden and Varnes, 1996) 

Commonly. in British textbooks. the landslide classification used is either based on 

work by Hutchinson ( 1968) or Varnes (1978), both of which use type of movement to 

establish groups of landslide classes (Crozier, 1986). More recently a classification of 
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landslides was derived from the Temporal Occurrence and Forecasting of Landslides in 

the European C0111111LIllity (EPOCH) pro ject that ran from 1991-199.1 (Table 2.1). This 

classification was developed especially for European landslides and therel'Ore is an 

appropriate framework for discussing the various types of land-slide relevant to this study. 

The EPOCH classification defines categories of lands, 11de hased oil type of illovemelit, hilt 

these are further subdivided according to the material involved In the failure (rock, dehris 

and soil). Rock is a material that has been lithified and is a coherent. consolidated mass 

(Dikau ei ýd- 1996). Debris and soil are defined by particle size. Debris particles are 

coarser than 2nim and range from sand Lip to gravel and boulders (Dikau et al., 1996). 

Debris can also include highly fractured bedrock likely to have been sourced from a rock 

slope. 'Earth' is dominantly clay to sand sized with particles less than 2mm. includes a 

rangpe of material from non-plastic sands to highly plastic clay (Macmillan and Powell, L- 

1999) 

Type Rock Debris Soil 

Fal I all Rock 1*. Debris I'all Soil Fall 

Topple Rock Topple Debris topple Soil topple 

Single (Sh. 1111p) Single (Slump) Single (Slump) L- 

Slide (Rotational) Multiple Multiple Multiple 
Successive Successive Successive 

Slide Block slide Block slide Slab slide (Translational) 

Planar Rock slide Debris slide Mudslide 

Soil (debris) 
Lateral spreading Rock spreading Debris spreading L- spreading Cý 

Rock flow Debris flow Soil flow 
Flow (SakLing) 

Rock avalanche Flow slide Slunip-earthilow 
Complex 

Table 2.1: Classification of landslides derived from the EPOCH prqject 

(Dikau et al., 1996). 
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2.2TYPES OFLANDSIADFS 

The followim-, '., CCIIOIIS SLI111111anse the key characteristics of the five landslide 

mechanisms. defined by EPOCII (Fioure 2.1) and arc illustrated with well-known I- 

exampIcs taken from the literature. 

2.2.1 Fmýi. 

Falls of material OCCUr from a steel) or free face and involve the movement of 

material Linder the force of' gravity but do not involve sliding on a shear surface Dlkau vi 

al., 1996). Movement involves descent of' material by I'Aling, rollint, and saltation C, 

(Griffiths, 2005). Falls are a widespread phenomena commonly associated with coastal 

locations but this type of' landslide also occurs on the edges of' plateaLIS, steep river banks 

and scars as well as man made rock cuttings (DIkaLI ('I ell., 1996). Accumulations in the 

form of talus or debris cones and scree slopes occur oil the slope,, helow it fall depending 

on the material that was initially involved (Fioures 2.2 and 2.3). Falls vary in size and (lie I- 

VOILIIIIe of material involved has been used to classify this mechanism of I'aflure. Falls are 

rapid movements and commonly OCCLIr clue to Linclerminino of slopes which can occur I- 

natUrally thrOLIgh I'luvial or marine action as well as by artificial excavation. 

Figure 2.2: Rock fall (Jones and Lee, 1994). 
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fý. W' f 

Figure 2.3: Beachy Head, Sussex, showing the steep chalk cliffs and the extensive 
apron created by the rock fall (Hobbs and Pearson, 2006). 

2.2.2 SLIDES 

Slides involve the movement of a relatively coherent mass of material on a 

recognisable shear surface (Dikau et al., 1996). In true slides the movement is through 

shear strain and displacement along one or more surfaces (Varnes, 1987). These surfaces 

can be curved or planar which provides further subdivision within the category of slides. 

Curved failure surfaces are present within rotational slides (Figure 2.4) and planar shear 

surfaces define translational slides (Figures 2.5 and 2.6). The movement involved within a 

rotational landslide may be downward at the head but there is also backward tilting of the 

displaced ground that does not occur within a translational slide. Translational slides are 

commonly controlled by surfaces of weakness such as faults and bedding planes. They can 

also occur where there is a difference in shear strengths between layers and are therefore 

common in the zone of regolith above bedrock. 
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Figure 2.4: Block diagram ol'a rotational landslide showing the main 
morphological features (Turner and Schuster, 1996) 

Crown 
scW 

-)Ikr--- 
Debris biocks 

Rock 

Debris cone 

Figure 2.5: Block diagram of a translational debris slide (Jones and Lee, 1994) 
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Figure 2.6: Translational slab slide (. Jones and Lee, 1994) 

Translational failures are common in Great Britain due to the availahility of 

grOUnd water which facilitates basal shearing (Jones and Lee, 1994). Shallow failures are 

commonly translational. often the contact between weathered material and bedrock acts as 

the shear Surface whilst deeper seated failures are normally rotational in nature (Jones and 

Lee, 1994). 

It' the material involved in a slide has a high water content a mudslide can occur I- 

(Bromhead, 1992). Mudslides have a very distinct morphology with a source area, track 

and accufflUlation lobe and are usually associated with clays (Jones and Lee, 1994). 

Mudslides differ from flows because of the definable shear surface at their base and sides 

(Bromhead, 1992). 

2.2.3 FLOWS 

Most flows occur as a result ofrelatively loose material being saturated with water 

(Jones and Lee, 1994). Flows in clay soils occur when the water content is higher than the 

liquid limit whilst, in rocks and debris material can flow due to trapped air or water or even 
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through interparticle impacts (Bromhead, 1992). Unlike slides, flows do not usually 

possess a simple, well defined shear surface as these are short lived and generally not 

preserved during movement (Cruden and Varnes, 1996). The moving mass of a flow is 

made up of individual particles of rock or debris in a fine matrix (Dikau et al., 1996). Like 

spreads, flows can occur in unconsolidated material as well as rock, although these are 

more difficult to categorise (Vames, 1978). The morphology of a flow usually comprises a 

source area, track and depositional area (Figure 2.7). 

ý . ýý -ý ,i, -- I- Fl, , , 

Figure 2.7: Glen Ogle debris now that affected the A85 in August 2004, Scotland (A- 
Source Area, B- Track, C-Depositional area) (Winter et al., 2005). 

Flows involving debris usually occur after a period of unusually high precipitation 

or thaw of snow or ice. The increased water content saturates the soil which increases the 

pore water pressure sufficiently to initiate failure-, usually the slope is at or close to the 

angle of repose when saturation occurs (Iverson et al., 1997). Areas which are particularly 
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vulnerable to debris flows are steep sided mountainous regions where the vegetation has 

been removed exposing the soil (Varnes, 1978) and where shallow weathered material 

overlies solid bedrock. In areas of high relief and active tectonics flows may form in 

volcanic ash and snow as well as rock and debris avalanches (a type of debris flow) and 

usually a result of catastrophic triggering events such as hurricanes, earthquakes and 

volcanoes (Jones and Lee, 1994). 

Great Britain, and South-west England in particular, lacks the extensive high-relief 

mountainous regions and sufficient magnitude of tectonic activity to produce large-scale 

debris flows. However, there are smaller examples in places such as the Cairngorms, 

Snowdonia and the Black Mountains of Southern Wales. 

2.2.4 ToPPLE 

Toppling is the forward rotation of rock or soil out of a slope about a point or axis 

which is below the centre of gravity of the displaced mass (Cruden and Vames, 1996). 

Toppling failures usually involve blocks that were formed by bedding, cleavage, joints or 

tension cracks which strike approximately parallel to the slope crest or that dip out of the 

rock (Dikau et A, 1996). Figure 2.8 shows a typical situation where toppling can occur. In 

this example blocks of material are dipping into the slope. Initially movement is not 

possible because the slope is being supported by block A. Removal of this block by 

marine erosion allows block B to fall and blocks Cand D to topple forward. Toppling 

occurs in slopes where the ratio of the height to width ratio of blocks is less than the tan of 

the dip of the base plane; in this incidence sliding is not possible due to the dip (de Freitas 

and Watters, 1973) 

The causes of toppling are generally due to: 

* Progressive weathering and erosion of a slope which weakens the material; 

* Shrinkage and swelling of clay rich material in the slope; 
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0 Undercutting of' the slope leading, to oversteepeninz(-,,, Increased stress and 

un1wding. (Dikau et al., 1996) 

_HV_W 

LVAA 

Figure 2.8: Mechanism of toppling failure due to marine erosion (IIWM- Iligh 
water mark, LWM-Low water mark) (de Freitas and Waters, 1973). 

Topples vary in their speed and can develop into falls or slides after the initial 

toppling movement (Cruden and Varnes, 1996). As witil falls topples can he further suh- 

classified (I'lexural topplin. g, chevron and block I]eXLire) (Cruden and Varnes, 1996). 

2.2.5 LATERAL SPREADING 

Lateral spreading can occur in either coherent rock or fine grained material and is 

dominated by lateral extension. Spreading can resUlt from the liquefaction or flow of' 

underlying softer material (Cruden and Varnes, 1996). Lateral spreading ot'cohesive rock 

can take place over areas of km 2 and occurs at a very slow pace, dominated by deep-seated 

plastic deformation (Varnes, 1978, DIkau et al., 1996). In fine grained material plastic 

deformation is also the key component of movement that occurs due to a loss of strength 

or the application of stress over an extended period of time (Buma and van Asch, 1996). 

In Great Britain complex spreading, occurs termed cambering and valley bulging 

associated with periglacial conditions (Hutchinson and Coope, -002). Jurassic strata ar 

most commonly involved with numerous examples also occurring in Cretaceous and 
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Carboniferous formations. 'Me most southerly documented example is in the Char Valley, 

Dorset (Hutchinson, 1991). 

2.2.6 COMPLEX LANDSLIDES 

Complex landslides involve a combination of two or more of the main types of 

movement. These different mechanisms may occur in different parts of the landslide 

simultaneously or at different stages in the landslide development (Varnes, 1978). 'Flow 

slides' and 'rock avalanches' are examples of complex, multi mechanism landslides. After 

the Aberfan disaster the term "flow slide" was used to describe this type of long-run-out, 

high-velocity form of debris flow (Ibsen et al., 1996a). 'Sturzstroms' are very large scale 

potentially extremely destructive rock slide avalanches. Developing as a slide these 

complex phenomena transform into a rapid granular flow found on high relief mountains 

and volcanoes (Hungr et al., 2001). 

23. SLOPE STABILITY 

The stability of a slope is a balance between forces that promote downslope 

movement and forces that resist movement (Figure 2.9). The forces resisting movement are 

termed shear strength and include frictional resistance and cohesion (c'). Shear stresses act 

parallel to the slope face to move material downslope; if the shear stress is lower than the 

resisting forces then the material will remain stable. 711iis can be defined by the Factor of 

Safety, a comparison of the downslope shear stress with the shear strength of the soil 

(Popescu, 2002). The factor of safety is the sum of all resisting forces divided by the sum 

of all the driving forces. Changes in the stress applied to a slope impact upon the shear 

strength with slope failure being promoted by factors such as increased slope angle or a 

reduction in shear strength through lowering of cohesion (Bromhead, 1992). 
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Figure 2.9: Failure envelope (After Bromhead, 1992). 

Terzaghi (1950) related the forces promoting and resisting slope instability to the 

causes of landslides. The causes were divided into those that increased the shear stress, and 

those that resulted in a decreased shear strength. However, some processes may influence 

both the shearing stress and the shear strength (Varnes, 1987). Slopes are also subject to 

longer-term factors which can decrease stability but which do not specifically cause a 

landslide, such as progressive weathering and geomorphologicallenvironmental 

conditioning factors. Therefore it is more appropriate to think of landslides resulting from a 

complex interplay of preparatory and triggering factors (Schuster and Wieczorek, 2002). 

Although there may be several preparatory factors leading to a landslide, there is usually 

only one trigger (Bell, 1999). 

Preparatory factors produce a slope that is increasingly susceptible to failure 

without movement being initiated. These preparatory factors reduce the factor of safety 

creating a slope that is only marginally stable (Figure 2.10). Triggering factors reduce the 

factor of safety below unity and initiate the movement producing a slope that is actively 

unstable (Crozier, 1986). 
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Stabic IlreParatory Marginally 'I I riggering Actively 

Factors 
Stablc 

Factors 
Unstabic 

Figure 2.10: Effect of preparatory and triggering factors on the stability state of a 
slope (Crozier, 1986). 

Figure 2.11 demonstrates a specific exampic ofthe transition from a stahle slope to 

an unstable slope clue to the effect of preparatory and triggering factors and highlights the 

resultant changes in the factor of safety. Heavy rainfall and toe erosion act as preparatory 

factors, reducing the stability of a slope to marginally stable. Continued heavy rainfall and 

the effects of slope loading trigger the actual failUre. Failure occurs when the factor of 

safety reaches Unity and the slope is "actively unstahle" (Jones and Lee, 1994). 

ir ia r gin a t abi I fe- lidr.... el. "'. I 

Li ing 
pt epar triggering 

Causal 1: 31-tor s CaLISal factors 

-)n at the erosic 
ýIope toe 

ta llur e 

TIE 

Figure 2.11: Changes in Factor of Safety with time (Popescu, 2002) 

2.3.1 PREPARATORY FACTORS 

An important factor to consider when studying landslides and the pattern of their 

occurrence is the factors that make an area susceptible to slope instability. Once a 

22 



landscape has become susceptible to landsliding, processes such as erosion, weathering 

and loading can trigger failures. 

CONTEMPORARY TECTONIC ACTIVITY 

Ground shaking during an earthquake can reduce the strength of a material through 

liquefaction. Shaking during an earthquake raises the pre water pressure which leads to a 

reduction in shear strength, especially in loose, saturated cohesionless soils (Wiezoreck, 

1996). In tectonically active parts of the world landslides have occurred as a result of 

earthquakes such as the 1999 Chi Chi earthquake in Taiwan. Approximately 10,000 

landslides were attributed to the 7.3 magnitude earthquake (Wang et al., 2003). Great 

Britain is relatively stable tectonically due to its passive margin location, although 200- 

300 minor earthquakes a year are recorded within the UK (Figure 2.12). There is however 

little evidence to suggest that earthquakes have any impact on landslide distribution in the 

UK and earthquakes are only regarded a hazard to sensitive installations such as dams and 

chemical plants (Musson, 2002). 

1ý 

MAC71dý (IVE) 
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Figure 2.12: Location of Earthquakes in the UK with size of dot associated with 
magnitude (Musson, 2002). 
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Recent records show that around 105 earthquakes have occurred within the South 

West region since 1996 (Stevens, 2004). The majority of events measure below 2.0 on the 

Richter scale and are not generally perceptible. The largest measured 3.8 on the Richter 

scale and occurred in the Penzance region in 1996. This event was felt throughout Devon 

and Cornwall but did not trigger any landslides. 

SEA ]LEVEL CHANGE 

Net sea-level change is a combined result of eustatic sea level rise (change in 

volume of water) and isostatic changes (Height of land surface relative to sea). For South- 

west England regional isostatic subsidence is believed to be 0.6mm a year (Metcalf et al., 

2003). Sea level is very important to landsliding and subsequent stability as it dictates the 

base level of erosion and any fluctuations. Bjerrum and Jorstad (1968) identified a wave 

of aggression, also called a "wave of incision" by Garcia et al., (1999), which resulted 

from sea level change. The wave of incision propagates inland, leading to the initiation of 

landslides within river valleys due to oversteepening. At the coast sea-level rise leads to 

increased efficiency of debris removal from the coastal slope through increased wave 

attack. Sea level at the coast dictates the aggression of coastal attack and the stability of 

the high water mark. 

During the Quaternary sea level has changed many times, with both higher and 

lower levels than the present day. At the time of the last glacial maximum (22,000-13,000 

years BP) the sea was c. 120-130m below today's levels (Goudie, 1992). By the time of the 

Quaternary transgression sea level was within 30m of present levels (May and Hansom, 

2001). The effect this has on slope stability is the reactivation of relict landslide features 

produced by earlier sea-level fluctuations. 

The impact of sea-level rise on future landsliding will be related to a predicted 

increase in wave height and occurrence of storm surges. Zang (1997) showed that sea 

level rise in the last 80 years had contributed significantly to the amount of coast that is 

subjected to extreme storm surges (Thieler and Hammer-Kiose, 1999). According to the 
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climate change models the net sea-level change relative to the 1961-1990 levels will be 

between l6cm (low emissions assessment) and 76cm (high emissions assessment) by 

2080 (UKCIP, 2000). The Hadley Centre climate prediction scenarios indicate a rise in 

global sea level of up to 0.3m in the next 50 years (Figure 2.13). 

Figure 2.13: Global sea-level rise from 1960-2100 showing range bands for low, 
medium low, medium high and high emissions (LJKCIP, 2002). 

CLIMATE CHANGE AND THE ENVIRONMENT 

Environmental and climatic conditions. particularly precipitation amounts and 

intensity, are known to affect slope stability. Any climatic changes are likely to impact on 

landslide magnitude and frequency. An increase in the mean and extremes of precipitation 

may lead to an increase in the number of landslides (Beniston and Fox, 1996). Changes in 

precipitation levels could alter groundwater base levels in rocks and pore water pressures 

in soils thus triggering landslides (Dehn et al., 2000, Beniston and Fox, 1996). 

Globally, environmental change and landsliding has been occurring for thousands of 

years. In Europe, Jones (2001 ) identified three distinct climatic phases in the last 

millennium: 

1. Medieval warm period- 900-1300 
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2. Little Ice Age- 1350-1900 

3. Global waffning- 1900 onwards 

A model linking these climatic phases with landslide frequency has been developed 

for Germany (Schmidt and Dikau, 2003). The model indicated that the period covering the 

transition from the Little Ice Age to recent climate was the most effective of the three 

climate phases in increasing slope instability; and this was in turn linked to increases in 

the frequency of intense rainfall events (Schmidt and Dikau, 2003). Hutchinson (1965) 

also identified a period of increased landslide activity between 1550-1850 in England. 

This increase in activity was related to the deteriorating climate in the Little Ice Age with 

inland landsliding increasing significantly between the periods 1550-1600 and 1700-1850 

(Hall and Griffiths, 1999). 

Detailed local studies in Great Britain have identified individual events and 

sequences of wet weather capable of triggering landslides. Although the evidence for 

slope stability being linked to climate change is patchy examples include Little Ice Age 

failures identified on the Jurassic outcrops of the Midlands and phases of Little Ice Age 

mudsliding and rotational failure on the Cotswold escarpment (Jones, 2001). One of the 

most dramatic landslides in England, The Wonder Slide 1575, has been linked to this 

period of climatic deterioration and was triggered by denudational unloading and high 

water pressure (Hall and Griffiths, 1999). At the coast large-scale landslide events were 

taking place that could be linked to the more extreme climate conditions of the period 

(Table 2.2). 

It has been estimated that on the South Coast of England rates of retreat in soft cliffs 

could increase by up to 100% (Hosking and McInnes, 2002). 'Ibis higher level of activity 

would result from an increase in erosion and a higher level of groundwater due to 

increased effective rainfall, both of which can have an effect on the susceptibility of a 

slope to failure. 
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Place County Date 

Runswick Bay North Yorkshire 1682 

South Bay, Scarborough North Yorkshire 1737 

Robin Hoods Bay North Yorkshire 1780 

Hagocrlythe, Whitby North Yorkshire 1787 

Isle of Portland Dorset 1792 

Gore Cliff Isle ofWight 1799,1810,1818 

Kettleness North Yorkshire 1829 

Overstrand Norfolk 1825,1831 

Binclon Devon 1839 

'rable 2.2: Major Landslides that occurred during the Little Ice Age 

(after Lee, 2002). 

Predictions of the consequences of climate changge for South West England are 

derived from the UK('IP02 climate scenario data developed by thc Hadley Centre. 

Environmental changes have been modelled using low. mediurn-low, medium-high or r, 

high emissions data. Emissions refer to the four possible scenarios of' future greenhouse 

gas emissions which WOUld affect climate change. The predicted changes inClUde: 

0A 5-20(k increase in wetter winters. 

o An annual increase in temperature by 1-2.5" (Metcalfet al., 2003). 

0 Increased storm activity as much 30, -/( hy 2050 In the UK (Lee, 2002). 

Increased storminess will lead to an increase in freqUeIICY of wave attack at the 

base of cliffs leading to a greater efficiency of removal of debris from the foreshore. A 

higher frequency of wet year sequences may see flood levels rise and accelerated 

erosion due to pore water presSUre 'increases. 

VEGHATION 

Vegetation significantly affects the geotechnical parameters of surface materials on 

slopes. Vegetation affects slope stability through hydrological and mechanical processes. 

The impacts may be positive or negative, leading to an increase or decrease in the Factor 
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of' Sal'Cty (Table 2.3). Increased cover and size of' plants will lower pore water pressure 

within the slope are theret'Ore henel'icial to stability. Removal of' vegetation or limited size 

and rooting depth can increase soil water and therchy increase pore water pressure and 

clecreasinc, shear strenoth. Overall, trees oil shallow slopes call increase tile slope stahility 

by as much as 60(7( (Selby, 1982). 

Mechanical Hydrological 

" Roots reinforce a slope, increasing 0 Foliage acts to intercept rainfall. 
soil shear resistance and providin. 0,1 0 Roots and stems increase surface 
some cohesion. rougliness, which increases 

" Roots bind the soil together permeability and inl'iltration. 
reducing erosion. * Roots extract moisture from the 

" Vegetation can increase the slope and can lower the water 
Surcharges on a slope. which can table. 
increase shear stress. 0 Dryino ofthe soil by vegetation 

" Wind has the affect of increasing can lead to desiccation cracks that 
shear stresses into the slope increase infiltration capacity. 
through trees. although this is 
relatively limited. 

Table 2.3: Mechanical and hydrological effects of vegetation on slope stability 

(Greenway, 1987 and Selby, 1982). 

There are I'm records of' landslides directly related to vegetation change in the UK, 

although failures may have been promoted by forest clearance in the Iron Age. A recent 47 

study of deforestation carried out on Vancouver Island, British Columbia, Canada, 

analysed the effects of logging on the frequency and distrihution of' landsliding (Guthrie, 

2002). Following logging the nUmber of landslides increased between 3-16 times in the 

three watersheds that composed the StUdy area. Although vegetation removal was 

important, most landslides Occurred immediately a4jacent to roads, consequently 

increased landslide activity was attributed to logging road,, rather than simply removal of r-- 

trees. (Guthrie, 2002). 

In the UK a test case was carried out on aI in 3 road cutting on the M20 near 

Maidstone, Kent to test the impact of vegetation oil shallow landslides (Greenwood et til., 

2003). Plant roots increase stability by acting as a fibrous web which stabilises and anchors 

the soil due to an increase in cohesive strength, thus reducing the risk of shallow sliding 
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(Menashe, 1993). At a depth of I m, which is the typical shallow slope failure depth in the 

area, sets of roots were observed which penetrated through the slip surface thus aiding 

slope stability. The test results indicated that the presence of roots had increased the factor 

of safety of this slope by 10% (Greenwood et A, 2003). The most effective vegetation 

cover to stabilise, a slope against movement is a mixture of plant types to incorporate 

different root systems (Menashe, 1993). 

GEOLOGICAL CONTROLS 

Important factors in the stability of hillslopes are the rocks and soil making up the 

slope, geological structure and material strength (Blyth and de Freitas, 1983). Geological 

factors such as mineralogy and fabric affect the intrinsic strength of a slope and can 

influence the distribution, severity and frequency of landslides. Planar weaknesses within 

a slope, which dip adversely, may contribute to slope instability by providing a natural slip 

surface (Waltham, 1993). 

Rocks are not necessarily solid or uniform but can contain mixtures of material as well as 

structural discontinuities, voids, fissures and secondary deposits. Rocks that are solid and 

uniform possess a greater strength than mixtures of materials, which have lower strength 

capabilities. Discontinuities and structural weaknesses reduce the shear strength of a rock 

to below that of the intact strength (Hencher, 1987). Discontinuities within the rock also 

control the movement of groundwater, which can also contribute to instability. In 

geotechnics, "discontinuities are considered to be a boundary or break within the soil mass 

or rock which marks a change in engineering characteristics" (Hencher, 1987 p149). Each 

type of discontinuity has particular geotechnical characteristics and affects (Table 2.4). 

Hydrogeology is equally important in slope stability due to its effect on the 

effective strength of materials (Jones and Lee, 1994). Variations in lithology and the 

differences in water bearing capacity and strength that is associated with this are vital to 

slope stability. When an impermeable lithology overlies a bed that is permeable failure can 

occur due to both softening and possibly increased water pressure at the base of the 
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impermeable material. GrOLInd water I'low within a slope is affected by (IiSCOIIIIIILIItIC. S SLICII 

joints and faults. Concentiation of' disconlinuities c, as an lead to an incrcasc How of' watcr, 

which can lead to a reduction in stahility. Increasing ground water pressurcs can i-cdLicc the 

shear resistance of a shear surface as well as increasing,, the forces that can initiate sliding 

(flencher, 1987). Fault zones for example act as a zone of' weakness or groundwater 

condUlt whilst tectonic movement on a fault maY initiate Lillure 0 lencher, 1987). 

Discontinuity 
Physical characteristics C', eotechnical Aspect 

Type 

Persistent fractures from Tectonic joints are either shear or 
Tectonic Joints 

tectonic stress. tensile. 

Fractures along which Often low shear strenoth where 

displacement has slickensides or gouge are present. May 

Faults occurred. Often he associated with hi h groundwater 

associated with zones of flow. Deep zones of weathering, may 

sheared rock occur along faults 

Rough, widely spaced Commonly parallel to slopes. 

fractures. Formed under Weathering concentrated along, thern 
Sheeting Joints 

tension as a result of 

unloading 

Lithological Boundaries between Often chanoes in enoineering 

boundaries different rock types. properties. 

Table 2.4: Affects of geological structures on stability of a slope (after Hencher, 19M7). 

GEOMORPHOLOGY AND Toio(iRAPHY 

Topographic factors affecting landsliding include gradient. elevation, aspect and 

form (Gao. 1993). Specific topographic features have been highlighted as heino conducive I- 

to landsliding: eroding gUllies, river hanks. meander scars. outher hills, escarpments and 
I- 

steep sided valleys cut into backs lopes. 0 ones and Lee. 1994). I-andsliding is particularly 

pronounced where steep local relief' is created by unstable combinations of' ggeological L- 

material such as the Cotswolds and Wiltshire Escarpments. 
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Areas in Great Britain where topography has a controlling effect on slope stability 

include steep mountainous regions such as the Cairngorms, Scotland and areas subjected 

to glacial oversteepening. Devon and Cornwall contains three "upland areas" although 

these are not classed as truly 'mountainous'. The highest point in the South-west is 621m 

above sea level; this compares to the highest points in the Lake District, Caimgorms and 

Snowdonia at 977m, 1309m, and 1085m respectively. The upland area of Dartmoor has 

large areas that form a plateau offering few areas of high relative relief. 

ANTHROPOGENIC FACTORS 

Anthropogenic activity can reactivate a landslide or lead to a first time failure 

through processes such as forest clearance, drainage alteration, coastal modification, 

mining and construction. The causes of anthropogenically triggered landslides are similar 

to those that are attributed to natural causes. Usually this involves removal of material at 

the toe, loading the slope or interference with drainage. In the South Wales coalfield area 

many landslides could be attributed to anthropogenic activities and development. 

Examples of anthropogenic landslide triggers include reactivations induced by road 

cuttings and new developments being built on valley sides. Deforestation and increased 

groundwater flow from the collieries also led to landsliding (Figure 2.14). 
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Figure 2.14: Anthropogenic causes of landslides in the South Wales coalfield area 
(Siddle and Bentley, 2000). 

WHATHERING 

Weathering processes are the physical and chernical breakdown of material 

exposed at or near the Earth's surface resulting in the alteration of' physical and 

geotechnical properties (Parise et al., 2004). Weathering is in important contribUtor to 

landsliding because it can increase the vulnerability of a slope to failure due to changes in 

strength. permeability and density (Dikau et al., 1996). Shallow, rapid soil slips are the 
ZI 

most common type of' landslide affecting weathered material (Parise et al., 2003). In 

South-West England Tertiary weathering, products have been largely removed by 

periglacial weathering activity. Chemical and mechanical weathering since the Pleistocene 

has led to changes in the structure and composition of Upper Carhonlt'erous muctrocks in 

Devon through periglacial weathering leading to reMOUlding, loss of' strength and 

increased porosity (Grainger and Harris, 1996). 
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2.3.2 TRIGGERING MECHANISMS 

EROSION 

The action of erosion by fluvial, glacial or marine/coastal processes can lead to 

slope instability through changes to slope geometry or unloading. Slope geometry changes 

can included alteration of relief, height, length and angle of slopes (Dikau et al., 1996). 

Oversteepening of a slope through erosion can ultimately result in an increase in the total 

stresses within the rock or soil mass. The effects of oversteepening on a slope are an 

increase in shear stresses being generated and a reduction in gravity induced shear strength 

(Jones and Lee, 1994). 

Fluvial erosion has been the major cause of 52 landslides along Greens Creek in 

Eastern Ontario (Canada), with 50 of the slides occurring preferentially on the outside of 

meander bends (Hugenholtz and Lacelle, 2003). The affect of the meander is to direct the 

flow of the river concentrating the force of fluvial erosion which leads to geometric 

change and slope instability (Hugenholtz and Lacelle, 2003). 

Coastal cliffs are commonly subjected to marine basal erosion. In Devon this has 

resulted in the continuation of large landslide complexes at West Beacon Down, Budleigh 

Salterton and St Mary's, Brixham where the continued erosion of the landslide toes and 

resultant oversteepening has prevented the slopes reaching a stable angle. 

GROUND SUBSIDENCE[UNDERMINING 

Ground subsidence is the near vertical movement of rock and soil (Jones and Lee, 

1994). Undermining and loss of support from a slope, which can occur through leaching, 

erosion, piping and numerous anthropogenic causes, will negatively impact upon its 

stability, (Dikau et aL, 1996). In Great Britain ground subsidence can occur through 

shrink-swell of clays, mining and dissolution. The most extensive of these problems in 

Great Britain is shrink-swell of clays which tends to affect younger geological formations 

especially in the SE and the Midlands (Hobbs et al., 1999). Dissolution occurs most 
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readily on the Cretaceous chalk and salt, affecting Permo-Triassic formations (Cooper and 

Farrant, 2001). Mining related subsidence relating to the collapse of an infilled limestone 

quarry was responsible for the collapse and demolition of 34 cottages in Edinburgh during 

2001 (Browne, 2001). Mining activity across Cornwall is extensive and there are 

widespread issues relating to mine related subsidence. 

DEPOSITION 

Loading, which can also have a stabilising affect, can occur both naturally and due 

to human intervention. Natural causes include rain, snow and the accumulation of rock or 

soil, whilst human causes include the added weight of buildings or mine stockpiles on a 

slope. Loading impacts upon slope stability by altering the water content, the weight of 

material on a slope as well as the stresses being applied to it. Loading the head of a slope 

will lead to a reduction in slope stability, whilst toe loading can have a stabilising 

influence. 

Undrained loading can be an important trigger for the initiation of a landslide on a 

low angled slope or for reactivating of an already unstable landslide (Wilson et aL, 2003). 

With undrained loading added pore pressure caused by loading of a slope is unable to 

dissipate quickly in low permeability materials. An increase in the total stress can occur 

whilst effective stress increases less due to increasing pore pressure. The mobilised 

frictional strength is only able to increase by a small amount and the factor of safety is 

reduced. This principle of failure on a low angled slope through undrained loading was 

established by Hutchinson and Bhandari (1971) for a mudslide occurring on a slope of 

3.9'. 

SHOCKS AND VEBRATIONS 

Great Britain is not seismically active at a level that would induce landsliding, 

although there are clusters of activity of both seismic shocks and earthquakes. The direct 

link between this kind of seismic activity and landsliding has as yet not been fully studied 
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for Great Britain. This is therefore not a cause that will be covered further as it is not 

regarded as significant to the study area. A small number of landslides are attributed to 

anthropogenically induced shocks, which include the setting off of explosions or the use 

of heavy plant equipment. 

WATER REGIME CHANGE 

Changes to the water regime of a slope are responsible for more landslides in Great 

Britain than any other factor (Jones and Lee, 1994). Water regime change may be as a 

result of natural processes such as intense rainfall or snowmelt. Human intervention on a 

slope can also lead to water regime changes through blocked drains and poor surface 

water removal or seepage from pipes, which can lead to landsliding. 

Changes in the water regime include a number of different effects on the stability 

of a slope: a rise in the water table; rise in piezometric head and pore water pressure; a 

decrease in shearing resistance of the soil. A change in the water regime may also result in 

the removal of electrolytes and cement from a slope and also the initiation of a new set of 

weathering processes. 

Increased pore pressure is important in landslides. During intense rainfall shallow 

landslides commonly occur due to the rapid infiltration of water, followed by saturation 

and an increase in pore water pressure (Turner and Schuster, 1996). Research in other areas 

on the link between rainfall events and landsliding has shown how patterns are visible 

between years of high rainfall and landslide occurrence for Mam Tor, Derbyshire 

(Waltham and Dixon, 2000). Data from monitored stations on the landslide showed a clear 

correlation between periods of high rainfall and increased activity of the slides. A rainfall 

threshold of 210mm was observed, in 1/3 of incidences rainfall over this threshold led to 

accelerated movement rates (Waltham and Dixon, 2000). Future predictions of climate 

change already show signs of occurring with recent events highlighting the effects of 

increased rainfall and storm activity could have. Boscastle, north Cornwall, was hit by 
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severe rainfall on the 16th of August 2003 when 200mm of rain fell in five hours (HR 

Wallingford, 2005). 

2.4 SPATIAL PATTERNS OF LANDSLIDING IN GREAT BRITAIN 

Landslides in Great Britain have caused loss of life as well as damaging property 

and infrastructure. Landslide research in Great Britain has stemmed from problems in 

construction projects that have had an economic rather than social impact. During the 

1960's and 1970's a number of high profile, inland landslides occurred that affected 

engineering projects (e. g. Sevenoaks Bypass, Skempton and Weeks, 1976), which 

demanded costly remedial action. The number of projects affected by unexpected 

landslides reinvigorated calls to establish an accurate account of the number and 

distribution of landslides in the Great Britain. In 1983 The Department of the Environment 

commissioned a desk study entitled Review of research into landsliding in Great Britain, 

which aimed to investigate the number of landslides in Great Britain. This ultimately led to 

the creation of a National Landslide Database (Jones and Lee, 1994). Prior to this 

investigation the state of landsliding in Great Britain was unknown, but was not thought to 

be extensive. 

2.4.1 RESULTS FROM THE NATIONAL LANDSLIDE DATABASE 

On completion of the National Landslide Database in 1990 the spatial distribution 

of landslides became apparent, highlighting several concentrations of Iandsliding in Great 

Britain (Figure 2.15). Areas with concentrations of landslides occurred in South Wales, 

the Weald, the Cotswold escarpment and Pennines and the Scottish Highlands (Lee et aL, 

2000). 
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Figure 2.15: Distribution of recorded landslides in Great Britain from the National 
Landslide Database (After Jones and Lee, 1994). 

The pattern is strongly correlated with the pattern of bedrock geology, suggesting 

that some lithologies are MUch more prone to landsliding than others. Some of' the high 
I 

density areas in Figure 2.16 are associated with clay rich strata such as the Upper 

Greensand and Gault. the Weald Clay and the Lower Greensand. 
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Figure 2.16: Distribution of major stratigraphical formations showing density of 
landsliding (Jones and Lee, 1994). 

Analysis of the original National Landslide Database can provide an insight into the 

landslide environment of Great Britain. Jones and Lee, 1994 summarised the results of the 

database as follows: 

* 8835 landslides in total; 

* 7533 (85%) of these are inland landslides; 

0 Vast majority of the total number of landslides are either inactive or stable 

today; 

The counties with the highest density of landslides are Mid-Glamorgan, West 

Glamorgan, Derbyshire, Avon and Gloucestershire; 

The most common type of landsliding is translational planar landsliding; 

38 



The stratioraphic milt with the hiphest density of landslidino is tile Upper Lias 

(Table 2.5)-, 

0 rhe lithology with the highest recorded number of' landslides in Great Britain vs 

clay, 

The most common causal process for landsliding was natural crosioll closely I- 

I'Ollowed by water regime change. 

Stratigraphic tJnit 
Density of 

Landsliding (1001kni 2 

Upper Lias 31 

Undifferentiated Carboniferous tuffs and agglomerates 31 

Carboniferous Upper Westphalian (in]. Pennant Measure 30 

Carboniferous Naniurian Formation (Millstone Grit Series) 27 

Middle Lias 26 

Middle Jurassic Inferior oolite 25 

Undifferentiated Middle Jurassic rocks of the Islands of 

Skye. Raasay and Eigg 
25 

Upper Jurassic Purbeck beds 20 

Carboniferous TOUrnasian and Visean Formation 

(Carboniferous Limestone) 
19 

Undifferentiated Lower Jurassic ot'Mull and Raasay 19 

Undifferentiated Westphalian Formations ofNF, England 

and Central lowlands ot'Scotland 
16 

'I'Ahh- 2--,;! Stratis)-ranhic units with the iweatest densities o f landslides Oones and Lee, 

1994). 

2.4.2 LANDSt. I[)F ENVIRONMENTS OF GREAT BRITAIN 

Using the National Landslide Database as a basis Lee et ýd. (2000) produced a 

number of landslide prone environments (Table 2.6). A number of terrain features prone to 

landslides were also established (Jones and Lee, 1994) and their extent in Devon and 

Cornwall IS OUtlined: 
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* Coastal cliffs - Lengthy coast line in Devon and Cornwall with steep cliffs and 

lower lying cliffs in varied lithologies. 

* Mountain sides - No mountains in Devon and Cornwall 

9 Steep sided valleys - Steep sided incised river valleys are present throughout 

Devon and Cornwall 

* Erosional margins of upland areas - Erosional margins exist around the granite 

upland areas in Devon and Cornwall such as Bodmin moor and Dartmoor. 

* Sedimentary escarpments- Sedimentary escarpments are common in the East of 

Devon on the Mesozoic Upper Greensand and Mercia Mudstone. 

* Outliers - Unknown distribution 
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2.5 SPATIAI, PATTERNS OF LANDSIADINC IN SotJ'1'11-WES'1'1ý', N(; 1, ANI) 

South-west England, as defined in this section, covers soen counties, Avon. 

Cornwall, Devon, Dorset, GIOLIcestershire. Sonlersct and Wiltshire. Compared to othcr 

regions in Great Britain the South-west has a lilgher than average densily of' recorded 

inland landslides (Tahle 2.7). In the South-west England section of' the original National 

Landslide database there are 1732 landslides, accounting, I'Or c. 2011( ofthe lotal. However, 

Devon and Cornwall (the focus ofthis study) have the lowest density of' inland lan(lsh(fino 
t, 

within the region (Table 2.8). 

Region 
Number of 
recorded 
landslides 

Number of 
recorded inland 

landslides 

Density ofinland 
landsliding (per 

1000km 2 

Wýfles 1515 113 6.72 

Midlands 1363 5.09 

SoLith-west 1732 577 3.78 

Northeni Enolaiid 1779 123 3.32 

Sotith-east 1136 313 2.03 

Scotktiid 1200 175 1.31 

Total 8835 1302 3.28 

Table 2.7: Recorded landslide data For regions within the National Landslide 

Database (niodified from. lones and Lee, 1994). 

Number Density of Size of' Number of 
of inland 

County Countv 
2' K recorded 

coastal 
l d lid 

landsliding 
( m landslides an s es (per 10OOkm 2 

Avon 1337 286 2 21.10 

Cornwall 3563 37 37 0.00 

Dev )n 6707 446 356 1.3 

Dorset 2653 287 133 5.39 

Gloucestershire 3150 377 6 17.82 

Somerset 3171 103 19 2.36 

Wiltshire 3385 85 2.37 

Total 25076 1732 577 3.78 

Table 2.8: Recorded landslide data for South-west England (modified from jones and 
Lee, 1994). 
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Despite this the overwhelming majority of landslides in South-west England are 

biased towards coastal areas (Figure 2.17). Small pockets of inland landslides do occur but 

there are considerable areas where none are recorded and the majority of coastal landslides 

occur in clusters. Jones and Lee (1994) highlighted the stratigraphic units which had the 

highest landslide densities (Table 2.7). There are limited examples of the stratigraphic units 

with a high-recorded number of landslides in South-west England. Whilst the 

Carboniferous Westphalian and Namurian stratigraphic units (which have high incidence 

of landsliding in Great Britain) do feature in Devon and Cornwall but they are of a 

different facies and have a slightly different lithology. Most of the landslides in the 

Carboniferous Westphalian and Namurian units occur within the Millstone Grit, which is a 

different lithology to that present in Devon and Comwall. 

Despite the lack of stratigraphic units with a dense concentration of landslides there 

are clusters of landslides within Devon and Cornwall these are found in the following 

areas (Figure 2.26): 

* Torbay (South Devon) 

* Exmoor (North Devon) 

* Exeter (South Devon) 

* Hartland coast (North Devon) 

* Boscastle coast (North Comwall) 

* Portreath-Godrevy (North Cornwall) 

* Seaton-Sidmouth (East Devon) 

* Axmouth-Lyme Regis (East Devon) 
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Exmoor 

Hartland 
Coast 

Boscastle Exeter 
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imouth-Lyme 
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Portreath- 
Sidmouth 

Godrevy coast Torbay 

Figure 2.17: Landslide clusters in Devon and Cornwall 

Doornkamp et aL (1988) and Grainger, (1983) studied landslides in Torbay and 

Exeter; this has produced a high density of landsliding in relatively small areas. The 

Exmoor cluster is a unique result of a period of intense rainfall in 1952 which led to the 

stripping of vegetation and superficial deposits in a localised area where the most intense 

precipitation occurred. The Seaton to Sidmouth and Axmouth to Lyme Regis stretches of 

coastline are well known as areas of coastal landslides. The Axmouth - Lyme Regis 

coastal areas contains some of the largest, most well known historical landslides in Great 

Britain and has been studied extensively (Arber, 1930, Arber, 1970, Pitts, 1983, Pitts and 

Brunsden, 1987). The Boscastle and Hartland coasts also contain some very large 

landslides which, according to Freshney et al., (1979) are related to the lithology found at 

these sites and the intense nature of folding and faulting in these areas as a consequence of 

the Hercynian Orogeny. 
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2.6 Controls on Landsliding: Chapter Summary 

Landslides are a widely studied phenomena which can be classified depending on 

the type of movement and the material involved. There are five main types of landslide 

mechanism, most of which can be found in Devon and Cornwall. Landsliding is a 

dynamic process, occurring as a result of factors acting on a slope to destabilise it. These 

factors vary both spatially and temporally. Landsliding may be initiated long before 

failure occurs through preparatory factors relating to the geomorphic regime, geological 

controls and topography. These factors, combined with a triggering cause such as high 

rainfall, can reduce the factor of safety of a slope below unity leading to failure. In Devon 

and Cornwall not all the preparatory factors contribute to instability, the most important 

factors are geology, topography and geomorphic regime. Landslide causes such as 

subsidence, tectonics, air fall of tephra and shocks/vibrations are not considered as causes 

of landsliding in Devon and Cornwall. 

Landsliding in Great Britain has been recorded within a national database, which 

has provided information on the occurrence of landslides. In Great Britain lithology can be 

shown to exert a control over the distribution of landsliding due to the density of 

landslides on clay rich strata. Localised clusters also occur in areas such as the Cotswold 

escarpment and the Pennines where a combination of lithology and topography produce a 

landscape that is susceptible to landsliding. Landslide environments derived from geology 

and terrain have been outlined, the distribution of which may affect the susceptibility of 

this region to landsliding. 

The South-west of England has the P highest density of inland landsliding 

throughout the regions of Great Britain. However, the landslide density of Devon and 

Cornwall is the lowest of the South-west regions. Currently there are no recorded inland 

landslides in Cornwall and there are only ninety in Devon, which is 20% of the total for 

this county. 
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3. GEOLOGY AND GEOMORPHOLOGY 

3.1 INTRODUCTION 

The lithology, structural configuration and topographic expression of bedrock and 

superficial deposits are recognised. as the most important controls on the distribution of 

landslides in Great Britain (Jones and Lee, 1994). An outline description of the geology 

and geomorphological evolution is presented in order to provide a basis for later 

discussions on the distribution of landsliding in Devon and Cornwall. Although the 

information is presented in a traditional stratigraphic format, the emphasis is on the 

lithological variations in material. The geology as described in this chapter underpins the 

analysis and discussion on the distribution and patterns of landsliding presented in 

Chapters 6 and 7. For more detailed descriptions of the geology of the area reference is 

made to regional reviews by Edmonds et al., (1975), Durrance and Laming, (1999), and 

Selwood et al., (1998). 

The bedrock geology of Devon and Comwall ranges from the Pre-Cambrian Lizard 

Ophiolite sequence through to Cenozoic clays, sands and gravel. In Devon the diverse 

geology spans a time period of approximately 400 million years. Almost complete 

sequences of Devonian, Carboniferous and Permian rocks are present with less complete 

sequences of Triassic, Jurassic and Cretaceous bedrock (Figure 3.1) The extensive 

Palaeozoic geology of Devon and Cornwall is deceptively simple, two bands of east-west 

trending Devonian formations separated by those of the Carboniferous (Figure 3.1). In the 

East of Devon younger Mesozoic rocks dominate, which are lithologically and structurally 

very different to the harder rocks of the Palaeozoic (Figure 3.1). 

Complexities in the underlying geology are reflected in the landscape created by 

geornorphological processes. Landforms of the contemporary land surface represent an 

inherited landscape largely the result of a long period of sub-aerial Cenozoic denudation 

under conditions ranging from near tropical (Tertiary) to periglacial (Quaternary) (Mignon 

and Goudie, 2001). 
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Geology of Devon and Cornwall 
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Figure 3.1: Geological map of Devon and Cornwall (BGS Digital Geology Map) 
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3.2 STRATIGRAPHY 

Devon and Cornwall has a long history of tectonic deformation dominated by the 

major events of the Variscan (Hercynian) and Alpine Orogeny. These large deformation 

events have controlled regional uplift and subsidence, which has in turn influenced erosion 

and sedimentation (Coque-Delhuille, 199 1). 

A stratigraphy for Devon and Cornwall will be presented that covers the main 

lithological units necessary in order to discuss the nature of landsliding in later sections. 

For each major stratigraphic time unit the key lithologies, together with their spatial and 

temporal distributions are outlined. This information is then followed with a brief 

discussion on landsliding within that unit based upon the National Landslide Database. 

3.2.1 PRE-DEVONIAN 

The Lizard complex represents the oldest rocks present within Devon and Cornwall 

is the highest structural level exposed in the Variscan nappe stack of South West England 

(Jones, 1997). The Lizard complex has been interpreted as an Ophiolite due to the presence 

of peridotites, gabbros and a mafic dyke complex (Cook et aL, 2002). Emplacement of the 

Lizard complex, consisting of three structural and lithological units, occurred during the 

closure of the Gramscatho basin (Barnes and Andrews, 1986, Sandeman et aL, 2000). 

Mencage Melan 

Goonhilly 
A. Crousa Do ns 

:e ro Downs un t 
Unit 

Basal 
Unit 

5 km 

Man O'War Gneiss 

Figure 3.2: Division of the Lizard Complex into three units (Jones, 1997). 
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To the north the Lizard Complex overlies the Gramscatho Group, which in this area 

is a flysch sequence comprising mudstone with subordinate turbidite sandstones and 

siltstones. In the southern most section of the Gramscatho group, the Meneage melange, up 

to 1500m thick (Cook et A, 2002), includes a sequence of melanges, rudites and volcanics 

(Barnes and Andrews, 1986). 

LANDSLIDE SUSCEPTIBILITY OF PRE-DEVONIAN ROCKS IN DEVON AND CORNWALL 

Figures relating to landsliding within Pre Devonian rocks are not widespread. 

Within the National Landslide Database there are incidences of landsliding within rocks 

such as Gabbro and Gneisses but these are not extensive. There are only 66 recorded 

landslides in the UK in gabbro and only 24 landslides recorded in Gneiss (Jones and Lee, 

1994). In Precambrian Gneisses and Homblende schist's the figure is 9 landslides which 

equates to a density of about 3 landslides per I OOkm2 (Jones and Ize, 1994). 

3.2.2 DEVONLAN 

Ile Devonian strata of Devon and Cornwall crops out across much of Cornwall, 

North and South Devon (Figure 3.3). In Devon and Cornwall an almost complete section 

through the Devonian is present from the Gedinniann to the Famennian (Figure 3.6). 

The geological units of the Lower Devonian (Gedinnian - Emsian, c. 416-397.5Ma) 

crop out in a band from the north Cornwall coast to the east coast of south Devon across an 

area of approximately 1021 km2 (Figure 3.3). The oldest and most spatially extensive 

Lower Devonian units in Devon and Cornwall are the Dartmouth and Meadfoot groups 

with a varied lithology of mudstones, shales, siltstones and sandstones (Coward and 

McClay, 1983). Continuous sedimentation during the Middle Devonian led to the 

deposition of a sequence of undifferentiated slates that make up the vast majority of Middle 

Devonian strata in Cornwall. The Middle Devonian is more extensive than the Lower 

Devonian with an area of 1901 km2. 
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Epoch Stage South Devon North Devon Cornwall 

Gurrington Baggy Beds 
Slate Upcon Beds 

C Famennian 
Pickwell Do%kn beds 

Morte Slates 

Frasnian 

Limestone Ilfracombe 

Givetian Beds 

Volcanics Hangnian Grits 

Slates and Shales Eifelian 
Lynton Beds 

Ofte S(addon Grits Emsian 

Meadfloot Group 

Dartmouth 
Group 

Undifferentiated 
Slates 

Mcadfoot 
Group 

Figure 3.4: Stratigraphy of Devonian sediments in Devon and Cornwall (after 
Durrance and Laming, 1999 and Edmonds et al., 1975). 

Upper Devonian rocks crop out in both Devon and Cornwall in three 

2 
geographically separate areas covering over 1500 km . In North Devon slates, siltstones 

and sandstones were deposited as the Morte Slate Formation overlain by the Pickwell 

Down Sandstones, a sandstone unit with subordinate shales (Edmonds et al., 1985). The 

Upper Devonian rocks in Cornwall and south Devon are mostly grey green slates (Kate 

Brook and Treclorn Formations and Delabole Slate Members). The Mylor Slates of south 

Cornwall represent a more varied formation with siltstones, mudstones, muddy sands and 

metabasites. 
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Similar depositional conditions to that in the Devonian continued into the 

Carboniferous where the Transition Group formations contain both Devonian and 

Carboniferous assemblages. Transition Group formations are predominantly slates with 

some limestone or siltstone beds. 

LANDSLIDE SUSCEPTIBILITY OF DEVONIAN ROCKS IN DEVON AND CORNWALL 

Data from the National Landslide Database indicates that Devonian stratigraphic 

units have a low instability rate. The majority of Devonian lithologies are slate, mudstones, 

siltstones and sandstones; in areas surrounding the granite intrusions these rocks have 

undergone contact metamorphism. Figures from the National Landslide Database for Great 

Britain show that Middle Devonian stratigraphic units had the highest density of landslides 

per 1 OOkM2 at 7.4 correlating to 155 landslides, the highest number of slides for the 

Devonian stratigraphic units. The Upper Devonian had a density of 4.2 landslides per 

lOOkm2 and 66 landslides, most of which were rockfalls. The Lower Devonian had the 

lowest density at 4.1 landslides per 100kmý; most of these 63 landslides were translational 

in nature. Only two landslides were recorded for the Transition group in the National 

Landslide Database, which related to a density of 0.8 landslides per 100 kni2. 

The stability of slopes formed in the slaty mudstones of the Dartmouth and 

Meadfoot Group is not limited just by its weathering potential but by the presence of 

discontinuities such as bedding, cleavage, faults and joints and their orientation with 

respect to the slope. If the orientation of discontinuities in a rock mass are oblique to the 

direction of the of principle stresses then failure can occur more readily; this is especially 

true for rocks affected by regional metamorphism (Hawkins, 1998). In Cornwall tests on 

Devonian Slates showed a 15-20% reduction in strength of rocks tested in an oblique 

direction compared to those measured normal or parallel to cleavage (Brown, Richards and 

Barr, 1977). Problems encountered on artificial cut slopes have some bearing on coastal 

stability with wedge and toppling failures occurring associated with bedding and cleavage 
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as well as jointing (Leveridge et al., 2002). Cut slope analysis for the Lower Devonian 

slaty mudrocks shows that planar failure is most likely in a south facing slope, where the 

discontinuities daylight on a slope that dips steeper than the angle of friction (Leveridge et 

aL, 2002). A cut slope failure occurred within the Dartmouth Formation in Fowey, the 

slope had an effective friction angle of 24' (Fookes et aL, 1977). On natural inland slopes 

discontinues cause limited instability due to the structure of the material. Steep slopes 

developed on Devonian slaty mudstones are resistant to failure because the dominant 

discontinuity (cleavage) dips steeper than the slope and so planar failure does not occur 

(Leveridge et al., 2002). 

3.2.3 CARBONIFEROUS 

The whole of the Lower Carboniferous is represented by formations in Devon and 

Cornwall whilst the Upper Carboniferous is incomplete (Figure 2.7). Lithologically the 

Lower Carboniferous is very different from the Upper Carboniferous. Lower Carboniferous 

lithologies, concentrated in an area west of Dartmoor and extending over 396 km2, are 

dominated by chert and limestone. The Upper Carboniferous, which covers an area of 

3014kmý, stretching from Barnstaple inland to the eastern side of Dartmoor comprises 

mainly interbedded shales and sandstones (Figure 2.8). 

The Upper Carboniferous formations of Devon and Cornwall are spatially extensive 

and are dominated by the Crackington, Bude and Bideford Formations. Other smaller units 

are present which are not as geographically widespread. These isolated units include the 

Ashton Shale member, which will be discussed due to its significance to instability studies. 

The Carboniferous units are mainly interbedded lithologies with different proportions of 

sandstone and shale units, the proportions of shale are important to stability. The extensive 

Namurian Crackington Formation is a sequence of folded shales and thin turbidite 

sandstones, the ratio of shale to sandstone being between 2: 1 and 4: 1in the Exeter area 

(Edmonds et A, 1975 and Edwards and Scrivener, 1999). Further to the north around 

Hartland Quay the formation is predominantly turbidite sandstones with partings of shale 
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and mudstone, with a shale to sandstone ratio of 1: 3 (Freshney et al., 1979). Occupying the 

core of an anticline in the basal section of the Crackington formation is the Ashton Shale 

Member. predominantly formed of shale with a few thin turbidite sandstone and siltstone 

beds (Edwards and Scrivener. 1999). 
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North Devon North Cornwall 

"; Al- Stephanian 

Westphalian Bude Bideford Bude 
Formation Formation Formation 
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Crackington 
Formation Crackington Crackington 

Ashton Shale Formation Formation 
0 

N Meldon Chert Firebeacon 
OW Chert 

Visean Teign Chert Fon-nation 

Buckator 
Corribe Formation 
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Tournasian Pilton Barra Nose 
Trusham Shale Formation 
Shale 

Hyner Shale Yeolmbridge 
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Figure 3.5: Stratigraphy of Carboniferous sediments in Devon and Cornwall (after 
Durrance and Laming, 1999, Edwards and Scrivener, 1999 and Edmonds et al., 1975). 
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Overlying the Crackington Formation is the Bude Formation with an outcrop area 

of around 30km2 (Edwards and Scrivener, 1999). The Bude Formation is a sequence of 

turbidite sandstones, shales, siltstones and slumped beds (Lloyd and Chinnery, 2002). 

Deformation during the Variscan Orogeny in the late Carboniferous led to the development 

of characteristic chevron style, periclinal folds which get more intensely deformed in a 

progressively southern direction (Whalley and Lloyd, 1986). 

Less extensive than the Crackington and Bude Formations is the Bideford 

Formation of Westphalian age. Concentrated in the North of the Carboniferous band the 

Bideford Formation is best exposed around the cliffs of Westward Ho!. The succession is 

around 370m thick and comprises a cyclic sequence of sandstones and shales (Durrance 

and Larning, 1982). 

LANDSLIDE SUSCEPTIBIMY OF CARBONIFEROUS ROCKS IN DEVON AND CORNWALL 

Data from the National Landslide Database suggests that the Lower Carboniferous 

Visean would be an area of high density of landsliding with 737 failures and a density of 

19.7 landslides per lOOkm2. However, this may misrepresent Devon and Cornwall as the 

overwhelming majoritY of cases occur on the steep Tournaisian and Visean terrain in the 

Pennines, Northumberland and around Edinburgh. 

Data from the National Landslide Database shows that 56 landslides involved the 

Upper Carboniferous of the South-west, providing density of 1.8 landslides per 100km2. 

This is low compared to other Carboniferous Formations including the Upper Westphalian 

Pennant Measure (31.1 per I OOkm2) and the Namurian Millstone Grit (26.6 per I OOkm2). 

The Crackington Formation contains weak/very weak, heavily overconsolidated 

shaly mudstones with interbeds of moderately strong to strong sandstone (Edwards and 

Scrivener, 1999). The Crackington Formation weathers to a stiff fissured clay that can have 

high or very high plasticity values (Edwards and Scrivener, 1999). The Bude Formation 

does not weaken as much when weathered as the Crackington Formation, and the 
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weathered material is less plastic due to the higher proportions of sand (Edwards and 

Scrivener, 1999). 

Published data on the engineering properties of the Crackington Formation quote 

residual angle of friction between 15' and 25' and a maximum stable slope angle of 

between 7.5' and 13' (Grainger and Harris, 1986, Edwards and Scrivener, 1999). The 

sandstone units are classed as very strong and have the highest Unconfined Compressive 

Strength of 30 English Sandstones presented by Hawkins (1998). The Ashton Shale 

member is particularly susceptible to landsliding. The clay mineral assemblage is illite- 

kaolinite and the weathered products have a low shear strength. 'I'lie Bude Formation 

normally forms stable natural slopes below 14' (Edwards and Scrivener, 1999). 

3.2.3 PERmiAN 

Permian sedimentation took place in Devon between c. 280-230 Ma through the 

Early and Late Permian. Permian rocks are present in an area north and east of Exeter and 

have a spatial extent of c. 530 km2. During the Permian, sedimentation occurred under semi 

and conditions. Erosion of new mountain ranges and occasional rainstorms produced 

sheets of gravel that moved down from the upland areas depositing material as alluvial fans 

(Durrance and Laming, 1982). Breccias and sandstones formed during sheet flooding 

comprise the Lower Permian Breccia group present in the Torbay area. Elsewhere in 

Devon the Exeter Group, c. 800m. of breccias with some sandstones and mudstones, 

represents alluvial fan deposits around Exeter and the Crediton Trough (Edwards et al., 

1997). The Dawlish Sandstone overlies the Exeter Group as well as the Lower Permian 

Breccias, where it interfingers with the Teignmouth Breccia (Selwood et A, 1984). 
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Figure 3.7: Stratigraphy of the Permian, Triassic and Cretaceous in Devon. 
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The Aylesbeare Mudstone Group, spanning the Late Permian into the Triassic, 

comprises up to 530m of reddish brown weakly calcareous siltstone and silty claystone 

(Edwards and Scrivener, 2000). Within the group are three lithostratigraphic formations: 

the Littleham. Mudstone Formation, Exmouth Mudstone and Sandstone Formation and the 

Clyst St Lawrence Formation. 

LANDSLIDE SUSCEPTIBILITY OF PERmiAN ROCKS IN DEVON AND CORNWALL 

Landsliding on the Permian basal breccias, sandstones and mudstones is relatively 

common according to data from the National Landslide Database, with a density of 19.8 

landslides per lOOkm2. The 136 landslides within this unit are mostly rockfalls and 

translational failures. Permo-Triassic sandstones have a much lower density of 0.9 

landslides per 100kný and are represented by only 44 landslides. 

Despite the high national density of landsliding on the Permian basal breccias those 

found in the main outcrop area around Exeter are classified as weakly cemented coarse 

grained deposits, which have a good bearing capacity and no known natural instability 

(Edwards and Scrivener, 1999). 

The Permian Dawlish Sandstone is classified as a weakly cemented sandstone that 

weathers to medium dense to dense sand (Edwards and Scrivener, 1999). Natural slopes of 

the Dawlish Sandstone rarely exceed 13' although vertical cut slopes have remained stable 

over long periods (Edwards and Scrivener, 1999). 

3.2.4 TIUASSIC 

Generally characterised by relatively dry conditions similar to the Permian, Triassic 

sedimentation in Devon took place from 230-19OMa. Triassic rocks in Devon have an areal 

extent of 370 krn2 and form a coastal outcrop in East Devon, which extends from Seaton to 

Dawlish (Figure 3.10). Most Triassic sediments in the South are concealed beneath the 

Wessex Basin. (West, 2005). Triassic sediments in Devon are about I 100m thick in total; 
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the majority of this thickness comprising mudstones and other fine-grained sediments 

(Durrance and Laming, 1999). Lithological variations include sandstones and 

conglomerates, which are mostly confined to the base of the Triassic sequence. The earliest 

Triassic unit is the Sherwood Sandstone Group which comprises two lithostratigraphic 

units: the Budleigh Salterton Pebble Beds and the Otter Sandstone. The Otter Sandstone 

has the largest spatial extent of the Triassic formations in the region and at the coastline the 

formation extends from Ladrarn Bay in the West to Budleigh Salterton in the East 

(Edwards et al., 1997). The Budleigh Salterton Pebble Beds, comprise brown gravel with 

subordinate sand beds. 

Overlying the Sherwood Sandstone Group and of Mid to Late Triassic age is the 

Mercia Mudstone, spatially extensive across Devon and exposed between Sidmouth and 

Axmouth (Figure 3.10). The Mercia Mudstone Group comprises a lower section divided 

into three separate formations and an upper section, the Blue Anchor Formation. The 

Mercia Mudstone Group is dominantly a gypsum and dolomite bearing mudstone, with the 

exception of the Blue Anchor Formation, a green mudstone with dolon-fitic mudstone beds 

(Gallois, 2001). 

The oldest Triassic Group in Devon, the Penarth Group, is subdivided into two 

formations: the Westbury Formation and the Lilstock Formation. The Westbury Formation 

is an organic rich shale whilst the Lilstock Formation, comprising the Cotharn and 

Langport (White Lias) members, is formed from calcareous shales and micritic mudstones 

(Wignall, 2001). The Penarth Group, with an overall thickness of <20m, is best exposed on 

the Somerset Coast but is also present between Axmouth and Pinhay Bay. 

LANDslJDE SUSCEPMILITY OF TRiAssic RocKs iN DEVON AND CORNWALL 

Data from the National Landslide Database suggests that Triassic mudstones, which 

include the Aylesbeare Mudstone, Mercia Mudstone Group and Westbury Formation, have 

a relatively low density of landsliding at 3.9 per I OOkm2, equivalent to 212 landslides. The 
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Aylesbeare Mudstone, a clay of low to intermediate plasticity, generally forms natural 

slopes with a gentle topography and is not prone to landsliding. The Littleham Mudstone 

Formation weathers to a fissured, plastic silty clay and whilst failures occur at the coast 

inland failures are rare (Forster, 1998). 

The Mercia Mudstone Group contains inorganic clay of low to intermediate 

plasticity. Chandler (1969) studied the effect of weathering on the shear strength of the 

Keuper Marl (Mercia Mudstone) and his investigation indicated residual strength values 

(O'r) of between 180 and 30'. The Blue Anchor Formation, the top formation in the Mercia 

Mudstone Group, has clays in the very high plasticity range and is therefore more likely to 

susceptible to landsliding. The Westbury Formation of the Penarth Group, containing high 

plasticity clays, is only exposed in a small section at the coast and 0r is predictably low at 

4.5* (Forster, 1998). The Penarth Group is known to be susceptible to landsliding, with 

numerous failures recorded in the South-west (Gibson et aL, 2004). Hawkins and Privett 

(1981) suggest that the Westbury and Cotharn Members of the Penarth Group have a 

residual shear angle of 6'. Shear surfaces can form within the Penarth Group and this can 

lead to failures in overlying units. It has been suggested that the Westbury Formation may 

be the location of the slip surface of the Bindon landslide, rather than the Upper Greensand 

as was previously thought (Pitts and Brunsden, 1987). 

Triassic Sandstones such as the Otter Sandstone have a low density of landsliding 

within the National Landslide Database. Only 44 landslides are recorded and the fonnation 

has a density of 0.9 per lOOkm2. This low density is likely to be a product of the rock's 

engineering properties: the Otter sandstone weathers to a very dense silty fine to medium 

grained non-plastic sand (Forster, 1998). Inland the Otter sandstone, although moderately 

weak, can form steep natural cliffs up to 45' and instability is uncommon unless associated 

with artificial cuttings (Edwards and Scrivener, 1999). Geotechnical tests on the Otter 

Sandstone indicate a maximum slope angle for long-term stability at about 22' (Edwards et 
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al., 1997). At the coast steep cliffs that become undermined by basal erosion can be 

susceptible to localised landsliding (Forster, 1998). 

The Budleigh Salterton Pebble beds are associated with 8 landslides recorded in the 

National Landslide Database. Although this is a low number the outcrop area is small and 

the density of landsliding is high at 15.1 per 100krný. The weakly cemented Budleigh 

Salterton Pebble beds do not naturally form slopes over 12* and instability within the 

formation can relate to spring lines and perched water tables (Edwards and Scrivener, 

1999). 

3.2.5 JuRAssic 

There is limited occurrence of the Lower Jurassic (Lias) in Devon with only three 

formations cropping out in the far east of the county. The lowest formation of the Lias 

Group in Devon, the Blue Lias, comprises c. 29m of organic rich shale with marly 

mudstones and limestones (Wignall, 2001). Overlying the Blue Lias is the Shales-with- 

Beef Formation, 21.5 m of shaly mudstone and fibrous calcite beds (Durrance and Laming, 

1982). The Black Ven Marls (Channouth Mudstone), a sequence of interbedded mudstones 

with thin beds of muddy limestone, are poorly represented in Devon. 

LANDSLIDE SUSCEPTTBILITY OF JURASSIC ROCKS IN DEVON AND CORNWALL 

The National Landslide Database records a total of 3 10 landslides within the Lower 

Lias which generates a landslide density of 9.6 per lOOkm2. This compares to 28.0 and 41.6 

for the Middle and Upper Lias. The Lower Lias consists of intermediate to very high 

plasticity clays with average angles of internal resistance of c. 32' but lithological. variations 

mean that range extends from 17 to 35' (Forster, 1998). Weathering of the Lower Lias clay 

has been shown to produce a reduction in shear strength and angle of internal resistance 

(Coulthard and Bell, 1993). 

Data on the stability of inland Lias slopes in Devon is limited however the Lias is 

highly susceptible to landsliding elsewhere in Great Britain (Jones and Lee, 1994). Of the 
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failures in the Lias outside of Devon many are reactivated failures of periglacial origin 

(Chandler, 1982). Along the Upper Lias Clay escarpment at Rockingham the slope angle 

for failures is typically 8.5-9* (Chandler, 1971). The Lias Whitby Mudstone has also been 

associated with high levels of landsliding in the Cotswolds and Northamptonshire 

escarpment. In the Cotswolds gentle slopes on the Whitby Mudstone are commonly 

associated with degraded rotational landslide deposits (Whitworth et al., 2005). 

At the coast in Devon the Lias is involved in large-scale landsliding within the 

Axmouth-Lyme Regis undercliff. Pitts (1981,1983) identified the Shales-with-beef as a 

zone of basal shearing due to their low shear strength parallel to bedding and a low residual 

phi of 4.50. Another factor which contributes to instability is the unconformably presence 

of the permeable Upper Greensand above the more impermeable Gault and Lias. Ibis leads 

to high groundwater pressures and enables the foundering of the more competent units into 

the weaker units below (Grainger et al., 1986). 

3.2.6 CRETACEOUS 

The Cretaceous represents a change from the Triassic desert and limited marine 

incursion of the Jurassic to full marine conditions. There is a hiatus of nearly 70 million 

years between the Jurassic and Cretaceous. Devon lacks a full sequence of Cretaceous 

sediments and a c. 3 million year hiatus occurs in the Cenomanian (Figure 3.9). Marine 

conditions during the Cretaceous led to the deposition of lithologically variable sediments 

including clays, sandstones and chalk. 

The oldest of the Cretaceous formations is the Gault Clay, a silty slightly 

glauconitic clay which grades upwards into the overlying Upper Greensand Formation 

(Durrance and Laming, 1982). The extent of the Gault Clay in Devon in not firmly defined, 

but a boundary is inferred in Figure 3.11. 

64 



Figure 3.9: Inferred extent of Gault and distribution of Greensand Facies. 

The Upper Greensand Formation forms broad, laterally extensive plateaus in East 

Devon (covering around 60km 2) with a smaller outcrop in the Haldon Hills near Exeter. 

The best exposures are in the cliffs from Sidmouth in East Devon through in to Dorset. The 

Normal facies (Figure 3.11) of the Upper Greensand Formation can be divided into two 

units a less lithified lower section and a calcareous cemented upper section (Gallois, 2004). 

The Foxmould, Whitecliff Chert and Bindon Sandstone collectively now comprise the 

Upper Greensand in Devon (Gallois, 2004). The Foxmould. which lies unconformably on 

the Mercia Mudstone Group where the Gault is not present, comprises around 26m of grey- 

green glauconitic sandstones continuing calcareous concretions called cowstones 

(Durrance and Larning, 1982). 

The Whitecliff Chert Member, weakly cemented calcareous sandstones and sandy 

calcarenites, marks an upward change in lithology to the Chalks (Gallois, 2004). The 

Chalk of Devon is restricted to the east of the county where there are two major outcrops 

and several smaller outliers. Recent subdivisions of the Chalk have created the Grey Chalk 

subgroup, equivalent to the Beer Head Formation in Devon, and the White Chalk 

subgroup, the Holywell Nodular Chalk Formation, New Pit Chalk Formation, Lewes 
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Nodular Chalk Formation and the Seaford Chalk Formation are present in Devon 

(Mortimore et al., 2001). 

LANDSLIDE SUSCEPTIBILITY OF CRETACEOUS ROCKS IN DEVON AND CORNWALL 

The Upper Greensand and Gault has a landslide density of 13.4 per 100km2, taken 

from the National Landslide Database, which is relatively high (273 landslides in total). 

The median phi value for the Upper Greensand is 30.5* (Forster, 1998). Brunsden (1996) 

quotes a range of phi values for sandy material 33-35* and a residual phi as low as 12*. In 

Pinhay Bay, near Lyme Regis remoulded residual shear strength of the Chalk was 

calculated at 36' (Grainger et al., 1986). Despite the involvement of the Upper Greensand 

in failures along the Axmouth-Lyme Regis Undercliff is it not considered to be the main 

reason for the instability. However, in Pinhay seepage erosion of the Upper Greensand 

(Foxmould Member) undermines the overlying Chalk and leads to collapses of the cliffs 

above and the eventual foundering into the weaker Jurassic beds below (Grainger et al., 

1986). Coastal failures near Seaton are attributed to the presence of the penneable Upper 

Greensand unconformably overlaying the relatively impenneable Mercia Mudstone (Bray 

et al., 2004). Large scale failures in the Upper Greensand further west along this coastline 

are attributed to jointing and bedding by Gallois (2007). Instability in Devon involving the 

Chalk is associated with coastal locations where rock falls can occur from cliffs, which can 

reach in excess of 65. Failures in chalk are commonly controlled by pre-existing fractures 

and triggered by periods of heavy rainfall (Duperret et al., 2004). Inland slopes are 

generally stable between 30-35' (Clark and Small, 1982). 

3.2.7 TERMRY 

The transition into the Tertiary from the Mesozoic was a time of increasing tectonic 

instability; the net results for Devon and Cornwall were regression, accompanied by uplift 

and fluvial incision (Migon and Lidmar-Bergstrom, 2002). Since the dominant processes 

affecting Devon and Cornwall were erosional only limited deposits of Tertiary are present. 
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The Tertiary era of the Cenozoic is divided into two periods: the Paleogene and the 

Neogene. These are further subdivided into five different epochs (Figure 3.14). 

I'llocelle 

oil 

Oligocene 

Ecicene 

Pale"celle 

Figure 3.10: Tertiary Epochs (After Gradstein et al., 2004). 

The earliest Tertiary deposits present in Devon and Cornwall are Eocene in age. 

The small amounts of Oligocene deposits compared to those of the Paleocene indicate that 

southern England was a Late Palcogene terrain of low relief close to base level (Green, 

1985). Tertiary deposits allow the dating of erosion of Palaeozoic bedrock. The Bovey 

Formation, for example, contains kaolinite clay derived from weathered granite and 

Palaeozoic sediments which would indicate that these were extensively exposed in the 

Eocene (Green, 1985). 

After a period of uplift, mechanical and chemical weathering resulted in the 

Cretaceous chalk cover being dissected. The eroded Chalk is represented by residual flint 

deposits of Eocene age (Gibbard and Lewin, 2003). Large expanses of these residual flint 

deposits are present in Devon, especially in the east of the county around Newton Abbott 

and on the Haldon Hills (Figure 3.15). During the Eocene and early Oligocene further 

movement along the north-west to south-east trending Sticklepath Fault caused local 
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subsidence which created the Bovey and Petrockstow Basins (Location A and B, Figure 

3.15) (Wilson, 1998). 
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Figure 3.11: Tertiary Deposits in Devon and Cornwall A: Petrockstow Basin, B: 
Bovey Basin. C: Decoy Basin, D: Haldon Hills. E: St Agnes Formation (includes Beacon 
Cottage Farm Outlier), F: St Erth Formation, G: Polcrebo Deposit, H: Crousa Gravels. 

No large basins of Tertiary age occur in Cornwall but small basins and outliers are 

present (Figure 3.15). These smaller outliers represent erosional relicts of a weathering 

mantle, once widespread, that has been subsequently removed by deep weathering 

(Wheeler, 2005). The Dustin Basin, is the only fault controlled basin of Tertiary sediments 

in Cornwall (Selwood et al., 1998) and which lies in a major NW-SE trending wrench fault 

system (Freshney et al., 1982). The Pliocene St Erth Formation (Location F, Figure 3.15) is 

preserved in a notch on the Cornish Killas (Roe and Hart, 1999). The Tertiary deposits of 

Devon and Cornwall are presented in Table 3.1. 
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Deposit Age Lithology Depositional Environment 
Crousa Downs Pliocene'? Quartz rich Fluvial origin? 
()LItlier gravel 
St Erth Pliocene Sands and clay Marine origin 
Formation 
St Agnes Outher Miocene- Sand, clay Remnants Of SUb/tropical 

Oligocene member weathering products. Terrestrial 
deposition within a 
Mediterranean climate 

Beacon Cottage oligocene Sand and clay Remnants OfSLIb/tropical 
Farm Outlier weatherin T products. 
BoveY/ Oligocene- Granitic sand and Deposited by rivers draining 
Petrockstowe Eocene IIILId Dartmoor (Bovey). LaCLIstrine 
Basin and FILIVIal dCl)OSIt1OII 

(Petrockstowe) 
Dustin Basin Clay Indicative oftropical weathering 

Haldon Hill Eocene Gravel. chalk Derived frorn weathering of' 
Gravel flint 

- 
chalk 

_ AI ler Gravel Eocene Granite and 
CarhoniferOLIS 
sediments 

PoIcrebo Gravel Unknown QUartz Pebbles Oligornictic, locally derived 
from granite 

Saprolitcs Clay rich Formed by chemical weathering 
decomposed rock 

Table 3.1: Tertiary deposits in Devon and Cornwall. 

LANDSLIDE SUSCEPTIBILITY OFTERTIARY DEPOSITS IN DEVON AND CORNWALL 

There are CUrrently no recorded landslides within any of the Tertiary deposits in 

either Devon or Cornwall. 

3.2.8 QUA, rERNARY Diý, POSITS AND LANDFORMS 

The QUaternary, the most recent SUbdivision of the geological record, was a time of' 

more extreme changing climate than the precedino Tertiary Era (Campbell et til., 1998). Z, -1 

Devon and Cornwall lay south of the golacial maximum of both the Anglian and Devensian 

glaciations. SOLIth of' the glacial limits periglacial processes dominated. and shaped the 

modem land surface. A periglacial environment is one in which " cold climale nonglacial 

processes have produced distinctive landforms and deposits, ofien (but not aliva. vs) as a 

result oj'groun(Ifi-eezzing" (Ballantyne and Harris, 1994 p3). The Quaternary is divided into 

two epochs, the Pleistocene and the Holocene (Bowen, 1999). The Pleistocene is fUrther 

69 



suhdivided into sta es: warm phases Onterglacials) and colder (glaclah phases. The major 9 

glacials and interglacials from the QUatcrnary are shown in Tahle 3.2. t, 

Ago ge I Stage Deposit/Feature 

Recent 
Flandrian/Holocene Peat, AlInvium. Marine deposits 

(Estnary) 
10,000 

Devensian Head, Loess. Buried channels 
122,000 

lpswichian River Terrace deposits 
132,000 

Wolstonain Frerninoton Till, River terrace 
deposits 

352,000 
Homan 

428,000 
Anglian 

0 480,000 

Q. 
Cromerian 
Beestonain 
Pastonian 

810,000 
Baventian 

1,700,000 
Antian 
ThLirnian 
LLidhamian 

2,000,000 
Walstonian 

Table 3.2. The ma ' 
jor glacials and interglacials during the Cenozoic in Britain with 

deposits from Devon and Cornwall (After Edwards and Scrivener, 1999). 

The main agent of geornorphological development in the South-west throughout tile 

Devensian has been perhylacial denuclation, therefore erosional landfornis are Inore 

commonplace (Campbell el (d., 1998). Depositional features formed dUring the Quaternary 

are the result of' weathering of' bedrock at the face either by aeolian. nivational or fluvial 

processes. 

Evidence of the periglacial env iron mental Devon and Cornwall can be found in the 

range Of Quaternary erosional features and weathering prodLICtS. The deposits formed 

include loess, a highly porous wind blown silt of periglacial origin. Loess is sporadic in 
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Devon and was formed during the coldest phases of the Devensian (Durrance and Lan-ýing, 

1982). Loess is a good indicator of land surface stability as it is easily eroded after 

deposition (Catt, 1985). The most widespread deposit of Quaternary age in Devon and 

Cornwall is "head", generally a poorly sorted bouldery deposit first described and named 

by De La Beche in 1839.71be term is now used to describe periglacial slope deposits 

ubiquitous across Devon and Cornwall (Selwood et al., 1998). Jones and Derbyshire 

(1983) described head as having a higher void ratio, looser fabric, higher permeability and 

lower mechanical strength than glacial till. Head is formed by a variety of periglacial mass 

movement processes but is commonly attributed to solifluction. (Ballantyne and Harris, 

1994). Solifluction is the slow downslope movement of material associated with freeze- 

thaw (Matsuoka, 2001). The process of solifluction has two components, gelifluction and 

frost creep, and can be active on slopes as low as 1 (Harris, 1987b). Gelifluction is the 
0 

slow saturated flow of the active layer of material. This occurs when the frictional strength 

of the material reduced by excess pore pressure generated during thawing (Harris, 1987b). 

Frost creep occurs as fine sediments are frozen annually in the active layer leading to ice 

segregation and frost heaving. Thawing of the ground results in the resettlement of ice 

lenses under gravity. Thus, heaving occurs perpendicular to the grounds surface whilst 

resettlement is vertical leading to gradual movement downslope (Ballantyne and Harris, 

1994). Gelifluction usually occurs in sandy-silty soils with low liquid limits and plasticity 

indices whilst clay material, with a higher liquid limit and plasticity indices, fails through 

shallow mudsliding and translational sliding under periglacial conditions. Shallow 

mudslide deposits are less stable, even on low slope angles (Harris, 1987a). Whilst 

solifluction was probably the dominant means of head formation in Devon and Cornwall, 

translational landsliding may also have contributed, especially on intermediate soils such as 

those developed over Carboniferous mudstones (Harris, 1987a). Screes and blockfields are 

a relict depositional landform, well developed on Dartmoor and especially associated with 

Tors (Figure 3.17). Blockfields are comprised of exceptionally coarse angular material 
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many which are Im across or larger (Rice, 1988). Tors are commonly associated with 

blockfields and scree slopes. These erosional features form in a weathering limited 

environment where material is removed faster than it is replaced or produced (Gerrard 

1988). Chemical weathering along bedrock joints produces subsurface rounding and the 

formation of corestones these are subsequently exposed by solifluction and mass wasting. 

Away from Dartmoor and the granite landscape, large dells or dry valleys have 

been formed on the Carboniferous-Pleistocene strata of Devon and Cornwall. Dry valleys 

are common in temperate areas such as the SW peninsula that once experienced a 

periglacial climate. Perennially or seasonally frozen subsoil created conditions in which 

infiltration was less than present day rates due to the impenneable nature of the ground 

under these frozen conditions. Under periglacial conditions runoff from snow banks in the 

spring was abundant and when the climate warmed infiltration of this runoff was possible 

and surface flow ceased in the numerous small valley heads (Rice, 1988). Gregory (1971) 

presented data identifying dry valleys in Devon, specifically those in the Otter Basin. 

Gregory (197 1) also identifies dry valleys on the Permian breccias around Exeter and in the 

Ashburton Valley. Large dry valleys are present in this basin on permeable rocks and 

appear to have formed before the last phase of solifluction during the Devensian. Head on 

the floors and slopes of dry valleys indicate that they developed in the Quaternary and 

would have functioned during the last cold phase. 

At the coast features associated with the changing climate of the Quaternary are 

rias, submerged forests and raised beaches. Rias are widespread across Devon and 

Cornwall and are indicative of rising sea levels during the Holocene. Rias are the product 

of river incision during low sea level and the drowning of the valley during sea level rise 

(Bird, 1998). Sometimes submerged forests are found near the mouths of rias which 

became inundated by seawater and buried during the Holocene. One example of a 

submerged forest is found in Mounts Bay, Cornwall and dates to around 4,000 yrs B. P. 

(Bird, 1998). In Devon and Cornwall marine raised beach deposits are found on Pre- 
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Mesozoic rock platforms that have formed during periods of elevated sea level (Campbell 

et al., 1998). Most of the platforms occur between modem mean sea level and c. 5rn above 

and have been reoccupied during the Pleistocene (Campbell et al., 1998). Examples of 

raised beaches occur in South Devon at Hopes nose and in Cornwall at Pendower and the 

famous boulder beach at Porth Nanven. 

LANDSLIDE SUSCEPTIBILITY OF QUATERNARY DEPOSITS IN DEVON AND CORNWALL 

Mass movement deposits formed during the Quaternary are susceptible to 

landsliding due to the nature of deposition; this will be discussed further in later sections. 

Landslides that formed during the Quaternary are commonly relict, especially those inland, 

and are only likely to be reactivated during a different climate than is currently occurring or 

if they are modified by development. Within the National Landslide Database for the 

whole of Great Britain there are 359 landslides recorded as occurring in Head, which 

seems a small number considering the widespread nature of this deposit. 

3.3 SOIL 

Soil is viewed differently dependant on the branch of science. A pedologist studies 

soil forming processes and environmental controls whilst an engineering geologist uses the 

term "soil" to define unlithified or unconsolidated low strength material (Richards et al., 

1984). Soils, in a pedalogical sense, are useful in geomorphological studies as they reflect 

parent material, climate, relief, hydrology and soil forming processes (Findley et al., 1984). 

There is a marked difference in the soils that are present in Devon and Cornwall, especially 

between the harder Palaeozoic rocks covering the majority of Devon and Cornwall and the 

softer Mesozoic rocks of East Devon. Hard Palaeozoic type rocks weather slowly 

producing loamy stony permeable soils, whilst the softer shales weather to produce low 

permeable clays. 'ne Mesozoic rocks weather to slowly permeable clays, and are more 

likely to possess swelling clays such as smectite (Findlay et al., 1984). 
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3.4 GEOMORPHOLOGY 

Devon and Cornwall has evolved through a varied climatic regime that has shaped 

the present landscape whilst its position outside of the glacial maximum has preserved an 

inherited or relict landscape of Tertiary and Pre-Quatemary processes (Charman et aL, 

1996). Lack of depositional evidence suggests that during Pleistocene interglacials 

geornorphological activity was negligible, although such negative evidence should be 

always considered with great scepticism. Such absence of interglacial deposits advances 

the idea that most landforms formed in response to cold climate processes (Ballantyne and 

Harris, 1994). Devon and Cornwall has a landscape influenced by the underlying geology, 

weathering processes and more recently the impacts of anthropogenic activities. Low lying 

flatlands, undulating hills, plateau surfaces and high relief areas all characterise the two 

counties. 

3.3.1 LANDSCAPE EvOLUTION 

The Palaeogene of mainland Europe was a period of general tectonic and 

geomorphic stability with a climate that was predominantly warm and humid. Silcretes 

provide evidence of a tropical climate in Cornwall during the Early Paleogene. These 

deposits are present between 150-200m OD and are linked to widespread planation 

surfaces. The presence of silcretes reinforces the view that extensive deep weathering and 

low relief surfaces typified the Palaeogene (Migon and Lidmar-Bergstrom, 2002). Under 

tropical conditions, and supposedly at a similar time, weathering mantles of kaolin and 

laterite formed (Issac, 1981). Although Issac (1981) argues for an Early Palaeocene age for 

this phase of deep weathering, Mignon and Goudie (2001) contend that there is no direct 

evidence for this date. Saprolites, a clay rich decomposed rock formed by chemical 

weathering, underlie the Beacon Cottage Farm, Polcrebo and Crousa Downs outliers. No 

evide nce of chemical weathering is present below the Miocene St Agnes Outlier, providing 

more evidence that this weathering phase occurred in the Early Tertiary (Paleogene). 
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Tertiary outliers provide important information for the interpretation of sea-level 

rise (Walsh, 1999). Marine transgressions and subsidence were significant processes during 

the Eocene (Gibbard and Lewin, 2003). Tertiary deposits demonstrate that the coastal 

bench system had been wom down to modem levels by the late Oligocene and that post- 

Oligocene sea level could not have reached more than 116m OD. This second conclusion is 

based upon the fact that the Beacon Cottage Farm soft rocks would have been eroded by 

sea level and wave attack higher than 116m OD (Walsh, 1999). Coastal benches, which 

are present in Devon and Cornwall between 75 and 131m OD, previously interpreted as 

Plio-Pleistocene marine are now believed to be entirely terrestrial in origin (Walsh et aL 

1987,1999). Other land benches once assumed to be planation surfaces of periglacial 

origin are inherited from the Tertiary period. Mid-Tertiary lateritic residual soils indicate a 

warm humid environment of Tertiary age (Mignon and Goudie, 2001). At the end of the 

Tertiary period there was a decline in temperatures. This shifted the emphasis from 

predominantly chemical weathering, as the major process of landscape evolution, to an 

environment dominated by fluvial. and slope processes (Gerrard, 1993). 

The effect of a changing periglacial climate in the Quaternary period is evident in 

numerous relict geomorphological landforms formed through -50 climatic cycles since 

-2.4MA (Campbell et al., 1999). The deposition of head and the formation of erosional 

landforms are indicative of the periglacial conditions that existed outside the glacial 

maximum. Periglaciation increased the efficiency of processes such as weathering and 

speeded up the development of landforms through physical weathering (Gerrard, 1993). In 

Devon periglacial deposits and frost shattered debris present on Dartmoor are indicative of 

a period of time that experienced a much colder climate as well as mechanical and 

chemical weathering. Frost action on debris combined with downslope movement produces 

scree accumulations that are still evident and it may be argued that these processes are still 

active on Dartmoor during winter. 
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3.3.2 LANDSCAPE EVOLUTION AND THE IMPACT ON SLOPE STABILITY 

The geomorphological evolution of Devon and Comwall is significant to its 

landslide environment because of the deposits and landforms that were created. In broad 

terms, the Quaternary is particularly important to landslide studies and slope stability 

because during that period, weathering of the pre-existing deposits led to the formation and 

modification of virtually all the engineering materials on the earth's surface (Higginbottom 

and Fookes, 197 1). 

In Devon and Cornwall particularly, Quaternary deposits are important to slope 

stability. Specifically the ubiquitous head deposits. Head is a highly variable material; its 

geotechnical and lithological characteristic vary considerably across the area. Despite 

differences in composition similarities exist across all head deposits, including poor sorting 

and commonly the presence of a silty or sandy supporting matrix (Ballantyne and Harris, 

1994). Parent bedrock is important to the composition, strength and geotechnical properties 

of head deposits and there exists a three-fold division of head deposits based on parent 

material (Harris, 1987a): 

1. ) Head from non-argillaceous bedrock 

2. ) Head from Argillaceous bedrock 

3. ) Head derived from till 

In Devon and Cornwall head derived from non-argillaceous rocks is most common 

and these are less potentially hazardous as the basis for landsliding because they are non- 

brittle in shear. The residual angle of shear for non-argillaceous deposits is only just below 

the peak value and both are quite high, between 20' and 30' (Hutchinson, 1991). Data 

presented by Gallop (1991) on head deposits in the South-west suggest that the angle of 

internal friction is even higher than that suggested by Hutchinson. Head that had developed 

over four different lithologies were tested by Gallop (1991) to determine the internal angle 

of friction using undisturbed samples in a shear box. Sandstones and Granite were 

recognised as having the highest angle of internal friction at 52* and 50' whilst schist and 
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slate were lower at 39' and 37' respectively. The residual angle of friction was less than 

lower for all of the head deposits (Gallop, 1991). Head deposits developed over such non- 

argillaceous deposits are therefore unlikely to cause landslide problems unless they are 

involved in extensive earthwork operations. Problems do occur when argillaceous (clayey) 

solifluction deposits are not recognised. and are then reactivated at the surface by 

excavation and building works. Clay solifluction deposits are more dangerous due to the 

mode of emplacement, with undrained self-loading leading to high artesian pore-water 

pressures. Shear strength is subsequently reduced leading to lobes and sheets of the 

deposits moving on to slopes of low inclination (1-20') (Hutchinson, 1991). In argillaceous 

deposits slip surfaces can be preserved which can result in reactivation of shallow 

translational slides (Harris, 1987a). It is therefore important to recognise periglacial 

solifluction lobes and other telling features to ensure that they are not disturbed leading to 

the reactivation of a relict shear surfaces. 

Periglacial landslide hazards have been identified in the region in Axminster, where 

they have affected the A35 (Griffiths and Marsh, 1986). The geology is shallow dipping 

Triassic Mercia mudstones and Rhaetic beds overlain by Lower Lias interbedded shales 

unconformably overlain by Upper Greensand. Quaternary deposits of river terrace deposits, 

gelifluction deposits, landslide debris and alluvium cap the solid geology. The landscape 

was shaped by Tertiary and Quaternary fluvial erosion and Pleistocene periglacial activity. 

The main landslide mass occurs within the Upper Greensand and Lower Lias deposits. 

Gelifluction deposits flowed off the Greensand escarpment unfilled the river valleys below. 

These deposits are now considered to be relatively stable after being consolidated and well 

drained in most places. In other areas this deposit has been involved in large scale multiple 

rotational slides with in-situ Greensand and Lower Lias. In Late Glacial/Early Post-Glacial 

periods shallow landslides occurred related to stream incision, which are now reasonably 

stable (Croot and Griffiths, 2001). 
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As well as creating, depositional Features. Quaternary processes also had a more direct 

impact on slope stability. Weathering by frost shattering. wedging and prising has an Z_ 

impact on the engineering proprieties of bedrock, even in hard Palaeozoic material 

(Hutchinson. 1992). Weathering during periglacial climates can lead to non-uniform 

permeabilities and increases in deformability. which have an impact on slope stability. 

Rock head can he weathered to depths of 15m in places by frost shattering (Hutchinson, 

1992). Samples of Carboniferous mudrocks from outcrops in Devon were studied using 

scanning electron microscopy (SEM) by Grainger and Harris ( 1986) to assess the effects of 

weathering. The authors argue that periglacial weathering had led to remoulding of the soil 

below the surface and around 3m the soil had lost it digenetic bonding and become weaker 

and more porous. The changes can be seen in Figure 3.16, which illustrates the breakdown 

of the mudrock at the surface where weathering is more intense. An increase in fracture 

frequency. oxidation and leaching of' minor pyrite and carbonaceous constituents and the 

progressive disintegration and loss of digenctic honding all accompany the weathering 
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Figure 3.12: Weathering characteristics ofthe Upper Carboniferous Crackington 
Formation (Grainger and flarris, 1986). 
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The presence of weathered soil and head of lower permeability overlying 

moderately weathered rock can lead be to slope stability issues. The presence of clayey 

head and weathered material of reduced permeability overlying weathered bedrock of 

increased permeability can lead to increased groundwater pressures and uplift pressures at 

the base of the soil mantle and the initiation of shallow landslides (Grainger and Harris, 

1986). 

Superficial valley disturbances, occurring after valley formation and attributed to 

stress relief, are another feature affecting engineering projects in South-west England 

(Hutchinson, 1992). Whilst displacement from stress relief accompanies the formation of 

all valleys some experience periglacial disturbance referred to as cambering and valley 

bulging (Hutchinson, 1992). The mode of displacement depends on the geology, structure 

and lithology and the degree of periglacial influence (Hutchinson, 1991). Cambering often 

occurs on valley sides where a bed of competent rocks, usually acting as a cap rock, rests 

on argillaceous sediments. The argillaceous rocks thaw downslope that can lead to 

gelifluction occurring, this then removes support for the competent rocks above. The 

competent rocks then fail and bend toward the valley bottom, become detached and raft 

down the valley on an active layer. Valley bulges are often associated with cambering, they 

are identified as distorted beds in the bottom of valleys where cambering has occurred 

(Culshaw et al., 1991). Problems associated with valley disturbances include weakening of 

valley floors and sides, shearing, swelling, softening and brecciation (Hutchinson, 1992). 

Rising sea levels during the Quaternary were responsible for the reactivation of 

coastal failures. Areas such as the Axmouth-Lyme Regis undercliff have experienced 

repeated phases of slope movement, which can be related to changes in sea level. Sea level 

rise during the last full interglacial stage produced active landsliding; subsequent falls in 

sea levels during the ensuing Devensian cold stages allowed aprons of debris and talus to 

accumulate through periglacial. processes, which provided protection to the toes of coastal 
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the landslides (Gallois and Davis, 2001). Subsequent sea level rise through the early and 

Mid Holocene led to the reactivation of the relict landslides of the undercliff as material 

was removed from the toe of the debris aprons. Fall of sea levels due to glacio-eustasy 

during the Quaternary also led to fluvial erosion down to new, lower base levels. 

Landsliding along river channels and steep sided valleys naturally accompanied this phase 

of incision and when sea levels rose again these incised river valleys became infilled. The 

result of infilling was the formation of buried valleys (Hutchinson, 1991) 

3.5 CHAPTER SUMMARY 

The geology and geornorphological evolution of Devon and Cornwall is important 

to the understanding of patterns of landsliding in the study area. The bedrock geology 

ranges from Pre-Cambrian to the Cenozoic with a wide range of lithologies from Ophiolite 

sequences to clays and sand. Dominating the bedrock is the Palaeozoic basement rocks 

with almost complete sequences of Devonian, Carboniferous and Permian rocks present. 

With its long history of deformation events including to orogenic Devon and Cornwall has 

complex structural geology. The influence of structural elements is an important 

contribution to the landsliding in Devon and Cornwall. 

Rates of landsliding differ between the stratigraphic units with the Devonian and 

Triassic units have relatively low landslide densities whilst the Carboniferous, Permian, 

Cretaceous and Jurassic stratigraphic units have denser numbers of landslides. 

The Cenozoic was a period of fluctuating climate and changing geornorphology. 

Whilst Tertiary deposits and landforms are of limited extent across Devon and Cornwall 

Quaternary features and deposits are more apparent. The Quaternary is an important era for 

landslide studies as it was a period of weathering which shaped landforms and deposits in a 

periglacial environment. 

A background to the varied stratigraphy of Devon and Cornwall and knowledge of 

the Quaternary deposits is important to understand the distribution of landslides that will be 

discussed in later chapters. 
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4. METHODS 

4.1 INTRODUCTION 

Ile first stage in any regional study of landsliding is to compile an inventory 

(Heam and Griffiths, 2001). Therefore, one of the aims of this study was to produce a 

detailed inventory that shows the presence and nature of landslides in Devon and 

Cornwall. The inventory will be used to be to derive landslide susceptibility information 

for areas where there are no landslides present or they are only partly identified. The 

production of the landslide inventory for this study, in common with other inventories, is 

based on a combination of three techniques: historical literature search, remote sensing 

and ground surveying (Soeters and Van Westen, 1996). This chapter is structured around 

these three headings and the aim is to outline the processes and methods used in order to 

produce a detailed landslide inventory for Devon and Cornwall. 

4.2 HISTORICAL LITERATURE SEARCH/DESK STUDY 

The National Landslide Database forms the basis for the new landslide inventory, 

and was the starting point for the desk study. It was necessary to verify and analyse the 

database to provide an initial understanding of the extent of landsliding in Devon and 

Cornwall as recorded in the database. 

4.2.1 VERIFICATION OF THE EXISTING DATABASE 

Over 70 references were gathered for this initial stage of data verification, ranging 

from books, geological memoirs, technical reports and journal articles. The references were 

cross checked against the database entries with information being amended or removed 

accordingly. Site visits were carried out to over 100 landslides. The purpose of these visits 

was to verify first hand the existence and details of the landslides and to collect any field 

based information that was missing from the database. The verified landslide entries were 

then transferred into a new database (Section 4.3). Landslides which could not be verified 
81 



by field visits or through the literature searches, were removed from the database and some 

areas of complex landsliding were separated into individual landslides. It was decided to 

separate areas of landsliding if there were distinct boundaries or areas of stability between 

landslides. In total, around 30 coastal landslide entries were removed, some of which were 

due to duplication and others were not verified by the literature. Some inland landslides 

had been regraded due to their position near roads. This meant that there were no longer 

any identifiable landslide features that could be assessed. These were also removed from 

the new database. 

Data verification showed up some errors that were corrected as part of the initial 

desk study. For example, Sandhole cliff on the north Devon coast (Freshney et aL, 1979) 

was recorded as having seismic fault activity as the driving trigger of landsliding, however 

the reference stated it was due to structural faults within the cliff. 

4.2.2 ANALYSIS OF THE ORIGINAL DATABASE 

The first stage of the desk study was to access information that was available on 

landslides in Devon and Cornwall through a review of the original and now verified 

database. Analysis was performed using the information that was most commonly recorded 

for most landslides, which at this stage was lithology. Later in the desk study other 

resources were used such as pedalogical and topographic maps (Section 4.4). Microsoft 

Excel was used for data analysis as it allowed analysis of multiple variables using the Pivot 

Table function'. The data were held in a spreadsheet as encoded (norninal) values for each 

of the variables (Tables 4.1 and 4.2). Each of the 54 columns contained information in code 

format detailing the location (X, 1% spatial area (area) age, activity state (state), Type, 

Type of mechanism involved (Mech-1-2j) and the materials involved (Table 4.1). 

An Excel function that allows data to be surnmarised and cross analysed 
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Code Definition Code Definition 
0- Unspecified 1141 Complex 
I 0-0.25km" 1202 Rock fall 
4 1.0-5. Okm" 1203 Rock topple 
95 Recent 1211 Single rock slump 
97 

- 
Unspecified 1212 

- 
Multiple rock slump 

1001 Active 1213 Successive rock slump 
1002 Passive 1222 Rock slide 
1002 Unspecified 1301 Unspecified fall 
1102 Fall 1311 Single rotational debris slide 
1103 Topple 1312 Multiple rotational debris slide 
1111. Single rotational slide - 1412 Multiple rotational soil slide 
1112 Multiple rotational slide 1421 Soil slab slide 
1122 Translational planar slide 1422 Mudslide 
1131 Flow 1431 Mudflow 

Table 4.2: Landslide type codes for the UK national landslide database. 

43 DESK STUDY 

The next stage of the investigation was to begin a desk study, the primary aim of 

which was to develop a model of the ground conditions of Devon and Cornwall in order 

to effectively plan field work. Specifically, the objectives of the desk study was to identify 

areas in Devon and Cornwall that are susceptible to landsliding so that aerial photograph 

interpretation and field work could be targeted at appropriate locations. The basis for any 

desk study is the use of infonnation for the purpose of assessing ground conditions using 

data that is readily available (Charman, 2001). The information available to the desk study 

will be discussed in the following sections. 

4.3.1 RESULTS OF INITIAL ANALYSIS 

Analysis of the edited original database was carried out for two reasons; one was 

to highlight areas during the terrain evaluation stage that would be focused on for remote 

sensing interpretation. The other was to highlight areas that were lacking in data so that 

this could be addressed in the new database. 

Results of the Pivot Table analysis of the UK national landslide database 

concerning stratigraphical and lithological units identified a number of units that were 

significant in the terrain evaluation process due to their presence in Devon and Cornwall. 

84 



Once susceptible formations and stratigraphic units were identified topographic maps 

were used to pinpoint features or locations where landsliding could have occurred. 

4.3.2 ToPOGRAPHIC MAPS 

Topographic maps (1: 25,000 and 1: 10,000) were used to identify areas that might 

be assumed to be susceptible to landslides, such as very steep escarpments, valley sides 

and the edges of spurs. Topographic maps can also show up landslides expressed through 

irregularities in ground shape defined by the contours. Examples of the topographic 

expressions of landslides and key identifying features are divergent and crenulated 

contours as well as head scars and topographic benches (Figures 4.1 and 4.2). Digital 

topographic data was sourced from the Edina Digimap service, which was utilised for the 

analysis. A process of converting the data to a usable fon-nat was undertaken and then 

analysis was carried using ArcGIS v. 9. Once the topographic data was in a usable format, 

3D slope or digital elevation models (DEM's) were produced from slope category maps 

(Figures 4.3 and 4.4). The slope category maps were useful for highlighting steep slopes 

and areas which might be prone to landsliding. Once lithologies and stratigraphic units 

with high landslide densities were identified by analysis of the original database these were 

then combined with the DEM's to identify areas which might be unstable. Further details 

of the processes used to analyse data in ArcGIS v. 9 are given in Section 4.6. 
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Figure 4.1: Topographic features of a landslide (Doyle and Rogers, 2003). 
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Figure 4.2: Topographic features of a landslide (Doyle and Rogers, 2003). 
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Figure 4.3: Slope category map of tile STOO, near Honiton, Devon showing 
escarpment (A), plateau (B) and alluvial plain (C). The red slopes are the steepest up 

to a maximum of 274). 

Figure 4.4: 3D digital elevation model of tile STOO, near Honiton, Devon. The same 
topographic features as Figure 4.10 are shown. 
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4.3.3 GEOLOGICAL AND PEDALOGY MAPS 

Digital geological maps at a scale of 1: 50,000 covering the whole of Devon and 

Cornwall were provided by the BGS. These maps included solid and drift geology as well 

as the location of mass movement features that had been identified by BGS field mappers. 

Hard copy geology maps at the same scale were consulted for structural geological data, 

especially when investigating coastal landslides. During the data collection phase 

landslides were added from geological maps and these were visited in the field with the 

aim of gathering information, resulting in a total of 34 new coastal landslides being added 

to the database. 

Soils are a useful indicator of landslide patterns as they are intimately related to the 

underlying geology, topography, slope and hydrology of a site (Findlay et al., 1984). 

Slopes in Devon and Cornwall are commonly mantled by 1-4m of head but this has limited 

effect on the formation and type of soil that is produced as the head is derived from the 

rocks in the immediate area (Findlay et aL, 1984). In areas where landslides are shallow 

and involve movement of the head or the weathered zone, soil maps can be useful 

indicators of slopes that may be susceptible to landsliding. Soil maps have a limited 

coverage at a scale of 1: 10,000. Only small areas of the counties were covered including 

Honiton, Ivybridge, Tavistock and Chudleigh. However, the 1: 250,000 Soil series map 

(Soil Survey of England and Wales, 1983) was utilised for investigating the soils present 

across the whole of the South-west. 

4.3.4 TERRAIN EVALUATION 

The process of terrain systems mapping or land surface evaluation originated in the 

1930's and 1940's in Australia and was first described in 1958 (Beaven and Lawrance, 

1973). Terrain systems mapping uses a hierarchical approach allowing a large area to be 

broken down systematically into smaller units depending on geology, hydrology and 

geomorphology. Interactions between geology, climate and landforming processes produce 
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patterns of reCUrring landl'Orms which Illay he illapped at (111fel-Ing Scales (licavell and 

Lawrance, 1973). 

Griffiths et al., (2005) establishcd that tel-ralli Systems lllapplllýt, Call provide all 

effective tool in the investigation of landslide distributions at a regional scale, therefore this 

approach was incorporated into this research. The two terrain categories appropriatc for this 

scale ol'study were hindsvvem and hind. f(wet and hilid element (Figure 4.5 and Tahic 4.3). 

The description used in OIIS StUdy 01' land system classification is a conihinallon of two 

descriptions, terrain systems mapping, and land surface evaluation and reflects tile 1)1-()(: ess 

ot'defining, land system units. 

Terrain Mappable Del"Inable 11), l"Xample 
Unit Scale 

_ Land System 1: 1000.000- Vegetation, land use, dissection, Upland Granite 
1: 250,000 soil. topography moor 

Land Facet 1: 10,000- Homogenous parent material, 1ý1 
Hill. terrace, 

1: 60.000 single water regime. slope angle vall y 

Land Element Map ill Slope Floodplain, dip 
field Slope 

_directly 
Table 4.3: Characteristics of the three land system mapping units (After Phipps, 2001 

and Beaven and Lawrance, 1973). 

The method of land/terrain system classification provides a mechanism for 

fOCLIssing remote sensing, and field reconnaissance in a more effective manner. 

FUrthermore, the division of Devon and Cornwall into land system units will enable the 

regional trends of landsliding. once identified. to be applied across a v"hole land systern. I- 

This will provide a general indication of the nature and likelihood of' instability in a land 

systern without carrying out detailed field investiLYation on the whole of Devon and 

Cornwall. which would be impossible in the time. 
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Figure 4.5: Hierarchy of terrain units (after Phipps, 2001). 

Devon and Cornwall is an area of Palaeozoic and Mesozoic hedrock geology. The 

Palaeozoic basement landscape maybe divided into three main groups, the Dewilian, tile 

CLIIM nleaSUres and the granite intrusions (GOLidle. 1990). This hasic classification of I 

geology provided the starting point for a subdivision of Devon and Cornwall into land 
ltý ltý 

systerns. A sevenfold division based primarily on the on geological subdivisions was I- 

generated \vhile relief was used to subdivide large areas of similar geolooy (Figure 4.6). 

The seven land systems in Devon and Cornwall are as follows: 

1. ) MCSOZOiC CLIesta landscape 

2. ) High-level moorland developed on Palaeozoic Sandstone 
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3. ) High-level moorland developed on Granite 

4. ) Inland variable Culm terrain 

5. ) Devonian Plateaux cut by rias and estuaries 

6. ) Permian/Triassic lowland 

7. ) The Lizard 

Mesozoic cuesta landscape 

"igh level moorland developed on Palaeozoic sandstone 
N 

I-ligh level moorland developed on granite 

Inland variable culm landscape 

Devonian plateau cut by rias and estuaries 

Permian/Triassic losý land 

The Lizard 

'"'No 

Figure 4.6: The seven land systems in Devon and Cornwall. 

Thirteen land facets were identified within the land systems using further 

subdivisions based on geology and topography. This process is similar to the one carried 

out to define "landscape character zones" and reference was made to studies carried out for 

Devon and Cornwall whilst defining the land facets (Devon County Council, 2004, 

Cornwall County Council, 1996). 
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Land facets were defined in order to further delineate the seven land systems 

(Table 4.4). The distribution of terrain facets in Devon and Cornwall are shown in Figure 

4.7 

Land Facet Description 

High Moorland High level granite/sandstone moorland that is 
characterised by planation surfaces, granite tors, 
wooded areas. 

High Rocky Coasts High rocky coasts cut into slates and sandstones 

Low Lying Coasts Low lying coasts of sand dunes and soft cliffs 

Estuaries, Rivers and Rias Highly incised rias and estuaries that divide up 
the hard re-Variscan basement rocks 

Escarpments Escarpments in Greensand and Mercia 
mudstone in the Mesozoic land system. 

Heath/Down Flat heathlands characterised by low relief. 

River Valleys and floodplains Low relief areas that form alluvial plains and 
river valleys 

Coastal plateau cut by Plateau dissected by extensive river water 

combes/ rias/estuaries 
systems. 

Deeply dissected inland Plateau cut by rivers originating from Dartmoor. 
Some areas of deeply incised rivers 

plateau 
Moorland fringe with incised Periphery of moorland, deeply dissected rivers 

running off harder igneous rocks of Dartmoor 
river valleys 
Plateau Developed in Chalk/ Serpentine 

Tertiary Basin Flat river basin, natural landscape affected 
extensively by quarrying and other 
anthropo enic activities 

The Lizard Geologically separate plateau formed in igneous 
and metamorphic rocks. 

Table 4A Land facets in Devon and Cornwall. 
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MESOZOIC CUESTA LANDSCAPE 

In the Mesozoic cuesta land system the geology is dominated by Cretaceous 

bedrock, and stratigraphically comprises the Upper Greensand, Mercia Mudstone Group 

and the Chalk (Figure 4.8). The Mesozoic cuesta landscape has a distinct dissected plateau 

of Cretaceous rocks resting on Triassic strata. The surface topographic expression is 

representative of the geological dip. The Cretaceous Chalk and Greensand form the higher 

relief escarpments due to their greater resistance to fluvial erosion, whilst incised river 

valleys are produced on the Jurassic and the Triassic rocks. 

Topography was used as the primary subdivision of the land system into facets, 

which include floodplains, escarpment, river valleys and plateaus. Figure 4.8 represents a 

view of three of the terrain facets; the flood plain is developed on alluvium and the edge of 

the Otter Sandstone. The floodplain rises in elevation onto an undulating sloping platform 

of Triassic Otter sandstone. Above this are the valley sides and scarp slope of the Mercia 

Mudstone. Slopes developed on the Mercia Mudstone are generally between 6' and 10' 

whilst the overlying Upper Greensand forms slopes which steepen to about 200. Superficial 

deposits, in this case Clay-with-Flints, overlie the Greensand. Springs are commonplace 

along the base of the Upper Greensand and can cause instability. 

'ne Mesozoic land system also encompasses the Axmouth-Lyme Regis Undercliff 

landslide complex, a series of large coastal landslides that stretch for over a kilometre 

(Pitts, 1983). 
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Figure 4.8: View of low relief area within the Mesozoic land system (SY057874, 
Looking E). A: Upper Greensand B: Mercia Mudstone C: Otter Sandstone D: 

Floodplain 

HIGH LEVEL MOORLAND DEVELOPED ON PALAEOZOIC SANDSTONE 

The high-level moorland of this land system is an upland area in North Devon. The 

geology of the High Moorland Land System is a mix of Devonian grits, sandstones and 

slates. The Crackington Formation and Pilton Shales of Lower Carboniferous age are 

present in the south of the system and are incised by the rivers Yeo and Brady. The main 

facet of this system is the low-lying heath/downland; this facet occupies an area in the 

middle of the land system. The broad rolling moorland plateau and fringe are steeply 

incised by wooded valleys whilst at the coast steep wooded cliffs are separated by 

coombes. 

Cliffs in North Devon are steep and elevated; the highest cliff in Devon is the Great 

Hangman at 318m (SS601480). Hog's back cliffs are common in North Devon; the name 

being suggested by Arber (1911). This type of cliffs displays a very long steep slope with 

only a small section exposed to erosion by the sea (Arber, 1969). 

HIGH LEVEL MOORLAND DEVELOPED ON GRANITE 

This system has the highest ground within all seven land systems and is typified by 

the granite outcrops of Dartmoor, Bodmin, Carnmellis, West Penwith and Hensbarrow. 
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Dartmoor is the largest outcrop of Granite at c. 625km2 surrounded by a metamorphic 

aureole created as a result of contact metamorphism extending out to up to 3.25km from 

the granite (Durrance and Laming, 1982). North of the granite, contact metamorphism 

within the aureole has altered the Carboniferous slates, siltstones, sandstones and 

limestones through increased heat and circulation of hydrous fluids into hornfels (Durrance 

and Laming, 1982). South of the batholith the same process has occurred altering the 

Devonian argillaceous and silty rocks into calc-silicate homfels (Durrance and Larning, 

1982). 

Dartmoor has more extensive peat deposits than Exmoor, concentrated within the 

most elevated, central part of the system. Over a third of the enclosed moor is covered by 

peat that is over 50cm thick and up to 7m in places (Dartmoor National Park, 2001). 

Deposits of head, alluvium and river terrace deposits are also found in river valleys and on 

lower slopes across the land system. Within the high-level granite moorland land system 

there are two main elements with the addition of several river valleys; these are the high 

moorland and the incised moorland fringe. Rivers like the Teign and Dart flow from the 

Dartmoor Granite onto the softer country rock where gorges have been eroded (Durrance 

and Laming, 1982). Bodmin Moor in Cornwall is approximately 208km2, and is the most 

south-westerly upland in England with granite Tors and clitter slopes similar in nature to 

those on Dartmoor. 

INLAND VARIABLE CULM TERRAIN 

This system covers approximately 40% of Devon and Cornwall, concentrated in a 

central belt through Devon. It is estimated the Culm system occupies over 4000krný of 

Devon and Cornwall. The Culm land system is elevated and comprises broad ridges and 

plateaux broken by river valleys such as the Taw and Torridge river systems. 

Although dominated by the Upper Carboniferous Crackington Formation 

(Namurian) the Carboniferous land system also contains the Westphalian Bude and 
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Bideford Formations. The Bude Formation is an interbedded sequence of sandstones, 

siltstones and shales whilst the Crackington Formation, another interbedded sequence, is 

predominantly shales. 

The Culm land system can be divided into different facets depending on geology 

and topography. This system has an extensive inland plateau, characterised by relief mostly 

below 150m. A smaller coastal plateau is present that meets the sea in a steep cliff up to 

200m high in places. In the north of the system the Taw and Torridge river systems divide 

the high plateau facets. Both plateaux are deeply dissected by rivers and valleys. Coastal 

valleys are steep and divide areas of high sea cliffs. The cliffs in this land system are steep 

and vertical in places with some of the highest cliffs in Devon reaching over 200m. There 

are numerous landslides along this stretch of coast, a consequence of the Variscan folding 

and the interbedded nature of the geology. There are also areas of lower cliffs mantled in 

head deposits such as those at Wanson near Bude. 

DEVONIAN PLATEAU WITH INCISED RIVER VALLEYS 

A 150-200m high plateau cuts across the underlying Palaeozoic of Devon and 

Cornwall. Steep river valleys and combes break the plateau. On the coastal plateaus relief 

is mostly below 150m and further west the relief decreases to mostly below 100m. Much 

of the geology of the Devonian land system comprises argillaceous deposits that possess a 

slaty cleavage. The main units of the system are the Lower Devonian Meadfoot and 

Dartmouth Groups. More arenaceous deposits underlie the system in the south of 

Cornwall. The coastal plateau dissected by rias and estuaries is the most spatially extensive 

land facet present in the Devonian plateau land system. Coastal estuary systems and rias 

are widespread in Devon and Comwall with examples on both north and south facing 

coasts. The rias of the Devonian plateau are large and incorporate estuaries and tidal 

mudflats. Raised beach deposits formed in interglacial stages are commonly interbedded 

with head along the coasts (Leveridge et al. 2002). At the coast there are areas of head 
97 



aprons which overly hard rock cliffs of schist such as at Prawle in South Devon (Griffiths 

and Croot, 2000). 

PERMIANMIASSIC LOWLAND 

The Permo-Triassic land system is characterised not only by the underlying bedrock 

but also by the low relief landscape (most of the relief in the Permo-Triassic land system is 

below 60m). The Permo-Triassic land system covers an area of over 650km2 of Devon and 

includes approximately 14km2 of pebble bed heath in the west as well as the extensive Exe 

Estuary. Another distinctive feature of this land system are the red soils that are produced 

by weathering of the underlying Permo-Triassic rocks. The Permo-Triassic lowland 

consists of three main rock types: breccias, mudstones and sandstone. Breccias occur over a 

large area and belong to the Exeter Group. The Exrnouth Mudstone and Sandstone 

Formation outcrops east of the Exe Estuary along with the Triassic Littleham Mudstone 

and Otter Sandstone. Head in the district is mainly on the lower slopes and is usually less 

than 2m thick. It is more common in the east of the Otter valley (Edwards et aL, 1997). The 

heathland of the Permo-Triassic lowland is formed on the Budleigh Salterton Pebble Beds 

and stretches in a north-south trending belt from the coast between Exmouth and Budleigh 

Salterton north to the west of Ottery St Mary. The majority of the land system is 

Downland, characterised by uninterrupted flat topography. At the coast there are a number 

of large landslides in the Budleigh Salterton district where the soft mudstone has been 

weathering and has begun to degrade by mudslides and mudflows. 

THE LizARD PENiNsuLA LAND sysTEm 

The Lizard Peninsula land system covers an area of about 150 km2 and is the most 

southerly point of Cornwall and mainland Britain (1.5% of Cornwall and Devon). It 

comprises a gently undulating inland heathland plateau reaching around 70m, OD. In the 

north of the system Devonian sedimentary rocks are present which are cut by incised river 

valleys, estuaries and rias. The flattest area of the Lizard peninsula forms a plateau 
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developed on serpentine. Incised river valleys and estuaries of the Devonian sedimentary 

rocks are found in the north of the system. 

The coast of the Lizard is varied with high cliffs, coves, headlands and wide sandy 

beaches. Much of the coastline of the Lizard was characterised as being bevelled (Arber, 

1949). The hard rocks are fairly resistant to erosion and so steep high cliffs are formed. 

Flett (1946) has linked the presence of landslides at the coast with the position of intrusive 

dykes. Head deposits are common on the coast but decrease when the coastline character 

changes to expose the cliffs to strong winds and storm waves and hard rock steep cliffs 

become dominant. 

4.4 INTRODUCTION TO THE NEW UPDATED DATABASE 

For the collection of new landslide information the BGS devised a pro-forma to be 

used in the field to ensure nationwide data continuity and reduce operator bias. The Pro- 

Forma consists of two pages with space for drawing and recording field information 

(Figures 4.9 and 4.10). On Pro-Forma PI and P2 there are separate boxes for different 

aspects of the landslide with the pages separated in to different sections. Section A 

contains information on the location of the landslide and formulates an ID number. 

Section B deals with the dimensions of the landslide with a diagram for detailed 

measurements of the slide including total slide length, elevation of crown and displaced 

mass (Figure 4.11). Section C provides the opportunity to record additional information 

concerning the landslide including type of movement and causes. Section D deals with 

slope details including vegetation, slope angle and hydrology as well as the lithology 

involved and the type of damage that has occurred as a result of the slide. There is also a 

section on the source of the information e. g. newspaper articles, media or telephone call. 

As was the case with the previous database information on type of movement, 

causes and lithology are coded. Provided with the Pro-Forrna are a list of codes that 
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correspond to information that needs to be entered. Codes for all the data included in the 

database are in Appendix 1. 
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Figure 4.9: Landslide pro-forma showing sections B and C 
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Figure 4.10: Landslide pro-forma showing sections D and E 
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4.4.1 LANDSLIDE PRO-FORMA SECnON A. 

Before landslide data could be collected a minimum size of landslide appropriate to 

be recorded needed to be established. Two criteria successfully used by Hart (2004) for 

collection of data during the production of a landslide inventory in SE Spain were: 

* The slide must possess an identifiable backscar and/or debris accumulation 

And/or 

* The slide should cover a minimum plan area of 10mý 

In this study the recordable size was developed from the minimum size of landslide that 

it is possible to see on an aerial photograph. The minimum size ob ect that can be j 

identified from a high contrast 1: 15,000 aerial photograph is 6.5m2, and the minimum size 

for interpretation was 11.5mý (Soeters and Van Weston, 1996). Since the aerial 

photographs used were mainly 1: 10,000 (Section 4.5.1.1) it was felt that I Om. 2 would be an 

appropriate minimum size at which to record landslides. 

Section A also has data entry fields for national grid reference, map sheet, locality 

name and locality detail. When filling out the name section if there were no villages or 

towns nearby the nearest farm or house name was used as an identifier. 

4.4.2 ]LANDSLIDE PRO-FORMA SECTION B: ]LANDSLIDE DIMENSIONS 

Section B of the pro-forma records the dimensions of the landslides, measurements 

being taken in metres (Figure 4.11). Figure 4.4 shows the main characteristics of landslide 

morphology, this shows the details of the measurements taken in Figure 4.12 in the context 

of a landslide. 

102 



ection B: 
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Figure 4.11: Detailed section of the database showing the main landslide dimensions 
that could be measured. 

4.4.3 LANDSLIDE PRO-FORMA SECTION C: LANDSLIDE DETAIL 

LANDSLIDE SOURCE MATERIAL AND SLIDE MATERIAL 

The source material and the actual material that has been involved in the landslide 

can be one of three possible entries on the landslide pro-forma: Rock, Debris and Earth. 
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The entry of the source material along with the slide material is important in the 

description of the evolution of the landslide. This method of classification using the 

dominant slide material is used by the EPOCH project (Dikau et al., 1996) outlined in 

Chapter 3 (Section 3.1.2). Varries (1978) described material involved landslide as either 

Rock (a hard or firm intact mass) or Soil (an aggregate of solid particles transported or 

formed by weathering of the insitu material) (Cruden and Varnes, 1996). Soil is further 

subdivided into earth (80% of parkles being <2mm) or debris (20-80% of material is 

than 2mm) (Cruden and Varnes, 1996). 

LANDSLIDE AGE 

There are four entries to represent relative landslide age in this section Very recent, 

Recent, Old and AncientlRelict. Although the spatial distribution of landsliding is 

important, the temporal distribution is equally so, especially if this can be linked to 

climatic factors and changes. Although it is sometimes difficult to determine whether a 

landslide is very recent or recent, the state of preservation of landslide features should 

indicate whether the landslide occurred in the last ten years (Very recent) or in the last 100 

years (Recent) (Figure 4.13). The very recent and recent categories of landslides are ones 

that have occurred under present climatic conditions and features are either 'fresh' or only 

partially degraded (Keaton and De Graff, 1996). The old and ancient categories include 

landslides that are unlikely to have been recorded locally unless of a high magnitude and 

are likely to have occurred under different climatic conditions from present ones. Old 

landslides will have occurred in the last 1000 years and be in a relict state whilst the 

ancient/relict landslides will have occurred more than 1000 years ago. Ancient landslides 

are those that show recognisable landform features that are indicative of past landsliding 

with but show no signs of any contemporary movement (Jones and Lee, 1994). Ancient 

landslides generally occurred under very different climatic conditions than present, such as 

periglacial climates (Cruden and Varnes, 1996). It was recognised that this category will be 
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difficult to determine, especially given that the differences between an -anclent" and in 

"old" landslide may depend oil features which have become de. graded, sometimes hy 

anthropogenic factors. 
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Figure 4.13: Degradation stages of a landslide used to identify stability degree and 
development as well as age (After Keaton and DeC raff, 1996). 

STABILiTy DEVELOPMENT 

Within the 'stahility development' category there are three classes, Incipient, 

Advanced and Degraeled. These refer to the stage of development of a landslide. Incipient 

landslides are those that are fairly Undeveloped so that small cracks or a few fallen blocks 

may he present. In the advanced category landslides will show rnore defined featUres SLIch S 
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as well developed flow tracks, scarps and fallen blocks. Degraded landslides are 

characterised by having little recent activity, vegetation will have grown again and the 

features will have degraded and become less obvious. 

STABILITY DEGREE 

As well as stability development, the current degree of stability is recorded. In this 

category there are three classes: Inactive, Active and Stabilised. Suspended was also 

included. Suspended landslides were those defined by Mather et al (2003) that although 

currently inactive have been active within the last twelve months and are likely to be active 

again. Stabilised landslides are no longer active because measures have been taken to 

remediate the failure (Cruden and Varnes, 1996). 

SLOPE/LANDSLIDE WATER 

Slope water conditions are important to the understanding of landslide stability as 

changes in the pore water pressure and changes in water content can quickly reactivate or 

trigger landslides (Jones and Lee, 1994). This category of the database deals with the 

water regime of the general slope and of the landslide mass itself. The terms used in this 

category include: dry, moist, wet, seepage, spring line. Lithological changes on a slope can 

be reflected in the hydrological surface and hydrogeological sub-surface regime. A layer of 

impermeable material (aquiclude) overlain by a permeable lithology (aquifer) which stores 

groundwater can result in a saturated zone and the escape of water from the hillslope in a 

spring line or seepage zone. A spring line is represented by flowing water from a discrete 

source on the surface of the slope in the area of the landslide whilst a spring line is a more 

diffuse linear source. Seeps and seepage lines are saturated areas within the landslide area 

and are either diffuse or linear features. Springs are important in slope stability as the 

concentration of discharge from an aquifer creates a zone of high pore water pressure thus 

reducing slope stability (Jones and Lee, 1994). 
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VEGETATION 

Another fundamental condition, which can affect the environment and alter the 

susceptibility to landsliding, is the presence of vegetation. Changes to the vegetation cover 

of a slope can significantly alter the shear resistance (Chapter 2 section 2.3.2). Options for 

this category of the database include trees, scrub, crops, gardens and also bare. If there 

was more than one vegetation type present at a landslide then the dominant one is 

recorded. Trees, which in this instance meant a woodland or forest with predominantly 

mature trees and a canopy, can increase the slope stability on a shallow slope by up to 60% 

(Selby, 1982). Scrubs, defined as having a wide variety of plants from shrubs up to small 

trees, is probably the most effective for stabilising a slope due to the variations in root 

systems (Menasche, 1993). 

STYLE OF MOVEMENT 

Vames (1978) originally described landslide style, which describes the way the 

landslide behaves and whether there are different types of movements involved (Chapter 

2.2). The categories used in the database are tabulated in Table 4.5. The difference between 

single, multiple and successive landslides (Figure 4.14) is visible from the numbers of 

shear surfaces and stepped profiles of successive movements. 

Style Description 
Composite At least two movements occurring simultaneously in different 

the displacing mass. 
Complex At least two types of movements are occurring in sequence. 
Successive More than one rotational failure occurring on the same slope 

forming a stepped pattern but individual slips not sharing 
displaced material or a shear surface. 

Cluster Cluster or group of small landslides on a section of slope with 
similar characteristics. 

Single A single event failure with no additional movements of the same 
type. 

Multiple A series of movements of the same type usually where the surface 
of rupture is enlarged and often shared by the other movements. 
Unlike successive landslides multiple slides are in contact with the 

I previously slipped masses 
Table 4.5: Style of landslide movement (After BGS database entry definition guide 

and Cruden and Varnes, 1996). 
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slope toe base 
single failure failure failure 

multiple 

sparse or absent successive 
vegetation cover 

t on 'rise" 

tread of regolith 
bounded by 0.25 m vegetation mat 

slip surface 

Figure 4.14: Single, multiple and successive rotational landslides (Hutchinson, 1988) 

TYPE OF MOVEMENT 

Types of landslides were outlined in Chapter 2 Section 2.2. Here, only the 

categories on the pro-forma will be referred to. The types of landslides that can be entered 

into the database are flows, translational, rotational and undefined slides, toppling, spreads 

and falls. 

CAUSES 

Causes of landsliding were discussed in Chapter 2 Section 2.3. Database entries 

are a mixture of preparatory and triggering causes. The causes of landsliding categories 

for the database has the following possible entries Removal of support (trigger), lithology 

(preparatory), angle (preparatory), drainage (trigger and preparatory), rainfall (trigger), 

loading (trigger) and structure (preparatory). 

4.4.4 ]LANDSLIDE PRO-FORMA SECnON D: SLOPE DETAIL 

LITHOLOGY 

The lithologies present in Devon and Cornwall have been described in detail in 

Chapter 3. Lithology is an important controlling factor of landsliding in Devon and 
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Cornwall. The lithologies involved in each landslide were recorded using the same classes 

which had been defined for tile whole of Great Britain and used for tile National Landslide 

Database (Table 4.6). ]'here are two columns I'Or fithology in the database. one is for the 

overlying lithology the second is for Ulldcrlying lithology. This facilitates description in 
Z, -- 

cases where there is more than one lithology present. Stralloraphic units were also recorded 

in a difterent column of the database to allow for further analysis. 

Lithology 
Clay 
Chert 
Shale 
Siltstone/mudstone 
Marl 
Sandstone 
Gritstone 
Conglomerate/breccia Z- 
QUartme 
Limestone 
Chalk 
Interbedded Argillaceous deposits 
Interbedded Arenaceous deposits 
Interbedded Calcareous deposits 
Granite 
Gabhro 
Basalt 
Ultrabasics 
Volcanic tuffs 

0 Slate 
-- . 

Schist 
Gneiss 

Table 4.6: Lithological classification used in the new database. 

SUPERFICIAL DEPOSITS. 

Superficial deposits are the youngest geological deposits formed mainly during the t, 

Quaternary. There are many processes that have led to the development 01' Superficial 

deposits including periglaciation and deposition by rivers. Across the UK superficial 

deposits mantle over 40% of the land's surface and are therefore important in landslide 
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studies (Jones and Lee. 1994). Superficial deposits are I'llirly ubiquitous across much of' 

the South West, although usually very shallow, and shallow movement will I)v its 

definition involve these deposits. The types of' superficial material which occur in Devon 

and Cornwall are surnmarised in grOLIps defined by the British Geological SUINCY 

(McMillan and Powell, 1999) (Table 4.7). 

Group Deposit 

C Coastal Zone Saltmarsh, beach deposit, raised Beach, storm beach 
6" 
Qj Aeolian Blown Sand, Loess 

Mass Movement 'ralus. Head 
Organic Peat 
Alluvial AlILIViLlm, Alluvial Fan, River terrace 
Residual Clay-with-flints, Blockfields 

- Deposited on surface: Roads, railways. spoil, flood 7t Made Ground defences, construction fill 
Worked Ground Ground cut away: Quarries, pits, cuttings 
Infilled Cut and Fill: Back filled quarries or land fill. 

Table 4.7: Superficial deposits which occur in Devon and Cornwall. 

SLOPE FORM 

Slope form can affect stability as the morphology affects the direction and amount 

of rLinoff as well as SLIh SUrface drainage. Concavities in slopes can lead to a concentration 

of subsurface drainage leading to higher pore water pressure and the possibility of' 

landslicling (Dai and Lee, 2000). The slope types that COUld he used were Unýform 

Rectilinear. Convex, Coliccive, Non-lhiýftmn Intertne(li(ite and Hummocky. Freeftice was 

also added in order to describe cliffs and distinguish between straight slopes and cliffs. 

Uniform slope profiles have a smooth slope which is either curved inward (concave) 

outward (convex) or straight (rectilinear) (Figure 4.15). Non-umform slope profiles contain Z-- 

different sections of slope forms including hummocky slopes with both convex and 

concave sections as well as terracettes where the slope is broken by scarps parallel to the 

slope crest. All natural slopes in Great Britain have been SLIýjeCt to periglacial conditions. 

althOLIgh evidence ofthis has been removed from some of these slopes by subsequent Post- 

Glacial erosion (HUtchinson, 199 1). 
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In Devon and Cornwall the evidence of periglaciation is preserved through scree 

slopes and solifluction deposits. Many slopes in Devon and Cornwall are convexo- 

concave, a slope profile characteristic of a periglacial environment. Erosion of material 

from the crest and upper slope forms a convexity whilst deposition on the lower slopes 

forms a concavity (Hutchinson, 1991). These convexo-concave slopes would be classified 

as "uniform indeterminate slopes" as they contain more than one uniform slope form. 

Straight Slope 
Convex Slope 

Concave 
(Rectilinear) Slope 

Convex 
section Straight Section s 

Convex Section 

Figure 4.15: Slope profiles. 

LAND USE t 

Land use is recorded in the database for two purposes: to explore the correlation of 

land use and landsliding as well as to examine the features that are at risk. In Devon and 

Cornwall a large percentage of land use values will be rock, agriculture or pasture. The 

categories of land use which could be entered in to the pro-forma are shown in Table 4.8. 

Associated with land use are the damage categories which record whether any 

damage has been done by landsliding, as well as the position of the landslide in respect to 

the land use. For example, a database entry may identify that a landslide has affected a 
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residential property, claniage has occurred. and Illat the landslide was helow (lie residential 

property. 

Code Description 
Aoricultural Crops, ploughed land. fallow land. horticulture, orchard, improved 

pasture. 

Wood Comfer, broadleaved and mixed woods. Scrub, undifferentiated 
YOU11, il woodland. felled woodland. 

Grass Unimproved grassland, bracken and heath land. 

Water Water and wetland. Sea/estuary, standing water, reservoir, running 
water. 

Rock Rock and coastal land. Inland rock. coastal rocks and cliffs, inter 
tidal sand and mud. sand dunes. 

Minerals Minerals and landfill. Mineral workings. quarry, pit, opencast. spoil 
heap, landfill waste deposits. 

Transport Roads. paths, tramway. car parks, railways, station, engine shed, 
airports. hangers, terminals, airfield. docks, marina. 

Residential Residential, Institutional and communal accommodation. Caravan 
park, barracks. boarding house, army camp, prison. 

Industrial and Industry. offices, retailing, utilities (gas. electricity water), pipelines, 
commercial dams, storage and warehousing. Agricultural buildings. 

Vacant Vacant land and buildings. Previously developed land, which is now 
vacant. vacant buildings. derelict land and buildings. 

Defence Defence land and buildings. 

Recreation Arboretum, howling green, cricket ground. football ground, golf 
course, park, playing field, racecourse, zoological garden. 

Community Institutional or community centre, dentist, doctor's surgery, 
buildings educational, religious. 

Table 4.8: Land use categories for the new update landslide database. 

SOURCF OF INFORMAT ION 

This category was used to determine what percentage ot'landslides came from 

different sources of information. This would enable the efficiency of the methods of data 

collection to be analysed. Sources for the landslide entries were newspapers, maps, the 

original landslide database. literatUre, fieldwork, aerial photograph analysis and airborne 

thematic mapper analysis. 
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4.5 DATA COLLECTION 

After the land system mapping wits carried OLII. geological maps and secondary I 

sources were utilised it was necessary to collect data from the field. Primary dala collection 

would test whether areas identified during the desk study were likely to contain evidence 

of landslicling that COUld he verified. Primary landslide data collection was camcd out 

LISIII, (l the pro-forma's that have been described above. The first phase of' data collection 

began with a period of remote sensing to IdentifY landslides and areas that may he 

susceptible to instability as identified in the terrain evaluation process. 

4.5.1 REMOTE SENSING 

Remote sensing through satellite image analysis and aerial photograph 

interpretation have been used successfully in landslide studies throughout tile world at I- 

varying scales. Remote sensing can be defined as the "use of electromagnelic radiation 

sensors to record images of the environment which can he interpreted to Yield its(lid 

I. 11foi-Intition" (Curran, 1992. p I). Aerial photograph interpretation is a basic element of 

desk-based geomorphological investigation and despite technological advance.,, in satellite L_ 

imagery it is still comparable in resolution and detail (Table 4.9). 

11 

Pixel Size Minimum Largest useful 
Image Type 

(GCR)-l (m) object size (m2) scale 

Landsat Tm & ETM 30 200x2OO Regional 

Spot Colour 20 135x]35 Regional, mediUrn 

IKONOS I 7x7 Detailed 

1: 50,000 Aerial 
I 7x7 Detailed 

Photograph 

1: 10.000 Aerial 
0.2 1.3x 1.3 Detailed 

Photograph 

able 4.9: Comparison of remote sensing image types (After Tribe and Leir, 2004 
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AERIAL PHOTOGRAPH INTERPRETATION 

Since the 1920's aerial photographs have been an important data source for the 

detection of landscape change over space and time (Rocchini, 2004). Originally developed 

to map topography, aerial photographs are now a key component of modem site 

investigations for engineering projects (BS5930: 1999). The use of aerial photographs has 

developed so that numerous terrain features can be mapped directly including presence of 

rock outcrops, river and streams, springs, weathering grade and minor rock structures 

(Lawrance et aL, 1993). Aerial photographs are very useful in the production of landslide 

inventories because the distinct landslide morphology created by landslides is often 

readily identifiable (Mantovani et al., 1996). In this study aerial photographs were used to 

investigate the presence and distribution oflandslides in specific areas of Devon and 

Cornwall. Collections of aerial photographs used in this study were accessed in five 

locations and a summary of the resources accessed is provided (Table 4.10). 

Investigations of landslides using stereoscopic pairs of photographs rely on variations in 

vegetation, tone, texture and landform pattern being highlighted by instability. 

A number of key features, identifiable through aerial photograph interpretation, 

are used to assess whether landslides have occurred (Table 4.11). Aerial photographs 

show up surface morphology including hummocky terrain, arcuate scarps and tension 

cracks (Mason and Rosenbaum, 2002). Changes in vegetation and disruptive drainage are 

also visible in aerial photographs and are equally important to the mapping of instability. 

Due to the repeated phases of weathering during the Tertiary and Quaternary Devon and 

Cornwall has a subdued topography and some geomorphological features were very 

subtle. 
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Source of Date of Angle Scale ype Coverage 
photograph captu e 

RAF 1940's Vertical 1: 10.000 Black & ('01-11wall-coast 
white North Devoii-Coast 
Black & Comwall-complete 

RAF 1945 Vertical 1: 10.000 
white___ 

Uiikriown 1988 Vertical 1: 10,000 _ Colour _ ___ ___ Com wal 1-compl etc 
Unknown 1995 Vertical 1: 10,000 Colmir Corriwall-complele 

Geonex 
1992- Vertical 1: 25,000 Colotir Devoii-Complete 
1993 

Milleimi Lim 1999- Vertical 1: 10,000 COIOLII, Devoll-Complete 
. map pr(ýJect 2000 

Table 4.10: Types of aerial photographs used during the primary data collection. 

Terrain features Relation to slope stability Photographic characteristics 
Morphology 

Concave/convex slope Landslide scarp and Concave/convex anomalies in 
features deposits. stereo model. 

Micro relief associated Course Surfilce texture III Hummocky terrain with shallow or Contrast to surroundin. gs. retrogressive movernent. 
Back tilting ot'slope Rotational movernent. 

Oval/elongate depressions with 
facets imperfect drainage. 
Vegetation 
Clearings in vegetation t7 

Absence of vegetation on Light toned elongate areas. 
on steep slopes headscarp or on slide body. 
irregular linear Slip surface of translational Denuded areas with holit tones. 
clearances along slope slide. 
Disrupted. disordered Slide blocks and Irregular sometimes mottled 
and par tly dead differential movements in 

. vegetation body. grey. 

Drainage 
Springs on front lobe and Dark patches sometimes in 

Seepage and spring lines where failure plane curved pattern, enhanced by 
outcrops. differential vegetation. 

interruption ofdrainage Drainage anomaly caused Drainage line abruptly broken 
pattern by head scarp. off on slope by steeper relief. 

Areas with staonated 
Landslide scarp, back tilted 

' 
Tonal differences with darker 

block. hummocky reliel on tones associated with wetter drainage L- slide body. areas. 
Table 4.11: Characteristics of landslides and the associated photographic 

characteristics (After Soeters and van Westen, 1996). 

As an example a stereo pair of photographs (Figure 4.16) shows two images taken close 

together on a flight over St Mary's Bay. Brixharn. In the more detailed close Lip 

photograph (Figure 4.17) it is possible to see the landslide complex and the features 

associated with it, landslide scars, debris cones and disturbed ground. L- 
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Thematic Mapper imagery has been Lised hy a numher of authors to identify 

landslides e. g. Gibson et al., 2000, Whitworth et al., 2000 and Ramli ct tit., 2000. For this 

study Daedalus Airhorne Thematic Mapper images were obtained from two flight In tile I- 

Axnlinster-Lyme Regis area. flown in Septeniher 2001. The data consists of' II hands with 

a re-sirnpled pixel size of 2 metres (Whitworth et al., 2000). The hand chmictenstics ind 

uses are shown in Table 4.12 along with the equivalent bands from Landsat TM satellite 

im ag, es. 

ATM Spectral Band Narne Uses 
Band range (gm) 

1 0.42-0.45 Visible 
2 0.45-0.52 Visible Veixtation and sediment 

laden water studies 
3 0.52) - 0.60 Visible Octection ofsuspended 

, sediment and soil Studies 
4 0.605 - 0.625 Visible 
5 0.63-0.69 Visible Shows up healthy 

vegetation and distinction 
ofrock type 

6 0.695-0.75 Near infrared 
7 0.76-0.90 Near infrared Vegetation studies and 

water body delineation 
8 0.91 - 1.05 Near infrared 
9 1.55 - 1.75 Near Middle Determine plant and soil 

moisture. Distinguish 
between dril't mid solid 
bedrock 

2.0 8-2.3 5 Middle Useful for distinvulshino 
Infrared nietarnorphic rocks 

(8.5 - 13.0# Thermal 
infrared 

Table 4.12: Band characteristics of the Daedalus 1268 Airborne Thematic Mapper 

shown alongside hand name and common uses for each hand. (NERC, accessed 
August 2005, Ramli el A, 2000 and Lawrance et A, 1993). 

Ramh et al., (, 2000) used a combination of bands 5.11 and 7 for the detection of 

relict landslides around Stoncbarrow Hill, Dorset. For the area which was covered in this 

study a range of band combinations were used to establish those which would best suit the 

interpretation of the landscape. Band frequencies, 5,6 and 7 (near and infrared) most 

clearly defined differences in tone and texture clue to landslidino. The Landsat images were Z- 



manipulated using RSI ENVI v4.0 software which can be used for environmental planning, 

geological mapping and terrain analysis. The detection of landslides using this combination 

is most likely related to the disruption of vegetation and drainage that can occur as a result 

of landsliding. Aerial photograph interpretation and initial ground reconnaissance had 

taken place in the area covered by the ATM images. The author found that the ATM 

images allowed more features to be identified than aerial photograph interpretation alone. 

In total about 17 new landslides were added from the ATM data. Figure 4.18 shows some 

of the landslides were identified. 
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4.5.2 FIELD RECONNAISSANCE 

Field checking of areas identified during the terrain evaluation process and areas of 

instability indicated from remote sensing was important for increasing the data in the 

landslide inventory. Areas selected by the terrain evaluation were subjected to walk over 

surveys in order to identify and record instability features. Field reconnaissance of 

landslides indicated by remote sensing methods was conducted for similar reasons in order 

to collection data on the pro-fortna before being transferred to the database and to quality 

check the remotely sensed landslides. 

4.6 GEOGRAPHICAL INFORMATION SYSTEMS 

GIS can be an effective tool if there is a need to collect, store, retrieve and analyse 

spatial data (Soeters and Van Weston, 1996). Databases form the basis of a GIS with 

spatial data stored within as a series of coordinates with related attributes attached. Data is 

stored as either pixels (raster) or points, lines and polygons (vector) Nathanial and 

Symonds, 2001). Geographical information systems (GIS) are well suited to landslide 

hazard assessment if there is detailed topographic coverage of a region as well as 

information on other aspects controlling stability (such as geology, soils and 

hydrogeology) (Mason and Rosenbaum, 2002). GIS provides a qualitative method to 

assess landslide susceptibility as overlaying thematic maps allows the spatial distribution 

of factors which affect stability to be assessed both singly and collectively (Dai and Lee, 

2002). A useful example of the use of GIS to identify landslides and their contributing 

factors is given by Dai and Lee, 20002. 

There is definite distinction between mapping landslide hazard and landslide 

susceptibility. A landslide hazard map depicts the potential for a landslide to cause adverse 

impacts to people whilst susceptibility is the potential for landsliding to occur, regardless if 

there are people who are at risk. (Lee and Jones, 2004). There are three approaches to the 

use of GIS in landslide susceptibility/hazard studies (Table 4.13). All of these methods 
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require a spatial model of' the distribution of' landslides a.,., has heen produced with the 

landslide inventory for Devon and Cornwall. This is because susceptibility and hazard 

assessments are based on the principles that landslides will OCCUr in the future where and 

Under (lie same circumstances as they have done in the past. Also that it is possihic to 

approximate the distribution of' landslides with reference to the conditioning I'actors e. g. 

geology and slope (Lee and Jones, 2004). 

Method Scale Uses Details 
HeLiristic 1: 100,000- Small Relationship between landslides and 

1: 250,000 regional scale CaLlSatlVe terrain features is determined 
studies througgh a landslide inventory. 

Statistical 1: 25.000- Medium scale Data driven intiltivariate statistical 
1: 500,000 studies analysis or experience driven hivariate 

statistical analysis. 
Deterministic 1 :2 000- Largle scale Based on slope stahility models, used 

1: 10,000 local studies when geological and geoinorphic Z- Z- 

conditions are homogenous across 
whole site. 

'Fable 4.13: The three approaches to landslide susceptibility mapping 
(After Van Westen el aL, 1997). 

The use ol'GIS is twol'Old in this SURIV: 

Storage and display of spatial landslide data including the types, ages and 

activity of landsliding; 

Manipulation and analysis of the data to produce a landslide Susceptibility map. 

The landslide inventory was stored within an Excel spreadsheet. the spatial 

information was linked to an ESRI ArcGIS v9 file that contained geological maps for Z- 

Devon and Cornwall as well as a digital elevation model (DEM) for the two counties. The 

GIS was used to display the landslides spatially as vector points using coordinates taken 

from the database. Once in vector format the landslide points could be rasterised and used 

in analyses of geology and slope. Analysis of the spatial coincidences of factors relating to 

landsliding could be analysed using the GIS. 
Z-1 
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4.7 METHODS SUMMARY 

During the course of this study the landslide database produced by the Department 

of the Environment has been updated by a variety of methods. After an initial verification 

phase which involved fieldwork and collection of references there followed a period of 

terrain evaluation. The purpose of the terrain evaluation was to produce a land systems 

map that would highlight areas that might be susceptible to landsliding. The lands systems 

model provided a focus for remote sensing which, along with field checking, generated 

additional landslides for the updated and revised database. 
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5. Coastal Landsliding in Devon and Cornwall 

5.1 Introduction 

Devon and Cornwall has a coastline of approximately 1550 km, recorded at mean 

high water, along which a total of 518 landslides have been recorded within the new 

landslide database. This figure equates to approximately 0.33 landslides per km. Locations 

of coastal landslides discussed in the text are shown in Figure 5.1. The distribution of 

coastal landslides map (Figure 5.2) clearly identifies a number of landslide clusters around 

Torbay, Hartland, Bude and Portreath. 

The interplay of lithology, sea level and coastal processes, both historical and 

contemporary, leads to the development of patterns of coastal landsliding. Some coastal 

areas appear to be stable whilst others are characterised by widespread instability. These 

areas can be principally divided into 'soft' and 'hard' rock areas. Coastal landsliding and 

recession are typical of soft rock cliffs where there is little resistance to basal erosion and 

removal of material (Lee, 2000). Areas of hard rock representing geological formations 

such as granites and igneous/volcanic material are more likely to have a stable, rocky 

shoreline subject to minimal basal erosion and undercutting. Soft rock cliffs include any 

age of lithology that is poorly consolidated or weakly cemented or where weaker 

lithologies such as clay underlie stronger more competent ones (Pye and French, 1993). 

Results from the analysis of the coastal landslide database compiled by this study 

will be presented in the first section of this chapter. In the later section the coastal 

environments present in Devon and Cornwall, developed using the results and database, 

will be discussed. The Chapter is completed by a discussion of the consequences of coastal 

landsliding in Devon and Cornwall. 
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5.2 RESULTS OF ANALYSIS OF COASTAL DATABASE 

Results from the analysis of the coastal database will be presented with appropriate 

figures, diagrams and examples from the field area in the following section. 

5.2.1 SOURCE OF DATA 

The source of landslide data gathered for the database was varied. The original 

Department of the Environment National Landslide Database included 378 landslides (75% 

of the new total). In the original database coastal landslides were the most prominent group 

accounting for 85% of the total number of landslides. As a result of the verification process 

24 coastal landslides were removed from the original database (See discussion in 4.2.1). 

Subsequent fieldwork increased the original database by 10% adding another 46 landslides. 

Searches of secondary sources such as newspapers and maps increased the number by a 

further 87 landslides. Aerial photograph interpretation added an extra 7 landslides (Figure 

6.4). 
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Figure 5.3: Graph showing the sources of coastal landslide data. 



5.2.2 COUNTY 

In the latest version of the database 391 (75%) of coastal landslides are in Devon 

and 127 (26%) in Cornwall. In Devon 288 of the landslides occuffed in Torbay that 

represents 74% of the total coastal landslides for the county. Devon has a coastline of 

approximately 857 krn (MHW) and a total of 0.46 landslides per krn. whilst Cornwall with 

692km (MHW) of coastline and 0.18 landslides per km. 

5.2.3 SPECIFIC LANDSLIDE OR AREA OF LANDSLIDING 

Areas of landsliding were defined as groups of landslides close together where it 

was difficult to distinguish one distinct landslide from another. Usually areas cover a wider 

geographical area than specific landslides. The majority of landslides 457 (88%) were 

specific landslides as opposed to areas of landsliding. There were 57 recorded areas of 

landsliding. 

5.2.4 SPATIAL AREA OF LANDSLIDING 

Most of the specific landslides recorded were in the two smallest size categories, 

with only a small number of larger landslides (Table 5.1). The landslides involving larger 

amounts of material (those with an asterisk in Table 5.1) are shown against the 

chronostratigraphic units that are involved in the failure (Figure 5.4). The Upper 

Carboniferous Bude Formation has the highest number of landslides in the larger size 

categories. Cretaceous Upper Greensand and the Upper Carboniferous Crackington 

Formation also have several landslides in the larger categories. The Upper Greensand 

landslides are those located on the east coast of Devon, whilst those of the Crackington and 

Bude Formation are concentrated on the coast between Tintagel and the Hartland-Clovelly 

coastline. 
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Size Category Number of Landslides % of Total 

0- 1,000M-' 276 48.0 

1-25 '00OM2 164 31.1 

25-25O, OOOm2 15 2.9 

0.25-0.5 M2* 3 0.4 

0.5- I. OkM2* 6 1.2 

Unknown 54 16.0 

TOTAL 518 

Table 5.1 Number of landslides in each size category. 

Ch ronostratigraphic unit and size of landslide 

Upper Devonian shales 0.5- 1. Okm 

0.25-0.5km 

Upper Greensand 0 25,000- 
- 
250 000m 

14an Mica I-ichist 

CL 
%iddon grit 

Roseland Breccia 

Oddiocornbc Breccia 

Mylor Sate 

Middle Devonian 
Limestone 

Cracking-gon Formation 

Bovisand Formation 

Bude l, ormation II 

0 123456 Number of landslides 

Figure 5.4: Landslide size and chronostratigraphic unit. 
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5.2.5 AsPECT/EXPOSURE 

Most coastal landslides were found on cast facing coastlines (100 landslides or 

19%) whilst there were 83 (16%) on south facing cliffs and 78 (15%) on south-east facing 

cliffs (Figure 6.6). 

Aspect of coastal landslides 

Undercutting by marine basal erosion is a key control on coastal landsliding; 

therefore exposure to frequent large waves may be an important factor to consider. Waves 

predominantly approach Devon and Cornwall from the south-west and the most 'exposed' 

coasts of Devon and Cornwall are those facing the strong winds and swells of the North 

Atlantic (Defra, 2000). SW facing landslides are not as prevalent as those facing between 

south and east (Figure 5.5). It may be argued that this is due to the refraction and 

attenuation of waves that originate from the south west as they reach headlands such as 

Start Point, Berry Head and Otterton Ledge, furthermore waves that originate from the 

south and south east have a smaller but uninterrupted fetch therefore the waves may be 

regarded as more effective (Bray et al., 2004). 
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Figure 5.5: Aspect of recorded coastal landslides in Devon and Cornwall. 



5.2.5 SOURCE MATERIAOSIADE MATFRIAI, 

The category 01' SOUrce material refers to tile material with which (lie landslide is 

derived. The slide material refers to the material which the landslide mass is comprised. The 

differentiation between the two allows for landslides where the slide mass has disintegrated 

1'rom rock to debris to be recorded. The majority of' landslides originated in rock 040 

landslides, 67% of total). The material involved in the actual landslide is also mostly rock 

(290 landslides, 56(/c, ol'total). 

Material Source material Slide material 
Rock 346 290 
Debris 87 122 
Earth 16 34 
Unknown 69 72 
Total 518 5 1'8, 

'Fable 5.2: Source and slide material involved in coastal landslides. 

5.2,6 Stability Development 

Inciplent (69 landslides, 43"Ic of recorded total) and tulvanceil (62 landslides, 38(-/( 

of recorded total) landslides were recorded in nearly equal proportions. Dep-tuleil 

landslides are unlikely to last very long on the coast and are difficult to identify dUe to the 

removal of dehris from the toe of' slopes. Only fourteen (3(/( of total) coastal landslides 

were recorded as degraded. Due to the nature of coastal evolution there were many 

embayments that have probably been formed by mass movement processes but it is only 

the ones with recognisable landslide featUres that were recorded. Examples of degraded. 

active and incipient coastal landslide features were observed on fieldwork visits (Figure 

5.6). The advanced landslide at Reskajeage Downs, Cornwall (Figure. A) shows a fresh 

scar with multiple rotational slides and involves more than 1.000m' of rock. Removal of' 

material at the toe has allowed further movement to occur and the slide is actively unstable. 

The incipient landslide at Perhean beach, Cornwall (Figure, B) has only a small area that 

has failed and there is no evidence of advanced fallen blocks of debris. The landslide is 

failing on the junction between the Quaternary head deposits and the underlying Palaeozoic 

bedrock and the material involved is much less than 1000rn2 placing it In the smallest size 
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category. Basal erosion was not active at this site as the head is above sea level. Other 

reasons for the movement may have been an increase in pore water pressure as a result of 

intense rainfall. The landslide currently appears stable, the superficial head deposits have 

been removed leaving solid rock exposed. The degraded landslide at Vault Bay, Cornwall, 

is a failure in head deposits that have slumped onto the beach. The slumped material has 

acted as a barrier to further erosion of the toe and the slope appears to have found a stable 

angle of repose. Vegetation cover is well established and the landslide can now be 

classified as degraded. 
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5.2.8 STABILITY DEGREE 

The majority of coastal landslides in Devon and Cornwall are either active (212 

landslides, 41% of total) or inactive (199 landslides, 38%). One of seven stabilised 

landslides in the database can be found at Bovisand Bay, South Devon (Figure 5.7). There 

are 100 landslides (19%) of unknown stability degree. Areas such as Torquay, Devon and 

Downderry, Cornwall have had stabilisation work carried out which can disguise the 

original landslide features. 
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- 

- :: 

.A wlý,; ý, e, ý ', ý- , , *%, " Trr, 11 

V.! 

Figure 5.7: Stabilised landslide, Bovisand Bay, Devon (SX492502). 

5.2.7 STYLE OF MOVEMENT 

Single movements along the coastline, which were distinct from other failures, were 

the most recorded style of failure event with 86 landslides (16% of total). Clusters of 

landslides, which occur on sections of coastline and have similar characteristics accounted 

for 41 (8% of total) of the landslides. Complex landslides are common along the coastline 

of East Devon. These large scale failures involve a number of landslide mechanisms 

producing an undercliff from Axmouth to Lyme Regis (Figure 5.1). Complex landslides 

such as these represent 23 (4% of total) of the recorded incidence of failure. There are 2 
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composite landslides and 6 multiple landslides. The multiple landslides occur along the 

coast from Axmouth-Lyme Regis, Reskajeage Downs and the Torbay area (Figure 6.1). 

5.2.8 LANDSLIDE AGE 

The estimated ages of the landslides are shown in Figure 5.8. The majority of 

coastal landslides in Devon and Cornwall are recent (328,63% of total), having occurred in 

the last 100 years. A further 63 landslides (12%) have occurred in the last ten years are 

therefore very recent. There are very few failures recorded as ancient landslides (2 

landslides). This could be for two reasons: these would have to be very large to have 

survived to the present especially due to sea level rise and development of the coast line by 

towns and general infrastructure. Secondly it is difficult to assess when landslides were 

originally initiated because of periods of subsequent reactivation and recent landsliding. 

Estimated age of landsfides 

350 - 328 
0 Number of landslides 

V) 

250 

2(x) 

150 

84 
Ux) - 63 - 7- 

41 
50 - 112 

F-I 
-- II-- 0 Ancient Old Recent Very Recent Unknown 

Age oflandslide 

Figure 5.8: Age of coastal landslide. 

5.2.9 TYPE OF MOVEMENT 

The most common type of landslide movement that occurs on the coast of Devon 

and Cornwall are falls which account for 227 (44%) recorded failures. Translational planar 

landslides are also reasonably prolific and there are 182 (35%) examples of this type of 

landslide on the coast. Rotational failures were not common. There are only 36 (7%) 
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recorded rotational failures. Topples and flows are even less 1're(ILICilt with 25 (5.1 '/( ) and 

13 (2.6%) failures respectively. 

Analysis ofthe type 01'"'Ovelle'll is different from any ol'the previous caiellorics cis 

there can he ore than one type of' landslide recorded for each separate failure. Some 

landslides may be complex in type, which means there is more than one type of landslide 

mechanism OCCUrring within it singde failure. Table 5.3 therefore represents the total of all 

the known landslide mechanisms. There were 92 landslides (I 817c) with no known landslide 

Inechall I Sill. 

Type 
Number of landslides involving 

this type of failure 

FAI 227 

Flow 13 

Planar slide 182 

Rotational Slide 35 

Undefined Slide 7 

Topple 25 

Total 489 

Table 5.3: Total number of all types of landslides. 

Once the type of movement is combined with the dominant slide material it is 

possible to categorise landslides according to the classification outlined in DikaLl et al., 

1996). Rock falls are most common on the coast alonc, with rock slides, debris slides. I- 

debris falls and rotational rock slides (Table 5.4). The totals in row A (Table 5.4) will not 

match those given in Table 5.2 as the material can be involved in multiple landslide 

mechanisms. 
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Rock Debris Earth Undef. Total 
Fall 186 36 3 3 227 
Flow 10 2 1 13 
Planar 55 78 34 15 182 
Rotational 26 6 1 2 35 
Undefined slide 1 6 7 
Topple 23 2 25 
Undefined 38 4 50 92 
Total (Row A) 338 132 39 72 58 1 

Table 5.4: Landslide mechanism with material involved. Figures are absolute numbers 
of occurrence. 

Figures 5.10 and 5.11 show a rock fall and a debris slide to highlight the difference 

in the material that is involved in each. At Ayrmer Cove, Devon (Figure 6.10) a fall has 

occurred in rock which has been undercut by the sea and fallen onto the beach from a steep 

near vertically bedded rock face. 

Figure 5.10: Rock fall in Meadfoot Slate Formation, Ayrmer Cove (SX638436). 

The debris slide at Porthbeor (Figure 5.11) took place on a hard rock cliff but the 

material comprises the weathered layer that has accumulated on top of the rock, sliding has 
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occurred on the boundary between the hard rock and the weathered layer. The cliff is steep 

but not vertical and movement has taken place through shearing as opposed to free fall. 

Afo, 
Arl*l 

Figure 5.11: Debris slide in weathered Portscatho Formation, a sequence 

of interbedded arenaceous sediments Porthbeor, Cornwall (SW863320). 

Comparison of the characteristics of the different types of coastal landslides shows 

stability degree to be the only category with any noticeable differences. Coastal falls are 

mainly inactive (66%) whilst planar landslides are mostly active (76%) with the other types 

of landslides a mix (Table 5.5). 

Stability Degree Stability Development Style 
Active Inactive Incipient Advanced Single I Cluster Complex 

Fall 49 147 28 22 36 17 7 
Planar 
Slide 

136 12 19 18 23 10 10 

Rotational 
Slide 

9 7 3 10 6 3 2 

Topple 5 6 2 3 10 1 
Flow 1 2 2 
Undefined 
Slide 

3 3 3 2 2 4 

Table 5.5: Selected characteristics of coastal landslides. 

138 



The material prodLICed in a coastal fall Call act as protection at tile toc of' tile slope, 

which can prevcnt further removal ofniaterial by basal erosion and therefore act to stahilise 

the landslide. The failUre surface of translational slides is normally a structural or 

lithological hounclary and therefore the slope can still he unstahle after failure due to (lie 

contillUed existencc of' powntial shear sLirl'accs. Materlal 1'rom the suhsequent 1', IlILII-cs jjjýjy 

also act to protect the base of the translational slide from crosion. Also the rate of 

development of the two types of landslides is different. 1"alls are rapid, instantaneous 

failures that are usually followed by periods of' degradation by weathering and hasal 

erosion. In translational slides the failures are usually slow and progressive and therel'ore 

appear to be active. 

The characteristic size of' each mechanism of' landslide is similar. Translational 

2 
landslides show less bias towards the 0- 1 000n, category than I'alls (Table 5.6). Falls mostly 

21 
occur in the 0-1000m (72%) whilst only 161-/(, of falls occur in the 1-25,0(X)iii- category. 

For translational landslides 461/c occur in the 0-1000m 2 category and 381/( In the I- 

25.000m 2 category. 

Area of landslide Fall Flow Planar 
slide 

Rotational 
slide 

Undefined 
slide 

, I'opple 

0.25-0.5km2 4 3 3 1 
2 

0.5- I. OkM 1 1 2 
0- 1.000m- 164 84 3_ 4 10 
1,000-25.000ni' 37 6 70 16 8 
25,000-250.600m- 7 2 7 5 

_ __3 Unknowil 16 3 18 
-8 

1 2 
Total -), )g 14 83 35 7 25 

Table 5.6: Size of landslide for each type. 

5.2.10 SUPERFICIAL MATERIAL 

There are 63 landslides recorded in Devon and Cornwall involving superficial material, 

the most common of which is periglacially derived head (39 landslides, 6217( of recorded 

total) and then soil (211 landslides, 331-1c., of recorded total). Halt' of the landslides involving 

superficial material it was exclusively comprised of that material. Both head and soil fall 

mostly by planar sliding although soil has a higher percentage of falling than head (Figure 
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Figure 5.12: Number and type of landslides which have involved superficial material. 

5.2.11 BEDROCK LITHOLOGY AND BEDROCK LITHOSTRATIGRAPHIC UNITS 

Bedrock lithology is important in landslide studies as it has an impact upon 

hydrogeology and material strength (Chapter 2, Section 2.3). Sedimentary rocks account 

for 77% (400) of the landslides that have occurred at the coast. The most common rocks 

involved in landsliding are limestone, sandstone, shale, conglomerates and breccias (Figure 

6.14). The igneous and metamorphic rocks such as granite and gneiss are involved in much 

fewer landslides. 

A comparison between the landslide type and the lithology involved shows that 

shale and gritstone are more susceptible to planar translational failures, whilst limestones, 

conglomerates and breccias commonly fail through falling (Figure 5.13). Shales in Devon 

and Cornwall are normally interbedded with other material such as sandstones and 

limestones. This interbedding provides a plane of d6collement on which the material can 

fail. Other lithologies, such as limestones and conglomerates, are more prone to failures 

through falling which could also be related to the inherent structure of the material. 
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Lithology involved in landsliding 

No bedrock 
Volcanic tuffs 

Ultrabasic 
Gabbro 
Granite 
Schist 

Slate 
Interbedded Arenaceous 

-a Interbedded Argillaceous 
Cbalk 

limestone 
Conglomerate/Breccia 

Gritstone 
Sandstone 

Silstone/mudstone 
Shale 

0 10 20 30 40 50 60 70 80 90 100 

Number of landslides 

5.13 Lithology involved in coastal landsliding 

Limestones involved in falling are predominantly concentrated around the Torbay 

area where the bedrock is blocky and thickly bedded (Figure 5.14). The limestones are 

described as widely jointed and thickly bedded by Doornkamp ef al. (1988). Figures 5.15 

and 5.16 show the nature of Middle Devonian limestone and the cliffs near Broadsands. 

Wave action and solution weathering are able to exploit the joints within the limestone that 

are perpendicular to the beds creating blocks of limestone. Despite the cliff not being very 

high it shows signs of active erosion. 
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Figure 5.14: Upper lithology and type of landsliding. 

zn 

Figure 5.15: Middle Devonian limestone showing wide jointing and thick beds, 
Broadsands, Torquay, Devon (SX8"574). 

142 

Lithology and type of slide 



Figure 5.16: Small scale rock fall in cliffs formed from blocky Middle Devonian 
limestone, Broadsands, Torquay, Devon (SX899574). 

Where two different lithologies are strati graphically superimposed most failures take 
I 

place when shale occurs over slate and gritstone over slate (Table 5.7). Interbedded 

arenaceous sediments overlYing interbedded argillaceous sediments have six failures whilst 

limestone over shale has seven. Sandstone over gritstone is a combination responsible for 

eight failures. 

U pper Litho ogy 
Underlying 
Lithology Shale 

SlItstone/ 
mudstone Sandstone Gritstone 

Congl. 
Breccia Limestone 

Int. 
Arenaceous 

Shale 1 7 1 
Marl 2 
Siltstone/ 
Mudstone 4 4 2 
Sandstone 2 
Gritstone 1 8 
Conglomerate/ 
Breccia 4 
Limestone 3 
Chalk I 
Argillaceous 
sediments 
Calcareous 

sediments I 
Slate 29 26 

Tuffs 1 12 
Table 5.7: Upper and underlying lithology involved in coastal landsliding 
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Specific lithology as well as lithostratigraphic unit involved in landsliding were 

recorded in the databases as this could help to identify parts of formations susceptible to 

landslides. According to the BGS Lexicon the Dartmouth Formation is a "silty mudstone- 

muddy siltstone" but it is also metamorphosed to a lesser or greater extent depending on 

location. Using only the formation names (rather than the actual lithology) can hide 

lithological variations, which occur across Devon and Cornwall. Analysis of the fonnation 

and type of landslide was carried out and the formations that did show a bias to one 

particular landslide type are surnmarised below (Table 5.8 and Figure 5.17). It is noteworthy 

that Middle Devonian shales and slates fail mostly by translational planar sliding whilst the 

Oddicombe Breccia fails mostly through falling, (as is the case with Middle Devonian 

Limestone). What did not show up in the previous analysis of lithology and landslide type, 

carried out at the beginning of the study before the updated database was available, were the 

number of falls in the Dartmouth Formation and the translational slides in the Meadfoot 

Formation. This analysis aids the understanding of the landslide environment produced by 

each lithostratigraphic unit. 

Lithological formation Fall Translational Planar 
(% of total) (% of total) 

Dartmouth Fonnation 67* 26 
Meadfoot Formation 41 56* 
Middle Devonian slates & 40 57* 
shales 
Middle Devonian 72* 18 Limestone 
Oddicombe Breccia 67* 30 

Table 5.8: Lithological formations and dominant type of landslides 
(* denotes dominant landslide type). 
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Figure 5.17: Lithology involved in different landslide mechanisms. 

There appears to be little systematic variation in the relationship between number of 

landslides and Ii thostrati graphic unit. However, this does not take into account the 

proportion of coastline represented by each unit. A more accurate methodology is to 
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calculate the length ofcoastline I'Or each formation which conlaille(I 1,111(isil(les 111LIs all()wIlIg 

OIC IlUmber of landslides per kin at dIC CO&M to he C', 11CLIkIted (Tahle 0.9). The citicti lilt (),, ()I' 

coastline length for each formation was madc using the ArcGlS v. 9 measurcillelit tool. 

Formation 
Length of' 
coastline 

(kni) 

Number of' 
landslides 

Landslides 
per kin 

Dartmouth Formation 29.7 18 0.61 
Meaffoot Formation 74.4 41 0.55 
Staddon Grit 7.2 12 1.67 
Middle Devonian Limestone 29.1 90 

. 
1.1 () 

Middle Devonian slates and shales 25.3 41 0.53 
Mylor Slate Formation 38.7 3 0.08 
Porthtowan Formation 28.4 9 0.32 
Portscatho Formation 62.6 11 (). 17 
Hangman Sandstone 20.8 60. 0.29 
Morte Slate 10.8 3 0.28 
Pilton Shale 5.8 2 0.29 
Crackinuton Formation 39.6 28 0.72 
Bude Formation 33.2 25 0.75 
Bidel'Ord Formation 2.4 1) _ 0.83 
Oddicombe Breccia 5.2 80 16.4 
Littleham MUdstone 2.3 1 0.43 
Budleloh Salterton Pebble Beds 1.1 1.82 
Otter Sandstone 8.7 3 0.344 
Upper Greensand 15.0 15 0.94 
Chalk 15.1 

-1 0.20 
Table 5.9: Landslides per kin of coastline for lithological units (in 

stratigraphical order) involved in coastal landsliding. 

As Table 5.9 shows a number of formations have a hipher conccntration of 

landslides: Oddicombe Breccia (15.4 per kni), Middle Devonian Limestone (3.10). Bucllcwh 

Salterton Pebble Beds ( 1.82) and Stadclon Grit ( 1.67). Other patterns are less obvious in the 

density table but becorne clearer on a map. exemplified by the uneven distribution of' 

landslides on the coast of North Cornwall where the DartMOLIth and Meadfoot Formations 

outcrop (Figure 5.19). Within the Lower Devonian stratigraphic unit tile Dartmouth and 

Meadfoot Formations had the hi,, hest numher of recorded landslides. The DartIIIOLIth 

Formation consists of slates and siltstones and occasional sandstone units that outcrop within 

the Looe anticline (DUrrance and Laming, 1999). The Meadfoot Formation comprises 
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calcareous shales as well as thin sandstones and limestones and also outcrops in the Looe 

anticline (Durrance and Larning. 1999). 
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Figure 5.19: Outcrops of the Meadfoot and Dartmouth Formation within 
Watergate Bay. 

Figure 5.20: Area of rock and debris slide, Watergate Bay (SW842653). 

147 



- v. _ 
* 

"4 _'. _.. _e 
-.. -". 

--..: 
-'""" 

Figure 5.21: Large rock and debris slide in Watergate Bay (SW839645). 
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Figure 5.22: Landslide showing translational movement with intact slide blocks, near 
Watergate Bay Caf6 (SW840648). 

148 



40P 

Figure 5.23: Part of the Watergate Bay Hotel Landslide which is currently inactive 
and has been degraded and revegetated (SW841650). 

- 

Figure 5.24: Large landslide that occurred in Watergate Bay in June 2005 after a 
period of heavy rain and thunderstorms (SW836642). 
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Figure 5.25: Detail of the large landslide in Figure 6.24 (Debris flows have led to the 
debris cone in the far right of the picture) 

The Watergate Bay landslides are rock and debris slides with some falls that have 

occurred on a large scale for this section of coast. Whilst one of the landslides is degraded 

(Figure 5.22) another is very recent (Figure 5.23) and the rest show some signs of recent 

activity. The most recent landslide (Figure 5.24) was reported in the local news in June 2005 

after it was thought that the failing rocks had trapped 2 people, who had been seen near by. 

Table 5.9 highlighted the higher concentration of landsliding in certain formations 

such as the Middle Devonian Limestone and the Oddicombe Breccia. However, analysis 

showed that whilst limestone, gritstone and conglomerate are frequently involved in 

landsliding the size of failure may be relatively small (Figure 5.26). 80% of landslide in 

gritstone are less than I OOOM2. In contrast 71% (59 landslides) of landslides derived from 

conglomerate are <I OOOM2 and for limestone this figure is 74% (69 landslides). Whilst 

failures in limestone and conglomerate are mostly <100OM2 over half the landslides in shale 

2 and sandstone are >I 000m 
. 
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Once size was analysed alongside lithology the analysis was repeated to include 

stability development. As well as being smaller in size the conglomerate (83%) and 

limestone (68%) landslides were also mostly inactive (Figure 5.26). The gritstone landslides 

were generally smaller scale but 70% of these failures are active. Shale landslides, with a 

range of sizes, are mostly active (60%), whereas sandstone landslides are almost equally 

divided between active and inactive (Figure 5.27). 
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Figure 5.26: Size of landslides involving each lithology. 
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Figure 5.27: Stability development of lithologies involved in landsliding. 

5.2.12 CHRONOSTRATGRAPHIC UNIT 

The British Geological Survey have combined I ithostrati graphic units into 

chronostrati graphic units in their 1: 625,000 maps. Therefore, following the analysis of 

lithology and the spatially limited I ithostrat i graphic units the broader scale relationships 

between chronostrati graphic units and landsliding were also analysed. 

Landslides in Middle Devonian formations outnumber any other formation and 28% 

of all landslides involving bedrock occur on Mid Devonian strata (Figure 5.28). This figure 

must be seen in the context of the extent of the Mid Devonian coastline, which accounts for 

around 24% of the total MHW coastline. A breakdown of formations was produced to show 

how many landslides were attributed to different formations within a particular stratigraphic 

unit. The aim was to analyse whether it was the broader scale chronostratigraphic unit that 

was susceptible to landsliding or whether it was one or two I ithostrati graphic formations that 

had high concentrations of failures. A full table of I ithostrati graphic formations units 

involved in landsliding within each stratigraphic unit is provided for reference (Table 5.10). 

A summary table was produced showing only those formations that have correspondingly 

high number of landslides within the chronostratigraphic unit (Table 5.11). Landslides 
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occurring in the Upper Carboniferous are mainly focused in the Bude and Crackington 

Formations. The less spatially extensive Bideford Formation has only two landslides. In the 

Upper Devonian formations, the Upper Devonian Shales had the most slides with other 

formations of similar age having few landslides, such as the Pilton Shales and Morte Slates. 

Landsliding in the Permian Breccia category is dominated by the Oddicombe Breccia, whilst 

over half the landslides in the Middle Devonian category occurred in Middle Devonian 

limestone formations. 
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Stratigraphic unit Formation Number of Total number of' 
lan(Islides landslides 

meadt, oot FIII 41 
Lower Devonian 93 

Dartmouth Fm 20 
Middle Devoiiiaii 

90 
Limestmes 

D i l 1 evoii aii Midd e 56 
Middle Devoiiiari slates 41 
arid shale 
Upper Devomail shale 13 

D i Upper evon an 37 
Roseland Breccia 

Permiaii Breccias Oddicombe Breccia 80 85 

' ' 
Crackiiigtori Formatiori 28 

Crentiated Uridil I 
' 

Bude Formatimi 68 
erous Upper Carboriit 25 

Cretaceous Upper Upper Greensarid 
Greensarid arid Gault 15 16 

Table 5.11: Breakdown of formations involved in landsliding,. vithin selected 
stratigraphic units. 

The most common combinations of' stratigraphic Linits which give rise to 

landslides (Table 6.12) are the Cretaceous Upper Greensand overlying Triassic mudstones 

or Lower Lias. Triassic mudstones also appear to fail readily when they are overlain by 

the Budleigh Salterton Pebble beds. Middle Devoman units are also more SLISCeptihlc to 

failure if they are overlain by Upper Devonian units. In almost all occurrences of' 

landslides involving the Upper Greensand there is an underlying chrono/lithostratigraphic 

UllitS such as Triassic mudstones or Lower Lias formations. This seerns to he a more 

significant relationship than Upper Devonian formations overlying those of' the Middle 

Devonian. 
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Underlying Strittigraphic unit 

Upper Lower Middle Budlei-li 
C, 

Pel-1110- I, I-lit, "MC Chalk None Grand 

stratigraphic Dev. Dev. S. Pebble Triassic Mudstolic I lal, Total 
unit Beds sandstones 
Precambrian 
Gneiss Mica 
Schist 
Intrusive 
Gabbro 
Carboniferous 
T LI fl, 
Lower 93 93 
Devolliall 
Middle 154 156 
Devonian 
Upper 4 33 37 
Devolliall 
Permian 1 84 85 
basal 
hi-eccias 
Budleigh 2 2 
Saltertoll 
Pebble Beds 
Permo- 2 3 
Triassic 
sandstone 
Triassic 4 5 
mudstone 

-[Tridef. 31 31 

Upper 7 7 1 1 16 
Greensand 
and GaLllt 
Chalk 3 3 

UndifT.. 16 16 
Devonian 
Undiff. 59 59 
Upper 
Carboniferous 
Blank 9 9 

-TGFrand To-ta-l 6 1 1 9 7 1 483 
Table 5.12: Combination of tipper and Lower stratigraphic unit relateci to landshaing. 

5.2.13 LANDSLIDE CAUSE 

It is not always possible to attribute a single cause to a landslide event. In some 

instances more than one cause may be associated with a landslide. In these incidences 

multiple landslide caLISeS were recorded, however these were not entered in a specific 

order of priority. It is also difficult in some instances to differentiate between the 

preparatory and triggering factors involved a landslide event. In each instance the most C7 

likely cause of landsliding were recorded which may have acted as either a preparatory 
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factor or as a triggering mechanism. In the case of structural controls these are likely to be 

preparatory factors. However, removal of support could act either as a preparatory factor 

leading to increased stress on the slope or as a trigger, especially during large storm 

events. Table 5.15 represents the first two causes recorded for each landslide in the new 

database whilst Figure 5.29 displays the total number of causes recorded in each category. 

It is important to highlight that these causes were assigned post failure and therefore it is 

difficult to assess their reliability. Uncertainty over the causes of landsliding will be 

increase with the increasing age of the landslide. The most common cause of landsliding 

at the coast is, unsurprisingly. removal of support by wave action (Figure 5.29). For 

coastal landslides a large number were affected by marine basal erosion at the base ofthe 

cliffs leading to added stress on the rest of the slope and failure through landsliding. 

cause for Devon and Cornwall. 

In the 'removal of support' section of Table 5.13 landslides were also attributed to 

a number of other causes such as drainage and structure. Structure also contributes, as a 

preparatory factor, to a large number of landslides through the affect of structures such as 

joints, faults and folding. This particular cause was particularly effective on the North 
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Cornwall and North Devon coastline wherc a conihination of structure and litholot, 
gy 

created an environment where lands'llding wits Common. 'rile Combinations of' Causes 

(Tahle 5.13) shows that removal of support often acts as tile sole cause of' landsliding. hut 

is also aided by lithology and strLICture. 

Cause I Cause 2 Total 

Draimige Mrmw LITII I 
RAIN I 
RE: ms I 
STRUC 

-3 
(hkink) 6 

Drain Total 12 

Lithology (Lith) DRAIN I 
LOAD I 
REMS 5 
STR U 3 
(himik) 3 

Lithology Total 13 

Loading (Load) REMS I 
(blank) I 

Loading Total 2 
Raim DRAIN 2 

LOAD I 
(blank) 6 

Rain Total 9 
Removal ot'support (REMS) DRAIN 5 

LITH 8 
RAIN 5 
STRU 9 
(Mulk) 39 

Removal of support Total 66 
StRICU11-C (STRU) LITH 9 

REMS II 
DRAIN I 
(bimik) 15 

Structure Total 36 

Grand Total 138 

Table 5.13: First two causes of coastal landsliding for each landslide 
where cause was recorded. 

There were 380 (73%) coastal landslides with no recorded cause. These were 

concentrated around the Torquay area. No causes were assigned to these features in the 

original database but general discussions of the possible causes of these landslides are given 

in Section 5.2.12. WhilSt it WOUld have been useful to assign causes to these landslides after 
159 



visiting sonic sites it was not always easy to assign a cause post i'ailure, as sonic or the I- 

landslide were very degraded. 

l'i'l, ll()[, O(; y 

I-Ithology is an important control of' landslidin. g, hecause it directly and Indirectly 

influences the stresses and the resistances actim, on a slope. The effects of' water. geological I- 

structure and stresses on a slope are all influenced by litholo. gy. Weak h(hologies such as 

clay will be more susceptible to landsliding than stronger lithologics such as oranitc. Tahle 
I- 

5.14 shows the lithologies that were present in landslides when lithology was identified is a 

cause. It is evident that shale is the lithology most prone to landsliding. 

Lithology Number of landslides 
Shale 17 
Sandstone 8 
Conglomerate 2 
Limestone I 
Dom. Argillaceous 2 
Slate 4 
Volcanic tuffs and pyroclastics I 

Table 5.14: Lithologies involved in landslides where lithology was 
identified as a cause. 

Strength properties of a sclection ()I- litll()I(),, Ics al-C pl-cs'ClIted so that compari smils Call 

be made between lithologics that have failed and those that have not (Table 5.15). Clay is 

consistently the lowest strength material having the lowest friction angle. Coastal cliff's 

formed in clay are therefore highly susceptihle to landsliding (SLIch as the cliff's on the Isle of' 

Wight or at Warren Point. Kent, Nixon and Bromhead. 2(X)2). Shale also has low strength 

and one ofthe lowest friction angles compared to the harder rocks such as schist and granite. 

The differences in strength properties explain the low numbers of failures in the harder rocks 

compared to the weaker rocks. Other rocks such as mudstone can become weakened and 

softened by weathering and can fail. This happens at BUdleigh Salterton where the Littleham 

mudstone weathers and fails through MUdslicling (KalaUgher et al.. 1987). 

Some of the stronger rocks such as limestone have a high number of landslides, these 

can be related to structural weaknesses such as joints and possibly to solution weathering. 
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Carboniferous sandstones also have a llioh friction anole and relatively hwh shcar strenoth 

hUt in Devon and Cornwall this stratioraphic unit has heen suhlected to fol(ling an(l I-alliting 

during the Variscan Orogeny. 

Typical Typical Typical Typical 

Rock 
Typical 
Porositi dry UCS Tensile Shear Frictim No of 

% range Strength Strength Angle landsfideý 
MPa MPa 

Granite 1 50-350 15 35 
Sandstone 12 40-100 5 15 45 27 
(Carboni ferous) 
Limestone 3 50-150 1 30 35 94 
(Carboni ferous) 

State 1 20-250 1 25 68 

ScIlist 3 20-100 2 25 7 

San ]stone 26 5-40 1 4 40 
(Triassic) 
MUdstone 1 10-50 1 30 11 
(Carboni ferous) 

Clialk 30 6-30 0.3 3 25 3 

Shale 16 5-30 0.5 25 78 
(CarboniferOLIS 
Clay 30 1-4 0.2 0.7 20 
(Cretaceous) 

Table 5.15: Rock strength properties (intact rock only) (After Waltham, 2002). 

STR U CTU RE 

Topplin, o- failures exploit the structure of the cliffs and the bedding direction in areas 

such as Gowlish cliffon the Western end ofBideford Bay, Devon in the Carboniferous Bude 

Formation (SS255275, Figure 5.1 ). At this location the heds mainly strike E-W, parallel to 

the coastline and either dip into or OLIt of the cliff. Topplin-g, failLires also occur west of' 

Westward Ho! in the Bideford Formation. an Upper Carboniferous interbedded sandstone 

(SS424289). Variscan deformation has created folded strata which trend E-W and when tile 

cliffs face north, as is the case at Gowlish, the strike is almost parallel to the shore. Bedding 

at Gowlish dips into the cliff and removal of the toe leads to toppling, of the unsupported 

slope (de Freitas and Watters, 1973). CornborOLIgh cliff in Bideford is also SLIýjed to 

toppling failures and just like Gowlish cliff, the beds dip into the cliff. Strike is E-W whilst 
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the dip is sub vertical (70") and to the south. At Cornborough cliff removal of support by 

wave action as well as the abrasive action of sand and gravel as it is washed against the cliff 

results in the removal of the lower beds (Figure 5.30). The result of this is the beds above are 

left unsupported at the base. Failure of the front bed leads to toppling of the beds behind 

which had previously been prevented from toppling by the eroded block. 

Close to this failure there is another area of landsliding that appears to be toppling 

forward. Forward rotation has resulted in the opening up of tension crack next to the coast 

path (Figure 5.31). Displacement of the cliff has not yet taken place but the volume of 

material is more than that which has failed at Cornborough Cliff (Figure 5.3 1). 

Figure 5.30: Toppling failure at Cornborough cliff, Westward Ho! (SS419129) Yellow 
lines show the bedding of the sandstone units that are being undermined. 
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Figure 5.31: Tension crack which has opened up next to coast path just east of 
Cornborough Cliff (SS419128). 

REMOVAL OF SUPPORT 

The term removal of support implies the physical removal of material from a slope 

by the action of wave attack. It can also occur through the effects of percolating 

groundwater, which is termed seepage erosion. An important factor governing the resistance 

of a cliff to basal erosion is the shear strength of the lithology forming the cliff. The 

mechanical strength of a lithology is crucial to the resistance of a cliff to basal erosion. This 

is exemplified by cliffs at Lannacombe, Devon (Figure 5.32). On this stretch of coastline 

Quaternary head deposits overlie a raised rock platform of Palaeozoic schist. Whilst these 

raised rock platforms have provided protection from direct removal of material from the 

base of the head cliffs, landslides still occur through removal of support. Water percolating 

through the cliff seeps out at the junction between the permeable head and the less 

permeable Devonian schist (Grainger and Kalaugher, 1990). This causes seepage erosion 

which leads to the production of overhangs in the head deposits. Once these overhangs reach 

a size that can no longer be maintained by internal strength they fail. 
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Seepaoe erosion also occurs at West Beacon Do\vn. where it is one of a number of 

causes creating a landslide complex on the coast near Budleigh Salterton (Figure 5.1 ). 

Ground water flows from between two lithologies, one a permeable Lower Triassic 

conglomerate (the Budleigh Salterton Pebble beds), the other a less permeable Permo- 

Triassic mudstone (the Littleham mudstone). Erosion leads to the oversteepening of the 

conglomerate section of the cliff, which then fails (Figure 5.33). Removal of support also 

occurs at the base of the West Beacon Down landslide where the sea removes debris and 

mud that has been displaced from the main slide area. This removal of basal support 

prevents the cliff from reducing to a stable angle and it is therefore susceptible to continuing 

failure (Kalaugher and Grainger, 198 1 ). 

ootpath with recession markers 
......... . ...... . ........ 

. .,. IrA 

___JI-L 
_1 __ __ 

�4 4____ 

Figure 5.32: Head deposits at Lannacombe showing active back scars and pegs 
marking the scar (SX802374). 
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Oversteepening leading to cliff' 
failure through falls 

SeCI)agc Ero%ioll 

MOM 

"lud'u'lle 

Mudslidc 
loc Frosioll 

Figure 5.33: Seepage erosion leading to mudsliding and rock falls in Budleigh 
Salterton SY048810 (After Kalaugher and Grainger, 1981). 

LOADING 

Artificial loading of a slope can involve the building of houses or involve the process 

of cut and fill. Natural loading of a coastal slope has occurred in Budleigh Salterton leadIIWm 

to the continuation of a coastal landslide at West Beacon Down. The slope is already failing 

through falls caused by seepage erosion but loading of the slope by fallen debris increases 

the pore water pressure leading to a reduction in the factor of safety (Kalaugher and 

Grainger, 198 1 ). It can be difficult to assign loading of a slope as a cause without long term 

monitoring to establish the relationship between loading and movement. 

ARTIFICIAL DRAINAGE 

At Downderry in Cornwall (SX315539) impaired drainage and drainage disposal into 

a slope have resulted in failure. Downderry, on the coast of South-east Cornwall, has a low 

lying coastline of soliflucted head deposits overlying Lower Devonian slates. The houses in 

Downderry are built on top of the soliflucted matefial near to the cliff edge (Figure 5.34), 

with soakaways and drains directed into the material below. A rotational landslide occurred 

(1974) and is believed to have resulted from drainage water from soakaways passing into the 
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soliflucted material, thereby increasing the internal pore water pressures (Sims and Ternan, 

1988). Drainage alone did not cause the major landsliding episode because failure was also 

linked to high levels of rainfall immediately before and during the events. During the storms 

of 1974 over 200mm of rain fell in one month, mainly in five heavy rainfall events (Coard et 

al., 1987). These five events had an average rainfall intensity of 3mm per hour. This rain 

water ran off roofs and drains rapidly and soaked into the soliflucted material increasing the 

pore water pressure still further until rotational shear surfaces within the cliff became active 

and led to large scale rotational failures (Coard et al., 1987). 

Figure 5.34: Landsliding at Downderry (SX315539, Figure 6.1). 

RAINFALL 

Rainfall can be a significant cause of landsliding and there have been examples of 

coastal landslides recorded after heavy rainfall such as at Beer (SY231891) and Downderry 

(as explained above). Rainfall affects slope stability by increasing pore pressure and raising 

the water table as well as increasing the unit weight of the soil or rock. At Pinhay in East 

Devon (SY311909) periods of maxiMLIM landsliding activity have been linked to two 
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months of higher than average rainfall. The pattern of' these rainfall event,,, followed hy 

landsliding is shown in Figure 5.35 (Grainger el al. 1985). 
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0 200 401) 600 900 
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Figure 5.35: Landslide activity related to higher than average rainfall at Pinhav, East 
Devon (SY311909) (After C rainger et aL, 1985). 

In June 2005 after a period of heavy rainfall a large rock fall and slide Occurred at I- 

Watergate Bay on the North coast of' Cornwall (SW836642). During the Ilme period the 

landslide OCCUrred in (between the 24h and the 3 01h of June) the weather was characterised 

by heavy rain and flooding in sonic areas. Meteorological Office data from Teigriniouth 

records 62mm ofrain in 24 hours on the 24 th ofJune. On the afternoon of the 29h ol'June in 

Padstow, about 24 km from Ncwquay, between 50-75nirn of rain was recorded in one 

afternoon. 

167 



5.3 COASTAL LANDSLIDE ENVIRONMENTS 

The database provides information that may be used to determine certain scenarios 

under which coastal landsliding is more likely to occur. De Freitas (1969) describes two 

scenarios in which cliff stability is dependant on aspects of structural geology. These two 

scenarios are (Figure 5.36): 

0 Where stability is dependant on planar structures such as cleavage and joint 

planes 

0 Where stability is dependant on fold structures. 

In the first scenario orientation of discontinuity planes is either favourable to stability 

or favourable to landsliding. If conditions exist to allow for instability then planar structures 

such as joints can be exploited and large-scale landslides such as those at Reskajeage Downs 

(Figure 5.37) are produced (de Freitas, 1969). When the discontinuities are orientated to be 

favourable to stability very steep cliffs are formed, such as those very close to Reskajeage 

Downs at Deadman's Cove (Figure 5.38). 

/zA 

Red Joints: 
Favourably orientated for stability oftlie 
Lipper slope but not for toe stability 

/ / 
Black Joints: 
Favourably orientated for whole 
slope stability 

Figure 5.36: Orientation of joints related to coastal cliff stability 
(after Selby, 1993). 
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Figure 5.38: Precipitous cliffs at Deadman's Cove (SW611431). 
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Figure 5.37: Reskajeage Downs, a landslide has occurred in the favourably jointed 
cliffs (SW624432). 



In the second scenario outlined by de Freitas ( 1909) stahility is dependant on fold 

structures. Folding during the Variscan Orogeny thOLII MI E-W ýJXIS III DeVoll jill(I I- C, Z7, 

Cornwall has produced a repetition of weak filholo. gies and created sections ofcoastline 

where stability is controlled by geological structure. It' cliffs have been SUhIjected to 

Folding then there is a greater opportunity for the clit'I's to fail than il' stahility was 

controlled purely hy joints and cleavage (de Freitas, 1969). 11 was seen from the database 

results that the coastline arOUnd Bude and Hartland was particularly susceptlhle to 

landsliding because of the lithologles that were present and the structural controis 

associated with this coastline. 

Using the two-fold division of de Freitas ( 1969) outlined above and the data from 
tý 

the updated landslide datahase it is possihle to outline it numher of landslide environments 

that can he estahlished for coastal clil'I's in Devon and Cornwall (Tahle 5.16 and HOUIV 

5.39). these are discussed in the following, sections. 

Landslide type Lithology Location example 

Topple Slab/colurnnarjointcd rocks which Clovelly coast, 

- 

dips steeply into the face BidefOrd coast 

-Kfu--dsIiJe/Fl ow Weakly consolidated sediments Torbay to East Devon 

Planar 0 Alternatino, hard/soft rocks ZI 
Bude 

Failure M' 
0 Cliffs where stability is 
controlled by structure North Cornwall, South 

Devon 
Rotational 0 Head and Head over bedrock Lannacombe. Perbean 
Failure 01' 

0 Alternating hard/soft rocks Penhalt Cliff's 

01' 
0 Highly fractured, behaves like a C- 

soil 

Complex Rocks of high strength over Z7 East Devon 
low strength 

Falls Blocky, consolidated material Bude. Exmouth 

Table 5.16: Landslide environment characteristics. 
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5.3.1 TOI)1)1,1ý, S: SI, Ali/('()I, UMNAR. I()IN'1'1, 'I)RO('KS IAPPING SI FITLY I NTOTH F ('111 -'F 

Interbedded lithologies create ail environment that. when couple(I willi illarille L- 

erosion of' the base ofthe cliffs, is suitable for toppling. Toppling I)evon and Cornwall 

OCCUrs predominately in sandstone lithologles (Table 5.18) 

Lithology Number of"Fopple 

Shale 

Sandstone 13 
Conglomerate 1) 
Limestone I 
Chalk 2 
Slate 4 
Interhedded Arenaceous sediments I 

'Fable 5.17: Lithology involved in toppling failures. 

The formation with the most sandstone topplino failul-es us the Upper 
I- 

Carboniferous Bude formation, an interbedded sandstone and shale with sandstone beds 

Lip to I ni thick. Extensive folding during the Variscan Orogeny has produced a repetition 

of stronaer sandstone beds with the weaker shale beds. Toppling has occurred at 

Gowlish, Fatacott. Lonopeak and around Hartland Point, North Devon (Figure 5.1 

Toppling has occurred at these locations because the inclined bedding surfaces of the 

Upper Carboniferous formations have been exploited by marine basal erosion. The 

presence of a weak shale within the Upper Carboniferous formations initiated the failures 

at Gowlish Cliff. Alteration ofthe shale to a clay like SlUrry allowed the sandstone blocks 

to rotate forward (de Frietas and Watters, 1973). Folding related to the Variscan Orogeny 

has produced a pattern of folds along an E-W axis. This means that cliffs facing north are I 

more at risk of' topplino it' the dip is into the cliff (Keene, 1996). Of the toppling failures 

in Devon and Cornwall 36(/( have occurred on cliffs facing between NW and NE. 
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5.3.2 MUDSLIDE/FLOW: PRESENCE OF WEAKLY CONSOLIDATED MATERIAL 

Mudflows are related strongly to lithology. The weathering of mudrocks leads to the 

production of soils with a higher clay/silt content. These are liable to become saturated and 

flow as they have a liquidity index of >1. Sandstones are much les likely to generate flows 

due to the properties of their weathering products. 

In Devon and Cornwall conglomerates and breccias have most commonly failed as 

mudflows and slides, although there have been incidences in shales and the Upper 

Greensand. The Oddicombe Breccia, Watcombe Breccia and Budleigh Salterton Pebble 

Beds fail most often as mudslides. West Down Beacon is a large scale combined mudslide 

and mudflow formed in weakly cemented mudstone of the Littleham Mudstone Formation, 

overlain by the Budleigh Salterton Pebble Beds (Hodgson et aL, 1996). Bromhead (1979) 

proposed that clays with a capping were more likely to fail by rotational landsliding but this 

is not the case at West Down Beacon. This is possibly due to the strength of the Littleham 

Mudstone (Hodgson et al., 1996). 

Mudflows have occurred at the toe of some of the large landslides in East Devon 

such as Pinhay and Dowlands (Pitts, 1979). These mudflows take advantage of the already 

weathered material which is at a reduced strength. Seepages from landslides in this same 

area have also led to mudflows at Haven and Ware Cliffs. 

5.3.3 P'LANAR LANDSLIDES: ALTERNATTNG STRONG AND WEAK BEDS 

This landslide environment occurs where alternating beds of stronger and weaker 

lithologies are present. This environment is characterised in the database by the Upper 

Carboniferous formations. The Upper Carboniferous Crackington Formation is linked to a 

higher incidence of shale beds than the Bude Formation, which has a higher proportion of 

thicker sandstone beds (Figures 5.40 and 5.41). The sections of cliff at Widemouth Bay 

(Comwall) have beds that dip to the NNW at about 8CP. Along Widemouth Beach where the 
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orientation of the cliffs is north-south the dip is not as much a problem fOr stability but when 

the cliff orientation changes to east-west. slipping can occur along the shale heds. 

Figure 5.40: Close up of the Bude Formation on Widemouth Beach showing 
sandstone and shale beds (Figure 6.1, SS198022). 

Figure 5.41: Sandstone and shale beds in cliff section showing thickness of shale 
beds and angle of dip (SS198022). 

5.3.4PLANAR LANDSLIDES: CLIFFS WHERE STABILITY IS CONTROLLED BY STRUCTURE 

Most rock cliffs have discontinuities that can act as planes of failure. These include 

bedding, cleavage, joints and faults. Extensive areas of landsliding have occurred on cliffs Cý 

around the Tintagel -Bude area. These cliffs are particularly vulnerable to landsliding if the 
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cliffs are parallel or sub-parallel to the strike of the bedding, which is predominantly 

northward dipping (Wilson, 195 1). 

Steep bedding surfaces provide failure planes on which sliding can occur on. The 

failure of material along bedding planes is more likely to occur when bedding planes are 

dipping at an angle steeper than the surface slope of the cliff. In Millook Haven (Figure 

5.41) a tension crack has opened up alongside the coastal road indicating that movement has 

begun to occur (Figure 5.42). Figure 5.43 shows the steeply dipping bedding surfaces (Dip 

c. 35" NNW) on which this movement may be occurring. 
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Figure 5.42: Tension cracks at Millook Haven threatening a road (SS183002). 
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Another example of failure occurring along planar discontinuities is present on 

Baggy Point in the relatively resistant Baggy Sandstone. Movement has occurred along 

steeply dipping bedding resulting in a small-scale translational landslide (Figure 5.44). 

Joint 
bI 

Bedding 

d 

Figure 5.44: Small-scale translational rock slide on thickly bedded Baggy Sandstones, 
Baggy Point (SS419405). 
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Figure 5.43: Bedding plane at Millook Haven, which could promote planar 
landsliding (SS183002). 



5.3.5 ROTATIONAL LANDSLIDE: ALTERNATING WI-AK/STRONG BEDSMIGHLY FRACTURi. i) 

MATERIAL 

Rotational sliding involving alternating weak and strong beds is typified by Penhalt 

cliff (North Cornwall). The shale component of the Crackington Formation acts as a layer of' 

weakness on which movement can occur (Figure 5.45). Failures of this kind have also 

occurred in the Bude Formation of the Hartland Coast of Devon. A large rotational landslide 

has occurred at Millendreath, Devon within Devonian mudstones and sandstones. This 

failure could be related to the layering of weaker mudstones and sandstones. A structural 

cause is indicated by Leveridge et al., (2002), as bedding strikes parallel to the cliff whilst 

cleavage dips seaward. 

Figure 5.45: Rotational landslide in the Crackington Formation, 

Penhalt cliffs (SS186004) (Location 4 Figure 5.1). 

Rotational landslides are common in soft, clay rich material but can occur in highly 

fractured rock. The effect of a high density of discontinuities is that the rock behaves as a 

homogenous material or soil (Goodman and Keiffer, 2000). This type of failure could 
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occur on the Upper Carboniferous sections of cliff if faulting and folding was sufficient to 

create a homogenous type of material. 

5.3.6 ROTATIONAL LANDSLIDE: HEAD OVER 13EDROCK 

Unconsolidated superficial deposits such till, head and glacial deposits form soft 

cliffs which are often susceptible to landsliding. In Devon and Cornwall the superficial 

deposits include spoil and head. Soil and head deposits were the most common superficial 

material involved in coastal landsliding, with head accounting for 57% of superficial 

material involved. Head deposits are involved in a range of landslide mechanisms 

including falls, translational and rotational landslides. 

Evolution of some coastlines in Devon and Cornwall has led to the development of 

head deposits over solid rock formations such as slate, limestone and sandstone. Superficial 

head deposits are primarily mapped on the South coasts of Devon and Cornwall with few 

head deposits mapped on the cliffs of the North coast. In many places the head deposits are 

protected by wide beaches or rocky platforms but where there is little protection marine 

erosion can quickly erode the unconsolidated deposits. At Downderry (SX315539, Figure 

5.1) the head deposits are eroded at the base by marine action whilst also being affected by 

drainage and added loading from houses above. High rainfall and basal erosion results in 

rapid erosion, as much as 0.11 m/year (Sims and Ternan, 1988). 

Other areas where head has been involved in coastal landslides in Devon and 

Comwall are: 

* Vault Bay 

o Bovisand Bay 

o Lannacombe 

e Wanson Mouth 

9 Southdown Cliff 
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Areas where head and superficial deposits overly or form the whole cliffs are 

susceptible to landsliding and may result in accelerated coastal recession and landslides. 

Superficial material such as head are susceptible to rotational landsldies as they do not 

posses bedding or joint surfaces which are more vulnerable to planar movement. Shear 

surfaces can occur which are not hindered by any material boundaries. 

5.3.8 COMPLEX LANDSLIDES: HIGH STRENGTH ROCKS OVER WEAK ROCKS 

In situations where strong competent rocks are present, which would normally be 

stable, landslides can still occur if they rest on weaker lithologies. Analysis of Upper and 

Lower lithostratigraphic units shows a clear relationship between landsliding involving the 

Upper Greensand and underlYing formations of the Lower Lias and Triassic mudstone 

formations (Table 5.12). The presence of such a strong, more competent rock on top of 

weaker units has led to the development of complex landslides such as those along the 

coastline from Axminster to Lyme Regis. The Axminster-Lyme Regis Undercliff comprises 

a sequence of Mesozoic lithologies spanning the Triassic to the Upper Cretaceous. The 

presence of weak lithologies, such as the Gault, an unconformity and aquifers overlying 

aquicludes that contribute to the landsliding. The stratigraphic units and their associated 

hydrological and engineering properties are shown in Table 5.18. Weak lithologies such as 

the Cretaceous Gault Clay and the Lower Jurassic Shales-with-beef lie above and below 

more competent layers (Table 5.18). The Shales-with-beef (part of the Charmouth Mudstone 

Group) is often the basal shearing plane because of its low strength parallel to bedding 

(Grainger et al, 1985). The Shales-with-Beef Formation, a shaly mudstone with limestone 

beds, is not laterally extensive in Devon and is only present near Lyme Regis. Other 

lithological boundaries, which create failure surfaces, are the Blue Lias, Shales-with-beef, 

Mercia Mudstone-Rhaetic shales and Mercia Mudstone-Gault boundaries (Steers, 1979). 

The unconformity between the Cretaceous and Lower Jurassic, which is important to the 

stability of the area, dips just south of east at about 50. 
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Unit 
Thickness Description Illydrogeology Engineering 

Chalk-with 
I'lints 

Upper '16 Flinty, chalk ALImIcr Competent blocky 
Chalk moderately weak 

Middle 44 
Chalk with AqUil'er Competent hlocky 

chalk sonic flint Moderatcly Strontl Z_ 

Lower I Limestone Aclififer 
Competcrit hlocky 

Chalk Strong 

CalcareoLis 
' 

Competent hlocky, 
Cliert Beds 25 sandstone and Acitid er Moderatel strong Y chert 

Calcareous, Low relative 

glauconitic strength, 

Foxtnould 43 fine sand and Aquitard susceptible to 

a few liquefaction at 

sandstones 
high pore 
pressur . 

Gault 8 
Weakly 

Aquitard 
Low Shear 

clayey silt Strength 

Shales- 5 Black shale Aquiclude 
Nioderately weak, 

with-beef low shear strength 

Competent, strong 

BILic Lias 19 
Limestone 

AqLnchide 
limestone, 

and shale rnoderatelY weak 
shale 

Table 5.18: Stratigraphy for the Axrnouth-Lyme Regis Undercliffshowing 
hydrological and engineering properties. The Formations In bold are comparably lower 

in stremth (After Grainger et al., 1985). 

At Bindon, non-rotational movement has created a chasm and an island. known as 

Goat Island, as a block slide took place by sliding on a planar shear surface. Primarily. the ztý I 

cause of block slides such as these is the abrupt changes in lithology with weaker layers 

dipping into the sea aided by removal of the toe of the slope by wave action (Dikau et al., 

1996). Seepage erosion and springs occur at the base ofthe chert beds or from the Foxmould 

due to the presence of aqUifers above the Unconformity resting on aquitards and aqUiCludes. I- 
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The Foxmould is susceptible to erosion and this leads to the overlying layers being 

undermined, collapse of these beds leads to added stress on the rest of the slope and eventual 

failure within the weaker Gault and Shales with beef (Grainger et aL, 1985). Further failure 

occurs down dip into the foundering Foxmould after it is weakened by seepage and 

liquefaction (Arber, 1940). Removal of support of the base of the cliff leads to the slippage 

of the upper layers over the lower layers especially after periods of heavy rain. This process 

has created the landslipped cliffs at Hooken and also between Axminster and Lyme Regis. 

However where the unconfon-nity is below the water such as at Beer Head falls occur such 

as those at Pounds Pool (Steers, 1962). 

5.3.9 ROCK FALLS: BLOCKY MATERIAL (LIMESTONE, SANDSTONE) 

Material that has joints and fractures that allow blocks of material to form are 

commonly involved in rock falls. These have occurred and have already been discussed 

for Middle Devonian Limestone in the Torbay area near Broadsands (SX899754, Figure 

5.15). There are also examples of this type of failure in the Bude Formation near 

Widemouth (SS198037) and in the Pilton Shale at Saunton (Figure 5.46). 
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Figure 5.46: Massively bedded sandstone blocks of the Pilton Shale Formation 

falling on to the beach at Saunton Sands (SS450377). 

5.4 EFFECTS OF COASTAL LANDSLIDING 

This study demonstrates the widespread occurrence of coastal landsliding in Devon 

and Cornwall. The extent of landsliding combined with the location of infrastructure has an 

impact on the scale of disruption caused. Landsliding in Devon and Cornwall has wide 

reaching affects on tourism. infrastructure and leisure activities. The effects of landsliding 

on selected locations around the coast of Devon and Cornwall will be discussed in this 

section to highlight some of the impacts. 

Travel into the two counties by rail is frequently affected by landsliding especially 

on the stretch of the mainline rail link around Dawlish. This section of coast lies within the 

Permian land system and is prone to mudslides, falls and translational sliding. In 2002 it 

was reported in the BBC news that the railway could be destroyed within 6 years due to 

landsliding and that around f 12 million was needed to avert this. In Dawlish 26 landslides 

occurred in an 18 month period which led to disruption of train services. Plans to reinforce 

the Amber cliffs, as this area is known, by putting up nets and hydro seeding have met with 

opposition due to the foreseen impact on tourists that are drawn to the scenery. 
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Tourism is an integral part of the economy of Devon and Cornwall but could be 

affected by landsliding due to the nature and the location of many tourist attractions on or 

near the coast. Obvious draws include the beaches, the coastal towns and the South West 

Coast path. In a survey of accommodation providers in the South West it was reported that 

27.6% of annual visitors to the area are drawn because of the closeness to the SWCP (The 

Countryside Agency, 2003). In a study commissioned by the Countryside Agency and 

South West of England Regional Development Agency it was found that the South West 

Coast path generates E300 million pounds a year in revenue and attracts six million visitors 

(The Countryside Agency, 2003). The coast path is regularly re-routed around dangerous 

sections of cliff that are undergoing active erosion/landsliding. In Torbay where tourism 

provides much of the towns income landslides have led to the closure of two popular 

beaches and have led to issues concerning the coast path. At Redgate Bay major landslides 

in 1975/1976 and 1996 led to closure of the beach in 1998 (Figure 5.47). Gabions erected 

in 1976 were damaged in the more recent 1996 landslide and it was estimated that remedial 

work would cost E360,000 (Torbay Council, 2004). Oddicombe Beach was closed 

following an investigation highlighting the extensive problems relating to rock falls. In 

2002 the beach was closed and will remain so due to the coast of remedial action. 

Landsliding has also led to the closure and diversion of footpaths around St Mary's Bay, 

Brixham, and Thatcher's Rock, near Hopes Nose. 

The problems associated with landsliding are compounded by distribution of the 

population. Another worrying trend is the fact that 36% of people in Devon live at the 

coast and there seems to be a correlation between landslide and population density. Figure 

5.48 highlights the high density of population at the coastal zone, with the presence of high 

population densities correlated with landslide clusters in Seaton, East Devon and Torbay. 
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Figure 5.47: Landslide at Redgate Bay showing damage to sea wall. 
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Figure 5.48. Population distribution and density in Devon (DCC, 2001). 

In the east of Devon where the landslide environment is characterised by complex, 

large scale rotational landsliding and relatively continual retreat the consequences can be 

wide ranging. Sidmouth is a section of soft cliff that has suffered continued coastal 

erosion and landsliding. Residents on Salcombe Hill, Sidmouth, live 66-76m from the 
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edge of the cliff with their gardens directly adjacent to it. 1.2-1.7 m of cliff are eroding 

every year meaning that at the current rate the first property will be lost with 20-26 years. 

It has been estimated that at Pennington Point the rate of erosion has doubled in the period 

between 1980-2000 (Bray et al., 2004). 

The original sea defences were built in Sidmouth in the 1830's when the main 

front area was stabilised by a sea wall (CED, 2003). Problems began when either side of 

the Sidmouth frontage eroded away, today the sea wall is 16-20m forward of the present 

natural cliff line. Other solutions to the erosion have been to build two breakwaters, three 

rock groynes and for beach nourishment to takes place. Between January and May 2000 

the P phase of coastal engineering works in Sidmouth was completed at a cost of 

E600,000 funded by MAFF (Punnett, 2000). Problems had reoccurred after the movement 

of material through long shore drift to the Western end of Sidmouth. This had lead to the 

reduced protection of the Western Seafront; the 3 rd phase of engineering was to reduce the 

movement of beach material from East to West (Punnett, 2000). 

5.5 SUMMARY 

Within the database compiled for coastal landslides in Devon and Cornwall there 

are 518 recorded events, the majority of which (391) occur in Devon. The number of 

landslides per km of coastline is 0.46 for Devon and 0.18 for Cornwall. Coastal landsliding 

is a concern within Devon and Cornwall as it has an impact on tourism, transport and 

infrastructure. 

With a dominance of failures in sedimentary rocks the majority of coastal 

landslides are rock falls and planar slides. The material involved was dominantly intact 

rock, reflecting the geology of Devon and Cornwall. Landslides most commonly occur in 

limestone, sandstone, shale and conglomerates usually as single event or as clusters. 

Influences on failures are associated with structural controls within these lithologies and 

also removal of support by wave action. Dominant aspects for coastal landsliding in 
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Devon and Comwall reflect the direction of maximum uninterrupted fetch and where there 

is less attenuation from headlands. 

Analysis of the database, including the lithologies involved and the types of 

failures, allowed of nine coastal landslide environments to be defined for Devon and 

Cornwall. Within these environments one or two landslide failure mechanisms such as 

topples, mudslides or planar failures would occur with more prevalence. The utility of 

defining these environments is to provide a broad assessment of the likely hazards that are 

faced on the coast of Devon and Cornwall. By defining environments the characteristic 

landslides for geological units within an area can be highlighted. For areas where 

landslides are not shown on maps the general characteristics of potential failure 

mechanisms are shown. This could provide a general assessment of the susceptibility of 

coastal infrastructure to landsliding based on the geological conditions of a site. 
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6. INLAND LANDSLIDING IN DEVON AND CORNWALL 

6.1 INTRODUCTION 

In the original National Landslide Database for Devon and Cornwall there were 

458 landslides, and of these 79 were inland failures (17%). During the verification process 

ten inland landslides were removed because they either represented areas of landsliding 

that could be separated into single landslides or were not verified by the literature check 

or site visits. The database now contains information on 318 inland landslides under a 

number of geological and topographical conditions. This is a four-fold increase in the 

number of landslides previously identified in Devon and therefore is more representative 

of the overall pattern of landslides. All inland landslides are in Devon and there are no 

recorded inland landslides in Cornwall. 71be research did search for inland failures in 

Cornwall but none were found during this study. This chapter will therefore only address 

the patterns and conditions of inland landsliding in Devon whilst also discussing the 

causes and types of landsliding that have occurred. The results presented are solely taken 

from the new updated database unless otherwise stated. 

6.2 RESULTS OF ANALYSIS OF INLAND LANDSLIDE DATABASE 

6.2.1 COUNTY 

All of the inland landslides are located in Devon, two inland landslides were 

located on the digital maps in Cornwall but these were removed during the verification 

stage. The two sites are marked on the digital map as landslides but subsequent visits 

proved them to be made ground and that the wrong symbol had possibly been used to 

record them on the map. 
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6.2.2 SOURCE OF DATA 

Landslides from the original database, once verified and transferred into the new 

format accounted for 69 (22%) of the inland landslides. 161 inland landslides were added 

from geological maps (1: 50,000), which is just over half of the new total. Literature 

searches yielded 20 (6%) landslides, which meant that 57% of the new total number of 

inland landslides were added from secondary sources. Fieldwork led to the addition of' 37 

(12%) new landslides and aerial photograph interpretation produced 14 (4%) landslides. 

Analysis of the airborne thematic mapper (ATM) data produced 17 (5%) new landslides. 

This represents a total of 9% of the new landslides added by remote sensing techniques 

(Figure 6.1). The most effective technique of gathering new landslides was through 

analysis of the airborne thematic mapper (ATM) images. Although this added only 5% of 

the total the images were only available for a small area of the two counties. The updated 

database is now more representative of landslide occurrence across Devon and Cornwall 

and allows for a more realistic assessment of the nature of landsliding in the area. 

6.2.3 SIZE OF LANDSLIDE 

In the landslide size category 66% are of unknown size. This high number was 

probably due in part to the 161 landslides on the Exeter geological sheet. It is assumed 
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that maily of' these landslides are small scale and would be in tile 1-25000m catcoory. I- 

'The majority of' landslides. with a recorded size. were in the 1-25000m2 calegory ( 161 

landslides. 50'1c) (Table 6.1). The 0-0.25kiii2 category has a large sitc ranpe and was a 

size category Used in the original datahase to cover small and large landsli(Ics. The 0- 
I- 

0.25kiii2 categgory had 19 1, iiictslideý� 617( of' Ilic total. Tlic size category of' 1-250.000111, , 
L- 

had 39 (12(/() landslides whilst the three largest catcoorics rangino froin 0.25kiw' to 

5. Okm 2 had six landslides (2%). 

Size category Number of landslides 
()-I()()()M 2 

44 
1-25000rn 

2 
161 

15-250,000in 19 
0-0.25k m 19 
0.25-0.5kiii 2 1) 

0.5- I. Okni 1) 
1.0-5. Okm2 I 
Blank 69 
Grand Total 318 

Table 6.1: Size ofinland landslides. 

6.2.4 ASPECT 

Analysis of' aspect showed little difTerence hetween the aspects of' inland 

landslides (Figure 6.2). North facing slopes have the most landslides with 24 (717( ) whilst 

SW and W facing slopes have the least landslides with 13 fallures each (41/( ). Slopes from 

north west through to east have the most landslides with 2014 ol' the total (82 laildsl ides). 

Slopes which face south east through to west have fewer landslides its a whole xvith 171-/( 

(54 landslides). There has been shown to he a link between aspect and inland landsliding 

on slopes in the Dorset and Wiltshire area. Slopes on the Upper Greensand in these two 

counties have mainly been subýject to landsliding on North West facin, 2 slopes (Findlay et 

al.. 1984). 

Unlike the coastal landslides there is a less pronounced effect of prevailing wind 

or storm direction. Aspect may have an affect on inland landsliding hy controlling the 
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distribution of' steep slopes it' there are strong structural controls in in area or it' there 

definite storm tracks or rain shadows in an area (Rood, 1990). 

Aspect of landslides 

North 0 Numberof 
25 lands lides 

North West 
0 North cast 

15 
10 

5. 
West II1 . 0- --- East 

South west South East 

L_ 
South 

Figure 6.2: Aspect of inland landslides. 

6.2.5 Dom INANT SOURCE MATERIAL 

The dominant source material in inland landsliding is earth, a mix of periglacially 

derived head, residual soil and weathered bedrock, with 228 landslides (69%) (Figure 

6.3). Debris is the source of 50 (16%) landslides and probably represents landslides 

involving coarse head, disaggregated bedrock or gravel like superficial deposits. 

Dornm'ant source material 
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Figure 6.3: Dominant source material of inland landsliding. 
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Rock is the source of II landslides (3%) which are the deeper seated large scale landslides 

more common in the east of the county. There are 29 (9%) landslides that have an 

undefined source material. 

6.2.6 DomINANT LANDSLIDE MATERIAL 

Just as the dominant source material was earth so is the slide material with 242 

landslides (84%) (Figure 6.4). The number of landslides involving earth has increased to 

242, which accounts for the decrease in debris as a source. The number of slides involving 

rock has decreased to 10 (3%) landslides. 
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Figure 6.4: Dominant slide material involved in inland landsliding. 

6.2.7 STABILITY DEVELOPMENT 

Many of the landslides in Devon, which have a recorded stability development, are 

degraded (68 landslides, 21%) (Figure 6.5). Shallow translational landslides which are 

common in Devon are more readily degraded in a shorter time span than if they were 

large scale deep seated landslides. Incipient landslides account for 21(71/c) landslides 

whilst advanced landslides only account for 8 landslides (2.5%). 
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Figure 6.5: Stability development of inland landslides. 

6.2.8 STABILITY DEGREE 

Inactive landslides, 84 (26%) are most common in Devon, with no large areas of' 

active landsliding (Figure 6.6). 10 stabilised landslides are recorded. Most of these have 

interfered with man-made structures and it was important to stabilise these failures to keep 

the structures from being damaged. 
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Figure 6.6: Stability degree of inland landslides. 

6.2.9 ESTIMATED AGE 

It was difficult to estimate ages of landslides that had been degraded so the ancient 

and old categories are estimates of relative age. In the database as a whole 64%, of the 
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landslides had no age value assigned. Many of the landslides are recent in age, this is to be 

expected as the small scale shallow landslides will be degraded and after long periods of' 

time to a state that is not visible (Figure 6.7). Of all the landslides those of a recent age 

were the most prolific (57 landslides). Very recent landslides involved 10 landslides, the 

least number of failures for the four categories. 
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Figure 6.7: Estimated age of landslides. 

6.2.10 STYLE OF MOVEMENT 

Of the landslides where style could be attributed the majority occured as single 

event (87 landslides, 27%) (Figure 6.8). Multiple landslides are the second most common 

form of movement with 23 occurrences of this type of failure (7%). Composite and 

complex landslides are difficult to distinguish, especially if a landslide is very degraded 

making it difficult to definitively determine how many mechanisms have taken place. 

Complex and composite movements had limited occurrence (10 landslides, 3%). There 

were 184 landslides with no attributed style of movement (57%), these are excluded from 

Figure 6.8. These were commonly the landslides recorded from the digital 1: 50.000 maps, 

most of the landslides field checked from the maps were single events. 
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Figure 6.8: Style of movement. 

6.2.11 TYPE OF LANDSLIDE 

There are 184 landslides where the mechanism is not known which accounts for 

58% of the total number of landslides (Figure 6.9). Again, many of these "unaccounted 

for" landslide types were attributed to landslides identified from geological maps. Field 

evidence and literature on these landslides suggests that the majority are shallow 

translational landslides with some rotational failures. Of the landslides where the 

mechanism was observed in the field or taken from the literature 99 were translational 

planar movements (31%), whilst a further 24 are rotational (7%) and 23 are flows (7%). 

Two falls have Occurred, one of which involves a quarry face and the other a natural 

slope. The most commonly occurring type of landslide is shallow planar translational 

slides. An example of this type of failure is shown in Figure 7.10, which occurred in Stoke 

Canon, Devon. This failure is a degraded multiple translational event that has occurred in 

head deposits over the Upper Carboniferous Crackington Formation. 
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Figure 6.9: Type of landslide involved in inland landsliding. 

Figure 6.10: Shallow translational landslide, Stoke Canon (SX938970). 

6.2.12 BEDROCK LITHOLOGY 

The main material involved in landsliding in Devon is earth (6.2.5) but bedrock 

lithology has been recorded in most instances. Bedrock lithology represents the parent 

material that undergoes weathering as part of the soil forming process (Findlay et al., 

1984). Bedrock lithology is important as resistant minerals are inherited from the parent 

rock by the soils, such as clay, quartz and ferric oxides. Clay mineralogy, which is 

important to slope stability, is inherited from the parent material making it important to 
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record bedrock lithology, for this same reason chronostratigraphic and lithostratigraphic 

units were also recorded. 

Lithologies involved with inland landsliding in Devon and Comwall are mostly 

sedimentary in nature. Given the widespread occurrence of igneous and metamorphic 

rocks in Devon this is an interesting factor determining the spatial pattern of landsliding. 

Shale is involved in 171 failures (55%): sandstone in 34 landslides (11%), 

siltstone/mudstone in 13 (4%), conglomerate in 27 (8%), and interbedded arenaceous 

sediments in 25 (6%) (Figure 6.11). Shale is involved in over half the landslides, mostly 

related to one formation, the Crackington Formation, which is relatively extensive within 

Devon covering about 40% of Devon and Cornwall. 

If a landslide was believed to be deep seated then the upper and lower lithology 

were recorded. When upper and lower lithology is combined (Figure 6.12) it is possible to 

see that when there are two lithologies involved in landsliding they are most commonly 

interbedded arenaceous sediments overlying siltstone/mudstones. Other common 

combinations include interbedded arenaceous sediments over interbedded argillaceous 

sediments. Siltstone/mudstone is the most common underlying lithology to be involved in 

landsliding. This could be due to the fact that siltstones and mudstones often act as 

aquicludes, which when underlying an aquifer will hold up water and can lead to 

instability. 
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Lithology involved in landslicting 
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Figure 6.11: Lithology involved in inland landsliding. 
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Figure 6.12: Upper and lower lithology involved in inland landsliding. 

Most of the landslides involving shale are translational slides (39 landslides. Q)%) 

with 8 rotational slides and 8 flows (Table 6.2). The con glornerate/brecci as landslides are 

mostly planar landslides and 13 of these conglomerate landslides occurred next to roads in 
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cut slopes. Slitstone/mudstone landslides were an equal nux of jill(I rol; Itiollý11 

landslides with I flow. 

Lithology Fall Flow Planar slidc Rotational slidt. 
Shale 9 39 8 

SI I tstone/mud stone 1 4 4 
Sandstone 3 9 
Cons-, lornerate/breccia 1 4 15 
hiterbedded Arenaceous 
Interbedded Argillaceous 4 
Slate 1 8 
Unknown 7 9 2 
Total 2 23 99 

-. 
24- 

Table 6.2: Type or lithology involved in landslide mechanisms. 

6.2.13 LI'I'HOS'I'RA'1'1(iRAI'Hl('FoRMA'1'1()N N, \Nv, 

As in the coastal analysis. lithostratigraphic formation names were analy,, cd as 

well as the lithology to highli. ght any specific formations sirsceptihic to landslides (Tahlc 

6.3). Formations that had high numhers of landslides were the Ashton shale. Oddicomhe 

Breccia, BUde formation. Crackington Formation and the Upper Greellsand. Dloital 

geological data at a scale of' 1: 50,000 were rasterised in ARC GIS v. 9 and then the count 

of' cells for each I ithost rati graphic unit was recorded. The raster cells are at a size of' ý() 

I 
x50m and so the vah. le recorded by the ARC GIS v. 9 analysis was converted to kill 

. 
The 

I 
conversion to kni - allowed comparison ofthe size ofthe outcrops and alsýo the 1111111her of' 

1 landslides per km- coLild he caICL1lated. 

Figures l')i- landslides per kni- wit i there I hin lithostrati-g-iniphic 1'()rmations show, that 

I 
are units with a sigynificantly higher number of' landslides per kni-: these formations are 

the Ashton Shale. Blue Lias and Blue Anchor formation (FwUre 6.13). The densitv of 

landslidingg, was calculated with numbers of landslides and not areal extent. By only piving t, 

the nUmber of' landslides per Unit and not the area of' landslides this fiavours the smaller 

landslides. Large landslides. such as those on the Upper Greensand. are not as well 

represented. Despite not having many landslides per unit these landslides are larger. This Z- - 

could misrepresent the importance of thiS unit to stability studies because the Lipper 

Greensand is a spatially extensive unit and has one of' tile highes L) rs of landslides ZI t 11 1111f C 
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but a low-clensity I'loure. Had this been tile case tile Upper Greell"and would have a lilviler 

densit , as the failures on thIS Ullit are generally larper scale. y 

Bedrock Formation 

No Bedrock involved 

Numher of' 
landslides 

I 

Size OVOUILT01) 
(km) 

I-andSlides per 
k m2 

Ashton Shale 69 21.5225 33 
Blue Anchor Frn 4 14.67 0.27 
Blue Lias 8 3.11 5 2.0 

_ Bude Fm - 20 -- - 1-114.963 0.016 
Chalk 1 47.4075 0.02 
Coombe Martin Slate 6 24.65 0.24 
Crackington Formation 107 1681.21 ( ). ()6 
Dartmouth Grp 149.795 _ _ MI 
Dawfish sandstone 1 73.7625 
Exe Breccia 1 3.93 0.25 
Exeter Group 1) 141.4675 0.014 
Greystone Formation 1 39.515 0.025 
Hangman Sandstone 3 219.9775 0. () 14 
Kate Brook Slate 1 163.865 0.006 
Kentisbury Slate 2 53.3325 0.037 
Lynton Fm 1 16.4775 0.06 
Mercia Mudstone 8 408. (X)5 0.02 

__M_t(ldle 
Devonian limestone 1 34.94 0.03 

Middle Devonian slates 1 199.1775 0.005 
Morte Slate Fm 1 269.0325 0. (X)4 
Oddicombe Breccia I1 14.0425 0.78 
Otter Sandstone 1 117.235 (). (X)8 
Thorverton Sandstone 1 10.655 0.09 
Upper Greensand 35 176.17 0.09 

_Crrand 
Total 303 

'Fable 6.3: Lithostratigraphic bedrock forniations, number of recorded landslides. 
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Figure 6.13: Landslides per kni 2 for lithostraligraphic units in Dcýon 

Combinations of' Upper and I-mver formations Shows that Illost landslides Involve 

only one formation. This correlates to the high number of' shallow failures (Table 6.4). 

Where there are combinations of formations they are most commonly Meso/, oic rocks. 

Combinations include the Blue Anchor Formation and Blue Lias. Blue Anchor and 

Mercia MUdstone and Upper Greensand with Blue Lia. s. Mel-Cla MULIS1011C. The Mercia 

Mudstone is involved in more landslides where it is the LIMICI-I Vill'-, t'01-111, ltloll t11,111 ý%'Jjejj it 

is the overlying formation. The Upper Greensand is Involved in more landslides when it 'is Cý 

the overlying formation. particularly when the Mercia Mudstone or the Blue Lias 

Formation underlies it. 
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Lower (Un derlying) 1, o i(),, 

I Ipper Formation 
_ 

- Blue Lias 
Formation 

Bude 
Formation 

Nicicia 
MUCIS1011C 

Iý 1) pc I 
GI-CCIISaIld 

No 
Bcdrock 

(; ralld 
1,411.11 

No Bedrock li I 
Alphington Breccia 

A. shtoli Shale 09 04) 
Blue Anchor Fril 2 - 
Blue Lias Fm 
Bude F, 111 20 
Cadhury Breccia 4 1 
Chalk 
Coombe Martin Slate 6 0 
Crackiii, i. -, ton Formation 107 107 

11artMOLIth Grp 2 1 
Dawlish sandstone I I 
Exe Breccia I 
Cxeter Group 
Greystone Formation 
Hangman Sandstone 
Kate Brook Slate 

KentisbUry Slate 2 2 
Lynton Fni I I 
Mercia Mudstone 8 8 

_ Middle Devonian 
liniestone I 
Middle Devonian slates I 
fýficlclle 6evonian slates 
& shales 2 2 
Morte Slate Fm I I 
Oddicombe Breccia II II 
otter Sandstone 

- 
I I 

orverto" Sandstone fh- I I 
! jpper Greensand 5 

- 
9 21 35 

__ GrandTotal 6 - 4 --- - 1 - 118 
fable 0.4: u'ombmation of tipper and Lower lithology involved in lan(Isli(filig 

6.2.14 CHRONOS FRA FIGRAPHICLINI F 

The chronostraticraphic unit ýýith the most landslides is the Undifferentmied 

Upper Carboniferous with 591/( ofthe total IlUrnber of' landslides. This is unsurprising due 

to the high nurnhers of the landslides on the Upper Carhonit' rou. s, f Z-- e ormations such as the 

Crackington. Bude Formations and the AshtOll Shale identified III section 6.2.13. 

Generally the Devonian chronostratig CI [) esI n-aphic units had limit d Ilun r o' landslides and 

considering, the spatial extent of the Devonian this number is vcry lo\,.,. Penno-TrIassic 

units had a relatively high number of landslides, especially as these two formations are not 
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particularly extensive. The Jurassic Lower Lias had a number of' landslides despite its 

limited extent in the East of Devon. The Upper Greensand had over thirty landslides and 

represents all of the landslide in the Cretaceous. 
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Figure 6.14: Chronostratigraphic units involved in landsliding. 

6.2.15 ANGLE 

Slope angle, where landslides were present, was recorded for inland failures. The 

distribution of angles recorded for each formation highlights the differences in slope 

stability angle for formations across Devon. The Blue Lias Formation has fewer failures 

over 10, which was the average slope angle for landsliding (Fioure 6.15). The Blue Lias 
I Z-- 

has fewer landslides and a much more confined range of angles over which they occur 

than many of the Carboniferous Formations. Another Mesozoic Formation, the Upper 

Greensand, has a larger range of angles with most landslides being recorded on slopes 

about 13. The slope angles were measured using GIS methods as well as from map 

contours These angles however represent the residual angle as the slopes being measured 

had already failed and were degraded. The angles for the Upper Greensand are therefore 

more representative of the angle at which the landslide debris is now resting. 
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Slope angles of lan(Islides on the Blue Lias 
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Figure 6.15: Slope angles for failures on the Blue Lias 

The slope angles for failures on the Blue Lias are lower than the Upper 

Carboniferous formations and no landslides occur above 8 The Upper Carboniferous 

formations differ in the range and maximum recorded angle that is stable. The 

Crackington Formation landslides occur on slopes ranging of between 5-26'. Most 

landslides recorded during this research occur on slopes between 5 and 15'. The Bude 

Formation has landslides occurring on slope angles ranging from 6-30' with most 

landslides in the 10-18 range (Figure 6.16). Results taken from the literature on slope 

angle give a residual angle of friction for landslide material over the Crackington 

Formation of between 15 and 25' (Grainger and Harris, 1986). Assuming the water table 

is near the surface the maximum stable slope angle is lower, being between 7.5 and 13" 

(Edwards and Scrivener, 1999). For the landslides taken from the digital geological maps 

there was no information on slope angle so an analysis was carried out using ARC GIS 9. 

The analysis of landslides with no recorded slope angles was focused in the Exeter region, 

which had failures on the Bude Formation, Crackington Formation and Ashton Shale, this 

area had the most digital landslide polygons without a slope angle value. Digital 

geological and mass movement data were rasterised in order to analyse the layers against 
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digital topographic data. Once the conversion had been performed the raster calculator 

function in ARC GIS was used to calculate slope angle for cach landslide. The data 

presented is the number of lOrn by 10m landslide pixels on each of the formations. The 

number of pixels gives an overall indication of the ranges of slope angics that have 

landslides on. 

On the Ashton Shale the landslides occurred mostly at 11'. There were two peaks, 

one at 5' and one at IP and an anomalous lower area of sliding at 7' (Figure 6.16). The 

highest number of landslides occurred between 3 and 19. On the Crackington Formation 

the most number of landslides occurred at 13" with anomalous peaks at 4" and 10" (Figure 

6.17). The average number of landslides on a slope over the Crackington Formation is 

12', the slope angles with higher than average landslide pixels are between 5" and 19". 

Generally the landslides on the Crackington Formation occurred at a slightly higher angle 

than those of the Ashton Shale. 

Slope angles of landslides on the Bude Forniation 
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Figure 6.16: Number of landslide pixels that occur on slopes of the Bude Formation. 
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Slope angles of landslides on the Ashton Shale 
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Figure 6.17: Number of landslide pixels that occur on slopes of the Ashton Shale. 

Slope angle of landslides on the Crackington Fonna(ion 
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Figure 6.18: Numbers of landslide pixels that occur on slopes of the Crackington 
Formation. 

6.2.16 LANDSLIDE TRIGGERS AND PREPARATORY FACTORS 

It was difficult to assign a cause to many of the inland landslides. This is 

particularly difficult if the landslide was degraded. Therefore. this section will discuss the 

likely causes to have created the types of landslides that have Occurred in Devon. There 
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were 60 landslides with assi(, ned causes in Oevon some of these had multipic causcs 

Jahle 6.5). The most commonly as. signed cause oflandslidino wils ri, illol, ill o/'. vjjpp(ýj-j jill(i 

then raiqlall. 

__Cause Drainaoe 

Number of'Landslides 
21 

Rainfall 25 
Removal of sLipport 26 
Loading 4 
Angle of Slopc 3 

Fable 6.5: Landslide causes 

6.3 LANDSLIDE PATTERNS 

After the initial analysis of' the on. gInal landslide datahase it was assumed ihat 

landslides would occur in areas and oil format lolls Where they had Occurred all-cadv. ( )t 

was therefore asSLInied that that inland landslidino would he concentrawd acl-oss jillits I- 

such as the Crackington Formation, Ashton Shale and the Upper Greensand. The new 

landslide database showed that landsliding was extensive in some areas of' these I- 

formations Nit these concentrations were due to specific local conditions that were not 

widespread across the region. This would indicate that lithology is only partly responsthle 1ý1 - 
for inland landslides. The BGS recently puhlished -Britain heneath our fect- (BGS, 2(X)4) 

which contains a map of landslide SLISceptibility derivcd from lithology, engincering 

properties. horchole data and slope angle. The data is also availahle cornmercialiv in a 

digital GIS format. The landslide susceptibility map showed areas in Devon and 

Cornwall to be highly susceptible to landsliding, (Figure 6.18). This view, was not 

SLIpported by data from the new landslide database prepared by this research. The reasons 

why the initial liý, pothcsls was re 
-. 
ected and %A'11N there are differences between the 

recorded landslide distnhution and the BGS susceptihility map will he discussed in the 

following section. 

206 



% 

L4 

lip 

x 

m 

.0 

zý 
u 

10 

207 



6.3.1 STR U CTU RIý, 

Deformation during the Variscan Oropeny led to Ilic Devoman and Carboniferous 

rocks of' South West England being folded and faulted. Dearman ( 1969) and Sanderson 

and Dearman ( 1973) proposed a IlUmher of' structural /ones hased on Variscan l'old 

structures. Grainger ( 1983) used t lie structura I zonc. s, proposcd hy Sandcrson an (I I )carman 

( 1973) to produce it simplified structural map of' parts of' Devon and Cornwall which in 

turn can be related to the geotechnical propertle"., of tile Devoill"Ill and 

fOrmations (Table 6.6 and Figure 6.19). This Illap Call he related to landslide patterns 

across Devon and Cornwall. As was discussed in Section 2.3 the presence of 

discontinuities within a rock mass affects overall , ýtrcnpth and criginecrinL, properties. 

Faults affect landslide distribution clue to their higher relative permeahilitic,, and their 

ability to concentrate weathering and carry increased proundwater (1-lencher. 1987). The 

IiWh density of landslides within the Crackington Formation are concentrated willull 

structural Zone 2a. despite the Crackington Formation being, present in struCtUl", 11 Zone 2 

there are much fewer landslides there (Figure 6.19). Grainoer ( 1983) suggests that the 

change of zones is significant to the nurnher of landslides present. The structural /ones 

have different dip angles and the rock properties have been modified. Grainger ( 1983) 

concentrated on the area around Exeter but the new landslide database correlates with it 

lower density of' landsliding in the other strLICtUral zones. Zone 3 has te\k, cr landslides and 

is a zone ot'metamorphisin and strong deformation (Grainger, 1983) (Figure (). 19). 

Sanderson and Dearman (1973) Grainger (1983) 
Zone Description Zone Description 

Overturned, north I North facing folds. progressively I facing overturned to north 
2 Upright 2 Upright folds 

Overturned, south 2a Dominantly chevron folds. 
3 facing asymmetrical or overturned to south 

Recumbent, south 2b Recumbent. south facing. Hori/, ontal 4 facing fold axis and cleavage planes 
Recumbent and 3 North facing nappes and thrust sheets. 7&8 
overturned to the north 

Table 6.6: Comparison of structural zones between Sanderson and Dearman (1973) 

and Grainger (1983). 
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Figure 6.19: Structural zones of Devon and Cornwall related to landsliding 

(after Grainger, 1983). 
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6.3.2 METAMORPHISM 

Regional metamorphism may have a significant impact on the material properties 

of the country rock which could affect landslide distribution. Sedimentary rocks deposited 

as siltstone and mudstones in areas such as South Devon have been strengthened when 

they were altered into slate by regional metamorphism. A reconnaissance survey of low- 

grade metamorphism in South Devon showed that the Dartmouth and Meadfoot 

Formation had been altered to slate and formed part of the Upper Anchizone (Warr, 

1995). When rocks such as marine pelites have no diagnostic mineral assemblages low- 

grade metamorphism is measured by illite crystallinity, each metamorphic zone has a 

characteristic value relating to the illite KObler index (Arkai et al., 2004). The Upper 

Anchizone equates to very low-grade metamorphism or the subgreenshist facies and is a 

transition from the epizone to the digenetic zone (Arkai et al., 2004). Warr (1995) 

suggests that structure may have an influence on the grade of metamorphism as in the east 

and west of Dartmoor the rocks are of a lower metamorphic grade. Changes in 

metamorphic grade may relate to the southern upright folded intensely deformed and 

northern recumbent less deformed zones of Coward and McClay's (1983) structural 

division of the area. Strengthening of the Devonian formations by low-grade 

metamorphism in South Devon has produced slates that are more resistant to instability 

and weathering processes then the original mudstones and siltstones. 

6.3.3 Som 

The nature of pedalogical soils is defined by a complex interaction of parent 

material, drainage, vegetation and topography. Soils combined with any residual deposits 

such as head and disaggregated bedrock make up the regolith, a zone of weathered 

material. Clay content and mineralogy affects the geotechnical properties of the 

weathering products (Harris, 1987a). In the South-west periglacial erosion of a pre- 

Quaternary mantle and subsequent weathering has produced soils that have similar 
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mineralogical characteristics to the parent material (Grainger, 1984). In areas of shallow 

landsliding soil maps can be useful indicators of landslide distribution due to this close 

relationship between geology, topography and hydrology. The link between soil and 

landsliding is shown around Exeter where there is a detailed soil 1: 63,360 map. These 

soils are generally periglacially remoulded clay soils with similar mineralogy to the parent 

bedrock (Grainger, 1984). The landslide distribution in and around Exeter is closely 

related to the incidence of the Halstow and Tedburn series and Tedbum complex (Figures 

7.20 and 7.21). The original Soil Survey used the Tedburn complex solely for mapping 

landslides. Surrounding the Tedburn and Halstow soils is the Dunsford soil series, despite 

the wide geographic area of this soil there are only limited examples of instability. The 

Tedburn series is common on strongly dissected landscapes where there is shaly rubble 

within 80cm of the surface and localized convexities (Findlay et al, 1984). The Tedburn 

Series is a thick, fine grained gley soil which forms in waterlogged conditions at low 

elevations and on low angled slopes (Grainger, 1984). 'ne Halstow and Tedburn series 

soils occur across the Exeter area on east-west trending valleys and are common on the 

slopes less than 150, whilst the Dunsford soil occupies the steeper ridges surrounding the 

Halstow and Tedburn series. 
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Figure 6.20: Detailed extract of soil map (Figure 6.21) showing the clusters of 
landslides on the Tedburn series (Clayden, 1964). 

Directly related to the topographic position of a soil and its influence on landslides 

is the soil chemistry and the presence of clay minerals. Within British mudrocks there are 

three dominant clay minerals illite, kaolinite and chlorite that are all non- expansive 

minerals. With progressive weathering of bedrock and soil and the increasing clay fraction 

there should be a subsequent reduction in limiting slope angle (Anderson and Richards. L-- 

1981). Grainger (1984) showed that there are four assemblages of these dominant clay 

minerals in the Exeter area (defined by x-ray diffraction analysis of 185 shale samples): 

0 illite 

* Illite + kaolinite + no chlorite 

0 Illite + minor kaolinite and chlorite 

0 Illite + chlofite + no kaolinite 

Soils derived from chlorite shales are coarser and shallower and therefore stable at 

steeper angles. The non-chloritic shales disintegrate quicker and the resultant soils are 
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lower in strength, easier to erode and form on gentler slopes. The clay mineral 

assemblages of the soil formations shown in Figure 6.21 are as follows 

o Dunsford- Elite and chlorite 

o Tedbum- Illite + sparse chlorite 

e Halstow Illite + minor kaolinite and chlorite 

The high density of landslides on the Tedburn and Halstow series is related to the non- 

chloritic nature of these soils. The chlorite rich Dunsford series is the most stable of the 

three units (Grainger, 1984). 

By examining the plasticity of the three clay minerals it is possible to see how the 

minerals present can affect slope stability (Figure 6.22). Shales that have an illite content 

have a lower shear strength, more swelling potential and a higher liquid and plastic limit. 

Kaolinite and chlorite have lower liquid and plastic limits and are less prone to instability 

(OhImacher, 2000). The combination of illite and chlorite leads to a soil that has a lower 

plastic and liquid limit than the combination of illite and kaolinite (Figure 6.23). 
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Figure 6.22: Plasticity chart depicting the relationship with clay mineralogy 
(OhImacher, 2000). 

The importance of clay mineralogy is not just confined to the Upper Carboni ferous 

mudrocks of the Exeter region. In South Devon, Soils formed over the Devonian slates of' 

South Devon have a clay mineral assemblage of Illite+/- chlorite +/- kaolinite. Soils 

formed over the Lower Devonian Dartmouth Group rarely contain clay minerals as the 

soil is more like a stony head (Cattell, 1998). The Middle and Upper Devonian formations 

do however have clay present in the soils and these soils range from low to high plasticity 

dependant on the clay minerals present (Figure 6.23 and 6.24). Soils derived from the 

Middle Devonian are most plastic with an illite and kaolinite assemblage whilst the Upper 

Devonian soils have an intermediate to high plasticity and the presence of chlorite 

(Cattell, 1998). The analysis of the Devonian soils in South Devon also reveals the effect 

that metamorphism has on lowering the plasticity of soils formed over slate. 
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Figure 6.23: Relationship of plasticity index properties to clay mineral content 
(Cattell, 1998). 
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Figure 6.24: Comparison of the plasticity index and clay size fraction for Upper, 
Middle and Lower Devonian strata (Cattell, 1998). 

in the east of Devon the dominant mineral within the Blue Lias Formation is illite 

with between 30 and 60% of clay minerals. Chlorite accounts for between 5 and 159(- 

(Deconinck et al, 2003). Similarly the Blue Anchor Formation is dominated by illite with 

subordinate chlorite minerals-, there is also an illite-montmorillonite assemblage (Durrance 

and Laming, 1999). Both of these formations have been involved in landsliding of the 
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weathered zone and have a clay mineral assemblage that would suggest higher plasticity 

than if chlorite was present in larger quantities. 

In other areas, and not related to clay mineral assemblage, the Hense soil series 

was identified as a soil that could be useful indicator of slope instability on the Greensand 

escarpment of the Mesozoic Land System. The Hense soil association is formed from 

Upper Greensand head material and is found on the springline below the Greensand scarp 

(Harrod, 1971). Across Devon the Manod soil association has formed over Palaeozoic 

mudstone, siltstone and slate and was identified as being of interest during the Land 

Systems stage due to the fact that it often forms over steep ground. However, when these 

areas were checked during the remote sensing and fieldwork stages no landslides were 

identified, much of the Manod association appeared to be wooded which had aided 

stability. 

6.4 COMPARISON WITH LANDSLIDE PATTERNS IN GREAT BRITAIN 

Comparison of density (landslides per km2) figures calculated for stratigraphic 

units in the South-west with those in the original National Landslide Database highlights 

units which have anomalously high or low density figures (Table 6.7). The figures in 

Table 6.8 were calculated from the total outcrop area and not the actual exposed area of 

outcrop. 'Me Upper Greensand and Gault fonnation has a higher density of landslides in 

Great Britain than in Devon alone. This could be due to absence of the Gault formation 

across much of the outcrop. The Gault is a layer of clay that commonly acts as a slip 

surface for the more competent Upper Greensand. The Triassic Otter Sandstone has a 

similar landslide density in Devon to the rest of Great Britain. Permian basal breccias 

have a much higher than average density of landslides. In Devon a relatively small 

outcrop area combined with a concentration of landslides on stretches of motorway during 

construction has meant the density figure is probably higher than it would be under 

natural processes. 
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Stratigraphic Unit Devon comparahle UK density I )cV()II (ICII. Sity 
Stratigraphic unit 

Upper Greensand Upper Greensand 
13.4 0 9 

and Gault (limited Gault) . 
Permo-Triassic Otter Sandstone 0.5 0 8 
sandstones . 

Exe Breccia, 
Permian Basal Alphington Breccia, 
hrecclas and Cadbury Breccia, 7.9 38-78 
Sandstones Oddicombe Breccia 
Undifferentiated Bude Formation 2.7 1 6 Westphalian . 

Bude Formation, 
Undifferentiated Crackington 
Upper Carboniferous Formation, Ashton 1.9 o. 7 

Shale 
Mercia MUdstone & 

Triassic Mudstone Blue Anchor 1.8 2& 27 

Lower Lias Blue Lias 5.6-21 269 
Table 6.7: Comparison of landslide densities of stratigraphic units 

in Devon and the UK. 

The density fiourc for undifferentiated Westphalian units (2.7 per 100km-') i.,,, 

higher nationally than for the Bude Formation (1.6 per 100 krn2) of' Devon. Outside of' 

Devon the Westphalian includes the Pennant and Coal measures that have failed readily. 

However, when the Bude Formation is combined with other Undifferentiated Upper 

Carboniferous units the density for Devon is over three and a hall' times hipher than for 
Z- 

the UK as a whole. This high density for Devon is related to the exceptionally 11joh- 
Z- 

density figure for the Upper Carboniferous Ashton Shale (330 landslides per 100kni 2) 

I The Ashton Shale has an outcrop area of little over 21km- and therefore represents in 

isolated patch of exceptionally high density landsliding. Density figures for the UK 

Triassic mudstones and the Mercia Mudstone Group of Devon are comparable with a 

difference of only 0.2 landslides per 100k M2 . The BILle Anchor Formation, which is the 

youngest formation within the Mercia Mudstone Group, has a much higher density and 

again this is related to a high number of landslides on a very small unit area. although it 

does highlight the LISel'Illness of separating the stratigraphic units into smaller formations C- 

as it shows up landslide prone formations that may otherwise have been hidden. 
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In Chapter 2 section 2.4.2 the landslide environments of Great Britain were 

discussed along with the presence of these environments with Devon and Cornwall. 

Discounting coastal cliffs from this discussion there are five categories, mountain sides, 

steep sided valleys, erosional margins, sedimentary escarpments and outliers. Steep sided 

valleys are present in both counties. These valleys are especially common near the coast 

and around major rivers such as the Tamar and Teign and are steeply incised and usually 

heavily wooded. Whilst many river valleys in Devon and Cornwall are stable in other 

areas of the country steep valley are susceptible to landsliding. Areas in and around the 

Peak district have large steep valleys in lithologies such as the Millstone Grit and Pennine 

Coal Measures Group, possibly produced by glacial oversteepening. Within these valleys 

are numerous examples of large scale landslides such as those at Alport Castles and Lady 

Clough within the Dark Peak area of the Peak District. Urge landslides in steep sided 

valleys are not widely present in Devon and Cornwall. Limited instability is probably 

present in the steeper river valleys due to erosion and slope angle but they were not 

widely recorded. The erosional margins of the upland areas also do not provide 

widespread topographic settings that would be susceptible to landsliding. The margins of 

Dartmoor and Bodmin Moor are topographically relatively flat with planation surfaces, 

they are also formed in hard, resistant lithologies. The metamorphism of the material 

around the Granitic moorland is also relatively strong and has produced material that is 

more resistant to weathering and erosion. Sedimentary escarpments such as the Upper 

Greensand plateau and escarpment provide examples of landsliding but are less active 

than those of the Cotswolds escarpment. This extensive nature of landsliding along the 

Cotswold escarpment relates to the unstable lithological, combination of the Oolitic 

Limestone overlying Lower Jurassic deposits. The Cotswold escarpment has a high 

density of landslides relating to the escarpment topography and the lithology. Landslides 

along the Cotswold escarpment are classified as cambering and large scale rotational 
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sliding in the Inferior Oolite along with shallow rotational and translational movements 

(Whitworth et aL, 2005). 

As was discussed in section 3.5 the only landslide environment defined by 

lithology that is specifically related to Devon and Cornwall is the Type C environment of 

lithologically variable rocks. It is the aim of the next section to outline inland landslide 

environments for Devon and Cornwall. 

6.5 INLAND LANDSLIDE ENVIRONMENTS 

Using the land systems map presented in Chapter Four (Section 4.3.4) the 

landslide environments of Devon and Cornwall will be set out. The landslide 

environments are based upon the slope, soil, topography and geology of the area as well 

as analysis of the database and relevant literature. 

6.5.1 MESOZOIC CUESTA LANDSLIDE ENVIRONMENT 

The pattern of landsliding in Devon and Cornwall highlights East Devon and the 

Mesozoic land system as having a high concentration of failures, especially around the 

Upper Greensand plateau with a total of 67 landslides. The Greensand escarpment and 

plateau overlie Lower Lias argillaceous rocks and Triassic mudstones. These escarpments 

and lower slopes have been subject to large-scale landsliding, which were probably 

initiated toward the end of the Devensian, which are still evident today in a degraded 

form. Conway (1979) dated pollen from coastal landslides in Dorset, which were date 

between 10,800-9,400 years BP. The landslides involve both the Upper Greensand and 

the Mercia Mudstone in shallow and deep-seated failures. Analysis of the database for 

combinations of geology that produce landslide susceptibility showed that Upper 

Greensand overlying Triassic mudstones caused the largest number of landslides when 

there were two lithologies present. Commonly in this area the Triassic mudstones are the 

Mercia Mudstone, Blue Anchor Formation and the Westbury Formation. 
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Figure 6.25: Distribution of landslides within the Mesozoic cuesta land system. 
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In Devon there are 14 landslides that involve the Mercia Mudstone; six of these 

are as underlying geology beneath the UPper Greensand or the Blue Lias. The Mercia 

Mudstone is fairly extensive in the Mesozoic land system and typical values for residual 

shear angle values for the Mercia Mudstone in the UK are between 18-31ý (Chandler, 

1969, Anderson and Richards, 1981). Engineered slopes are generally graded around 271 

whilst slope stability is a function of lithology, discontinuities and the state of weathering, 

not solely intact strength (Hobbs et al., 2002). There are no inland slopes on the Mercia 

Mudstone that exceed 27' and there are only one or two slopes where the angle exceeds 

20 0. Across the whole of Great Britain the Mercia mudstone has a relatively low landslide 

density of around 1.8/100km2 (Jones and Lee, 1994). High incidences of failures occur 

mostly within Avon and Cheshire. 

Landslides on the Mercia Mudstone were all recorded below 13'. In a study of 

landslides near Monkton, east Devon, slope angles involved in landsliding on the Mercia 

Mudstone were recorded as being below 10', indicating that movement probably occurred 

under different climatic conditions (Griffiths, 2000). Mercia Mudstone exposed at the 

surface during periglacial climates has been subjected to intense weathering processes 

leading to softening and opening of fissures within the mudstone. Weathering reduces the 

mudstone from a stiff, fissured, heavily over-consolidated, indurated clay with a high 

undrained shear strength into a layer of intact mudstone pieces in a clay matrix 

(Cummings et aL, 2000). In the East Devon area landslides on the Blue Anchor fon-nation 

of the Mercia Mudstone were observed during this study. The shallow translational 

landslide at Dalwood (Figures 6.26 and 6.27) occurred on a slope of about 100. The Blue 

Anchor Formation is considered to have equivalent engineering behaviour as the rest of 

the Mercia Mudstone (Gibson et al., 2004). 
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Figure 6.26: Close up of lobes of shallow translational landslide in Figure 6.27. (Farm 
building is marked by a circle in both figures). 
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Within the Mesozoic land system 13 landslides occur involving the Lower Lias, 

which is represented in Devon by the Blue Lias Formation. Five of these landslides 

involved the Lower Lias overlain by Upper Greensand. Page (1992) investigated a 

landslide involving Lower Lias overlain by Upper Greensand at Ilminster, Dorset, which 

was identified through borehole data. This example provides a useful analogue for similar 

landslides in Devon involving the Lower Lias and Upper Greensand. Page identified 

layers of sand and chert downslope of the Greensand scarp, which he argued indicated hill 

wash, head or a degraded landslide deposit. Insitu Lower Lias deposits were coated by 

deposits of landslip material that were sourced from further upslope. In this landslide 

there was a layer of Gault clay which had been displaced, indicating a rotational style of 

movement. Page argued that failures of this type could have occurred on one of three 

failure surfaces: 

1. ) Within the boundary between the shales and marls of the Lower Lias; 

2. ) At the junction between the Lower Lias Marls and the Blue Lias facies; 

3. ) At the junction between the Gault and the Lias. 

Although Devon is beyond the Western margin of the Gault clay, there are 

deposits of Blue Lias with shales and marly mudstone layers which could act as the failure 

surface. 

Eight of the landslides in the Mesozoic Land System were identified using 

Airborne Thematic Mapper images and involve the Lower Lias (Charmouth Mudstone) 

deposits (Figure 6.26). Small-scale shallow translational movements such are that in 

Figure 6.26 were commonplace on the Lower Lias, most of the failures were occurring on 

slopes of around about 7'. There were also incidence of the Lower Lias failing below the 

Upper Greensand. 
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Figure 6.28: Shallow translational landsliding, Axminster (s, r323100). 

Cretaceous Upper Greensand is involved in 35 landslides in the Mesozoic land 

system. Many of these are larger, degraded landslides which have occurred around the 

Upper Greensand plateau in East Devon. Landslides on the Upper Greensand have 

occurred mostly on slope with average angles of between 5' and 19', with peaks of 

landslides occurring at 9' and 10' (Figure 6.29). The average slope angle for landsliding 

on the Upper Greensand is 13.5 For sandy material such as the Upper Greensand 0' 

values are between 30 and 35 " with residual phi angles as low as 12 " (Forster, 1998). 

The Upper Greensand was investigated in the Monkton area of East Devon by 

Griffiths (2000) during the alignment of the A30. The hazards associated with this 

stratigraphic unit were highlighted. Two types of failure were defined: deeper seated I 

landslides on the valley sides above Mercia Mudstone and shallow rotational landsliding 

in the weathered zone of the Upper Greensand scarp slope (Griffiths, 2000). Landsliding 

in the Upper Greensand overlying the Mercia Mudstone has occurred extensively across 

Devon and failures occur around the escarpment near Dunkeswell. Degraded landslide 

features are still visible on aerial photographs (Figure 6.30). 
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Figure 6.29: Slope angles of landslide pixels on the Upper Greensand. 

Figure 6.30: Degraded landslide on a section of the Upper Greensand Escarpment 
near Dunkeswell, SY145081 (Photoscape 3D, 2005). 
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In West Dorset the stratigraphy is similar to East Devon with Upper Greensand 

and Gault overlying Lower Lias deposits. A temporal sequence of landsliding was 

proposed by Brunsden and Jones (1972) for the shallow translational and deep seated 

rotational movements in this area. The importance of the location of the River Char was 

also highlighted, it flows below the escarpment and is linked to toe erosion and initiation 

of movement. This situation is similar to that of the River Otter and the Monkton 

escarpment (Griffiths, 2000). The proposed stages in landslide development on the West 

Dorset escarpment are as follows (Brunsden and Jones, 1972): 

Landsliding linked to incision by River Char during oscillating Quaternary 

sea level changes. 

Period of solifluction, possibility of some accompanying landsliding. 

* Large scale landsliding eroding the head-mantled slopes. 

* Landsliding in wet areas and coornbe development. 

* Localised activity diminishes with time, coombe development. 

Brunsden and Jones (1972) acknowledge that dating these stages is difficult. 

However, Griffiths (2000) argues that landsliding in East Devon is related to stream 

incision by the River Otter suggestive of an age that post dated periglacial activity 

probably in the Late Glacial to early Post-Glacial. 

In summary the Mesozoic Landslide Environment is characterised by: 

* Relict Mudflows and mudslides involving head deposits. 

o Ancient Rotational failure involving Upper Greensand or Upper Greensand and 

Lower Lias Formations. 

9 High incidence of landslides on the Blue Lias and Blue Anchor Formation. 

* Relatively recent shallow translational movements involving superficial material 

and the Blue Anchor Formation. 
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6.5.2 PALAEOZOIC HARD SANDSTONE LANDSLIDE ENVIRONMENT 

The Palaeozoic upland land system comprises relatively resistant Devonian 

formations such as the Hangman Sandstone, Morte Slate and the Coombe Martin slate 

which have been deeply incised to form steep sided valleys (Figure 6.31). An isolated 

cluster of inland landslides occurred within this land system following exceptional rainfall 

in 1952. This resulted in debris flows and landslides down steep valley sides. Future 

landsliding is likely to involve superficial translational planar slides or debris flows such as 

those that occurred in 1952 flood. 

Figure 6.31: Steep stable slopes in the Palaeozoic sandstone land system 

6.5.3 UPLAND GRANITE MOORLAND LANDSLIDE ENVIRONMENT 

There are no recorded landslides on the granite uplands and only two on the 

moorland fringe. Gerrard (1993) indicated that the Upland appears stable with little soil 

erosion or mass movement. During the Quaternary periglacial weathering was the 

dominant process governing the geornorphological evolution of Dartmoor, including the 

formation of tors and clitter slopes. Periglacial conditions. which increased the efficiency 

and speed of landform creating processes, have desensitised Dartmoor to change since the 

Quaternary (Gerrard, 1993). Subsequent slope instability has been limited due to this 

desensitising period of intense physical weathering. Although this study was specific to 
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Dartmoor the impacts of periglacial weathering are likely to be similar across the two 

counties. 

Landsliding has been confined to two sites. However, this is not to say that there 

are no landslides anywhere across this land system. There is likely to be some localised 

instability in river valleys. In the future shallow translational landsliding may occur if 

stream incision was increased during floods or during heavy rain. 

6.5.4 DEVONIAN PLATEAU LANDSLIDE ENVIRONMENT 

There are 19 recorded inland landslides on the Devonian plateau land system. 

Three of these are on the Dartmouth Formation and the remainder are in the Torbay area 

on the limestone (1 landslide), Devonian slate and shale (2 landslides), Exeter Group (I 

landslide) and the Oddicombe Breccia (I I landslides). Another landslide is developed 

within superficial head material. The landslides in the Oddicombe Breccia are related to 

steep slopes and undercutting by river incision. The weathered material is close to its 

limiting angle due to the high ground water table and this has caused the shallow failures 

when the slope foot is removed (Doornkamp et al., 1988). None of the landslides are very 

large and most are relict; two of the landslides in the Torbay area are active shallow 

translational landslides. Relict landslides, induced by extensive softening under periglacial 

weathering, would have been translational in style and would have occurred once thawing 

commenced. This style of relict translational movement would have affected the 

Devonian shale lithologies and may have left behind relict shear surfaces that could be 

reactivated (Doornkamp et A, 1988). Gritstone, sandstones and limestones of the area 

would have moved by gelifluction that involves no shear surfaces and therefore there is 

less likelihood of reactivation under current conditions (Doomkamp et A, 1988). Inland 

failures are uncommon on the main slaty lithologies because of two factors: structure and 

soil. As discussed in Section 2.3.2 the structural discontinuities in the Devonian slates are 

at a steeper angle than the actual slopes and so planar failure is less likely to occur unless 
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the slope is cut. The soils of the lower Devonian slates are also less plastic and of a clay 

mineral assemblage that is more likely to be stable thus further reducing the likelihood of 

failures involving weathered material and soil (Section 6.3). 

6.5.5 PERMIAN LOWLAND LANDSLIDE ENVIRONMENT 

There are two recorded natural landslides within the Permian Lowland system, 

another ten landslides occur which are related to anthropogenic activity within a road 

cutting. One natural landslide was a small failure recorded on the Otter Sandstone where it 

overlies the Littleham Mudstone and was probably related to a spring between the two 

lithologies. Another is a degraded, inactive landslide that had occurred on the Cadbury 

Breccia and may have also been as a result of earlier road cutting work. 

As definedIn Section 2.5 the Permian lowland is characterised by very low relief 

that covered the heathland terrain facet. Analysis of the Triassic Otter Sandstone and 

Littleham Mudstone highlighted how flat the relief is with 83% of the land surface in this 

system that overlies the Littleharn. Mudstone having a slope angle <5*. The Otter 

Sandstone has a larger spatial area and about 40% of its slopes are below 5". The 

Littleham Mudstone has a long term stability angle of 2210 (Edwards et al., 1997) and the 

Otter Sandstone can form stable natural slopes up to 450 (Edwards and Scrivener, 1999). 

'Iberefore, there are very few natural slopes that would exceed these angles in the Permian 

Lowland system, which probably explains low landslide densities. The Otter sandstone, a 

weakly cemented fine grained sandstone, produces sandy soils which are likely to be 

stable at the low angles present (Edwards et al., 1997). The Littleham Mudstone has a 

composition of around 40-70% clay and silt between 30 and 50%. "Me mudstone weathers 

to a silty clay and silt and the clay mineralogy present is illite with kaolinite and chlorite 

(Edwards et al., 1997). The fact that slope angles are low and that there is a clay 

assemblage that has been stable elsewhere fits with the low density of landsliding found 

on the Permian lowland land system. 
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Areas where there could be instability are related to springs which develop 

between the Budleigh Salterton Pebble beds and the underlying Littleham Mudstone. 

Seepage may occur due to the difference in hydrogeological properties which may 

manifest as instability. 

Ancient landslides have been identified in the Otter valley where the Otter 

Sandstone, a permeable Permian sandstone, is overlain by the Triassic Mercia Mudstone. 

Engineering works identified this as another area where there had been periglacial slope 

activity (Straw and Hodgson, 1988). In an excavation pit soil as well as head was found 

overlying reworked Mercia Mudstone that was interpreted as a mudflow deposit. 

Formation of these deposits were interpreted as accumulating on vegetation free south 

facing slopes that were frozen during a periglacial climate. Periglacial slope processes 

deposited the head and the slopes have been inactive since (Straw and Hodgson, 1988). 

6.5.6 LizARD LANDSLIDE ENVIRONMENT 

The Lizard Land System had no recorded inland landslides and this is most likely 

to be related to its flat relief and hard rock geology. There are no steep slopes or terrain 

facets that would be susceptible to landsliding and the geology is unlikely to fail even on 

steep slopes. On the serpentine the only slopes above liCr are at the coast and there are 

many that are below 5'. On the Gabbro and Hornblende schist only the river valleys have 

slopes that exceed 5'. The superficial material overlying the bedrock is not clay rich so is 

unlikely to fail. The soil formations on the Lizard are of three main types: Denbigh 2, Croft 

Pascoe and Trusham. Denbigh 2 has been stable elsewhere in Devon and Cornwall on 

much steeper slopes and occurs on the more dissected ground over gabbro, schist and 

gneiss. On the main flat serpentine ground the Croft Pascoe soils association developed. 

The Trusham soils occur over the basaltic lava and tuffs and again are unlikely to be a soil 

or rock type that is likely to fail at the angles present. 
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6.5.7 CARBONIFEROUS LANDSLIDE ENVIRONMENT 

The Carboniferous land system comprises a belt of land across the middle of 

Devon and a small area of Comwall. There are 205 landslides in this landslide 

environment (which account for 64% of all the inland landslides recorded). The landslides 

are distributed mainly in the eastern half of the land system, with the densest area of 

landsliding around the Exeter area, shown as a shaded square on Figure 6.32. Examples of 

landslides in the Carboniferous land system are shown in Figure 6.33 to 6.36. 
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Figure 6.33: Translational slide with some flow characteristics, Cutteridge Farm, 
Near Exeter, Devon (SX875925). 

Figure 6.34: Shallow translational slide, Black Hat Lane, Near Exeter, Devon 
(SX888913). 
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Figure 6.35: Shallow translational landslide at Halsford, Exeter, Devon on the 
Ashton Shale (SX861936). 

Main scarp 
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Figure 6.36: Flow like slide involving head developed over the Crackington 
Formation, Stoke Canon, Devon (SX952982). 
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The Carboniferous land system is predominantly underlain by two main Upper 

Carboniferous units: the Crackington and Bude Formations. The majority of the )andslides 

in the Carboniferous landslide systems occur on the Crackington Formation (where there 

are 107 landslides). The Crackington Formation is classified in engineering terms as a 

"strong shale interbedded with thin sandstones" (Edwards and Scrivener, 1999). The 

weathering products of the Carboniferous mudrocks have a higher clay content than those 

derived from other lithologies in Devon and Comwall. As clay content increases so does 

the Plasticity index and Liquid limit The clay content of the weathered material over the 

Crackington Formation is up to 50%. However it is of a predominantly non-swelling and 

low activity assemblage (Grainger and Whitte, 1981). Another Upper Carboniferous unit 

which has a high incidence of landsliding is the Ashton Shale member which is an 

"overconsolidated shale" by Edwards and Scrivener (1999). The Ashton Shale Member is 

the basal section of the Crackington Fonnation and has fewer sandstone interbeds. 

Landsliding is concentrated in a series of E-W trending valleys which are characteristic of 

the topography of this area. Considering the size of the Ashton Shale outcrop there is a 

very high incidence of landslides. In an area of approximately 15km there were 68 

landslides, which corresponds to a landslide density of 4.5/km2. The majority of these 

landslides are shallow failures, which are characterised by translational failures in the 

'weathered zone' (which included head deposits. There are also a number of small 

rotational failures, which according to Grainger (1983) occurred due to basal erosion 

through stream undercutting. The Ashton Shale Member is confined to the area around 

Exeter and is not found elsewhere in the Carboniferous land system. 

Beyond the Ashton Shale outcrop NW of Exeter landslides on the Crackington 

Formation are infrequent. As was discussed previously in section 6.3 the majority of 

landslides occurred on two particular soil formations, the Halstow and Tedburn series. 

Soils survey maps are a useful tool when investigating the incidence of landsliding. Soils 

found at a particular site are a product of the specific drainage, vegetation, topographic 
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-n soil formanons conjillolliv and geological conditions. The lialstow and TedhLu 

on the high landslide density Ashton Shale nieniher. The llýjjstoA, jjjj(l soil 

formations of' the Halstow series are foUnd primarily around Fxeter ", here they are 

involved in landsliding and further west, inland from Boscastlc in N. Cornwall. As there 

are no recorded landslides on the Flalstow series further west, a slope jillalysis w,,,, 

undertaken to assess whether slopes in this area are sinular to those around F, xetcr. Fwurc 
I- 

6.37 shows slope angle distribution graphs derived from GIS analysis ()I' Lll,, Itll I- 

topographic data t'()i- the Crackington Formation. The graphs show (lie numhcr of slopes 

that occur at different angles on the Crackington Formation in (11ITCrent loc, 11ions. 

B represents the area around Exeter where there is a conccim-ation of' landslides. The 1\\, () 

other graphs are areas where the gcolovy and soils are the same hut where there arc no 1- 117 

recorded inland landslides. Graphs A and C have a disinhution that Is diffffent from that 

of graph B. The analysis shows that there are more slope,, around tile Exeter area which 

are at a steeper ano---Ie. By calculatingy the mean slope an(21c of d1ife'"c"t areas on Ilic 

Crackington Formation it can he seen that Exeter has the highest nican slope angle (Tahle 

6.8). 

Area 
Exeter 

Me 
- 
an 

-- 
A- ope anele 
7.5 

Tiverton 6.3() 
Holsworthy 4.0() 
Okehampton 5.4(' 
Chumleigh 

-5.0(, Bosciist le 5. 
Table 6.8: Mean slope angles for the Crackington Formation in different areas of 
Devon and Cornwall. 

The residUal angle offriction (phi) for material over the Crackington Formation was 

given as between 7.5 and 13 (Edwards and Scrivener, 1999). The average slope anglc of' 

landslides on which landslides occur on the Crackinglon Formation is 12". This residual 

angle of friction value would mean that more slopes in the Exeter area are in tile railoc I- 

given that would be unstable whilst slopes in other areas are below tile residual anole of 

friction and are therefore more likely to he stable. 
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D Slope angles on the Crackington Formation (SX28, Holsworthy) 
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Figure 6.37: Slope angle distribution graphs for the Crackington Formation. A: 
Tiverton, B: Okehampton, C: Chumleigh, D: Holsworthy, E: Exeter, F: Boscastle. 

240 



The Bude Formation, another interbedded sedimentary rock of Upper 

Carboniferous age, does not have the same density of landsliding as the Crackington 

Formation. The Bude Formation is dominated by sandier lithology and as such weathers 

to a sandier regolith that has a lower clay content than the Carboniferous mudrocks. The 

Bude Formation is predominantly overlain by soils of the Neath and Denbigh I soil 

associations. These brown soils are permeable, well drained and appear instead of the clay 

Halstow series soils present around Exeter (Findlay et al., 1984). The Neath and Denbigh 

associations have less clay as the parent rock, the Bude Formation, is dominated by 

sandstones and has only subordinate shale beds. 

The Carboniferous landslide environment is thus characterised by: 

o Recent, small scale landslides. 

9 Shallow translational landslides. 

e High incidence of landsliding on the Ashton Shale member. 

* Flow type slides associated with springs and high pore water pressures. 

* High incidence of landslides on non-chloritic soils. 

9 Concentration of landslides around Exeter on Crackington Formation slopes that 

are at a higher angle than the rest of the outcrop. 

6.6 Summary 

The total number of inland landslides was increased from 79 in the original 

database to 318. However, there are still no recorded landslides in Cornwall. There are two 

dominant types of landslides present small-scale shallow translational landslides occurring 

in Palaeozoic Formations and large-scale degraded landslides that occur in the older 

Mesozoic formations. 

The occurrence of inland landslides in Devon and Cornwall is related to lithology, 

structural controls, slope angles and the superficial deposits. Most landslides within Devon 

are of a shallow translational nature and occur in the upper weathered zone of material. 
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Slope angle proved to be a limited factor in the failure of slopes across the region, 

especially within the landslide prone Upper Carboniferous Formations. 

In order to assess the presence of landslides across a large area such as Devon and 

Cornwall a systems approach was undertaken. Characteristics of landsliding for each 

system were produced from analysis of the database and knowledge gained from 

fieldwork. Even though not all the landslides may have been recorded this study represents 

am understanding of the likely extent, nature and types of landslides in each system. 

Using the data within the landslide database and with the knowledge of landslides 

in Devon a susceptibility map will be produced in Chapter Eight that allows for the 

prediction of landslide susceptibilities in area where there are no landslides recorded at 

present. 
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7. LANDSLIDE SUSCEPTIBILITY IN DEVON AND CORNWALL 

7.1 INTRODUCTION 

A landslide inventory map is a simple way to display areas at risk of landsliding 

based on the presence of recorded landslides. InventorY maps do not however show areas 

at risk from future and first time failures (Atkinson and Massari, 1998). As first presented 

in Chapter I Section 1.4 the landslide inventory stage is one of the first steps in the 

production of a landslide hazard assessment (Lee and Jones, 2004). This is principally 

because it is assumed that the distribution of landslides will be determined by the location 

of conditioning factors, which can be approximated by studying the location of existing 

landslides (Hearn and Griffiths, 2001). A comprehensive landslide hazard map should 

include information on the timescale of activity, although temporal data is difficult to 

incorporate (Atkinson and Massari, 1998). Short-terrn extrinsic variables or triggering 

events, such as rainfall, are difficult to define and include within a landslide hazard or 

susceptibility map. Landslide hazard maps can also assess the adverse impacts of 

landsliding, however the map produced by this study is better defined as a landslide 

susceptibility map. A landslide susceptibility map takes into account and tries to identify 

where landslides are most likely to occur, usually based on known distribution and 

controlling factors (Griffiths, 2005). 

The use of historical landslide inventory data has been used in Hong Kong as the 

first stage in the production of a regional landslide hazard map. Aerial photograph 

interpretation of the 640km2 study area yielded 26870 landslides, clearly associated with 

geology and slope characteristics (Evans et al., 1997). Through analysis of the inventory 

the general susceptibility of different geological units and slope classes was established, 

which despite the inability to predict size or mobility, still provided a rapid assessment of 

landslide susceptibility (Lee and Jones, 2004). In Great Britain a similar approach was 

used to assess susceptibility of landsliding through combinations of landslide attributes, 

geology, slope and aspect, using a qualitative Matrix Assessment Approach (MAP) 
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(Cross, 1987). The MAP approach assumed, like that of the Hong Kong study, that 

landslide distribution is related to a combination of factors, termed landslide attributes. 

To calculate susceptibility the study area was gridded, with each grid cell having a 

combination of attributes and either landsliding or no landsliding. Susceptibility was 

assessed by calculating the frequency of occurrence of a combination of attributes 

associated with landsliding compared to the combination of attributes across the whole 

area (Lee and Jones, 2004). This was expressed in the following equation: 

No of Cells with combination A and landsliding 

No of cells with combination A 

Equation 7.1 Landslide susceptibility equation for the Matrix Assessment 
Approach 

7.2 METHOD 

In this study conditional probability was used to analyse the probability of landslide 

occurrence. The conditional probability technique is similar to that of the MAP approach 

applied by Cross (1987) in the Peak District, which relies on the assumption that landslide 

distribution can be predicted through combinations of attributes such as geology, slope, 

aspect (Lee and Jones, 2004). Ile conditional probability method used was modified from 

Duman et al., 2005 and was carried out using GIS ananlysis techniques. Conditional 

probability is based on "The probability that event A will occur if event B occurs" 

(Negnevitsky, 2002, p59). In landslide susceptibility this can be thought of as the 

probability that a landslide will occur if a particular geology, slope attribute or soil occurs. 

To calculate conditional probability (denoted mathematically as p (A/B)) the equation 7.2 

was used: 

(A/B) = (the number of times A and B can occur)/ (the number of times B can occur) 

Equation 7.2: The Conditional probability equation (Duman et al., 2005). 
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In Duman et al., (2005) factors included within the susceptibility mapping were 

permeability, altitude and distance from roads. In this study, data was limited to what could 

be compiled digitally, and also what was appropriate for this scale of project. Geology and 

slope angle were selected as the most useful factors that could be analysed using 

conditional probability, as they have been demonstrated elsewhere to be important to 

stability (Dai and Fan Lee, 2002 and Ahmad and Caplin, 1999). Slope angle is regarded as 

critical to shallow translational landslides, such as those occurring in the weathered 

mudstone and shales of the Carboniferous formations (Anderson and Richards, 1991). 

The importance of this method to a representative susceptibility map is shown in 

Lithological formations that had a high number of landslides were the Ashton Shale, 

Upper Greensand and Crackington Formation (Figure 7.1). However, once the conditional 

probability of each formation was calculated this highlighted formations where there may 

have been a low landslide frequency but were there was a high density (small spatial area 

and high landslide frequency). Or in the instance of the Crackington Formation the 

conditional probability was lower than expected due to the large areal extent of the 

formation compare to that such as the Ashton Shale. 
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To produce the landslide susceptibility the conditional probability of slopes on 

lithostratigraphic units was calculated for each slope angle To do this the number of 

landslide pixels that occurred at each slope angle for each unit, along with the number of 

slopes at that angle was tabulated (Table 7.2). A calculation of the number of slope pixels 

at different angles within the study area was undertaken using the Raster calculator 

function within Arc GIS v9. An SQL (Structured Query Language) expression was used 

to query the layers of geology and slope together within the Raster Calculator function of 

Arc GIS v9. The slope map had been produced from a DEM at a resolution of 10m, which 

was then processed to produce a slope category map. 

The conditional probability for each slope angle was then calculated. The 

probability values shows how certain slope angles on the Bude Formation are more 

susceptible to landsliding (Figure 7.1). 

Angle 
No of slope 

pixels 
No of slide 

pixels P(A/B) 
5 2 34127 5.860413-05 
6 1 35331 2.830313-05 
7 1 31189 3.2062E-05 
8 1 27394 3.6504E-05 
9 7 21663 0.000323 

10 19 16846 0.001127 
11 46 12386 0.003713 
12 30 9583 0.003130 
13 32 7522 0.004254 
14 37 5900 0.006271 
15 28 4727 0.005923 
16 31 4018 . 007715 
17 15 3232 0.004641 
18 18 2553 0.007050 
19 10 2048 0.004883 
20 11 1547 0.007110 
21 6 1234 0.004862 
22 9 983 0.009155 
23 5 814 0.006142 
24 3 579 0.005181 
25 4 479 0.008350 
26 1 401 0.002493 
27 14 315 0.012694 

1 
- 

Table 7.1: Conditional probability table with weighted susceptibility values for the 
Bude Formation. 
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Figure 7.2: Graph of weighted susceptibility values for landslides on the Bude 

Formation. 

The slope angles were then classified into four susceptibility categories depending 

on the spread of weighting values (Table 7.2). The four categories were Low, Low 

Medium, Medium High and High susceptibility. Where it was difficult to determine a 

lower medium susceptibility this class was left out, it was also omitted from formations 

where there were limited data, such as the Dartmouth Formation. For formations where 

landsliding had not occurred or where the data was limited, other sources of slope angle 

data were consulted such as geological memoirs and technical reports. For the Lower 

Devonian Formations an angle of >240 was used for the high susceptibility with low 

susceptibility being below 20" and slopes between the two values was given a medium 

susceptibility rating. The angle used to define the upper susceptibility class for the 

Dartmouth Formation was the residual angle of friction for that formation (Leveridge et 

2002). 
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Table 7.1 

Weighting Slope angle Category 
5 
6 
7 L S ibili 
8 ow uscept ty 

9 
10 
11 
12 
13 
17 Medium Low 
19 Susceptibility 
21 
24 
26 
14 M di Hi h 15 e um g 

S tibilit 23 uscep y 

16 
18 
20 Hi hS tibilit 22 g uscep y 

25 
27 

WeiAted susceD tibilitv values for SIODes on the Bude Formý 
corresponding susceptibility classes. 

73 LANDSLIDE SUSCEPTIBILITY IN DEVON AND CORNWALL 

ation with 

For the landslide susceptibility map of Devon and Cornwall a modified conditional 

probability approach was undertaken combining geology and slope. Figure 7.3 shows a 

summary of the inputs into the conditional probability map along with a small area of the 

map output that shows landslide susceptibility in an area North of Exeter. 
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Figure 7.3: Inputs and outputs of the landslide susceptibility map of Devon and 

Cornwall 

Geology Map 

, I; i : -, 

250 

P, 
Extract from the landslide 

v 
susceptibility map 



The susceptibility map was also successful at highlighting areas of coastal failures 

(Figure 7.4) Areas of high susceptibility in an area of coast in East Cornwall have 

highlighted known landslides. Areas of high susceptibility, but where there are no known 

landslides, could therefore be targeted for further investigation. Figure 7.4 also highlights 

areas of incised river valleys that have a higher susceptibility value then the surrounding 

areas. 

Lj Medium High Susceptibility 

-INJ 
Low Susceptibility 

Figure 7.4: Coastal landslide susceptibility map for part of East Cornwall. 

'I, 
XII(N 
XIXA Landslide 

High Susceptibility 

Lj Medium High Susceptibility 

Low Susceptibility 

However, there are problems associated with the coastal map that relate to the 

geological mapping. Digital geology maps only show what is at the top of cliff, not what 

lies beneath the cliff line. If the geology is complicated and there is more than one 

lithology present this will not show up. The susceptibility map can only calculate the 
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susceptibility of the geology that is shown and therefore areas where a weak lithology 

underlies a stronger one may have a lower susceptibility than is realistic. 

7.4 SUSCEPTIBILITY BY LAND SYSTEM 

The completed susceptibility map (Figure 7.5) was used to assess the susceptibility 

of the seven land systems that were used to divide Devon and Cornwall. Within the land 

systems framework the susceptibility map was compared to the land facets to assess 

which were most susceptible to landsliding. 

7.4.1 MEsozoic cuEsTA LAND sysTEm 

The landslide susceptibility map that covers the East Devon land system has gaps 

in the data where the Chalk outcrops (Figure 7.6). These gaps exist because there were 

no recorded inland landslides on the Chalk. Susceptibility is Low on the plateau tops 

and becomes progressively higher as the slope angle increases on the scarp slopes. The 

Mercia Mudstone Formation has a low susceptibility on the low ground between the 

escarpment slopes. As was discussed in Section 6.5.1 the Mercia Mudstone has a 

stability angle of between 18 and 300. Few slopes exceed this angle and this contributes 

to the large areas of low susceptibility. Escarpment slopes underlain by the Mercia 

Mudstone have a higher susceptibility due to the increasing slope angle. The large 

Medium High susceptibility area in the east of Figure 7.6 represents the outcrop of the 

Lower Lias Blue Anchor and Blue Lias Formations. These were classified as Medium 

High, because although the Blue Anchor has a small outcrop area it has a high landslide 

density. The Blue Lias also has a high density of landslides and is consequently 

classified as a Medium High susceptibility formation. The Blue Lias is susceptible to 

failure on low angled slopes and has a higher clay content than the Blue Anchor 

Formation. 
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Figure 7.6: Landslide susceptibility map for part of East Devon (Red=High 

Susceptibility, Orange=Medium High Susceptibility, Yellow= Medium Low 

Susceptibility). 
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7.4.2 Ul IGH-LEVEI, MOORLAND DEVELOPED ON PALAFOZOICSANDSTONF 

High susceptibility within the hard Palaeozoic sandstone environment is confined 

to incised river valleys within the moorland and moorland fringe areas. The large area 

covered by the estuary at Bamstaple had a Low susceptibility because of the flat 

topography. The presence of head deposits in valleys leads to a higher susceptibility rating. 

Slope failure involving superficial deposits has occurred in the past under exceptional 

climatic conditions so head was given a Medium High susceptibility because 01' its 

vulnerability to shallow movement on steeper slopes. Steep valleys are common in this 

land system but the bedrock lithologies are resistant and failures are spatially and 

temporally limited (Figure 7.7). L- 

7.4.3 HIGH-LEVEL MOORLAND DEVELOPED ON GRANITE 

The lithologies that make up the Granite moorland across Devon and Cornwall 

were given a Low susceptibility because of the resistant nature of the material. The g-ranite 

moorlands have been periglacially weathered and slope deposits stripped creating 

moorland slopes that have been clesensitised to slope movement (Gerrard, 1993). Some 

areas of Medium High susceptibility were shown in the moorland fringe where less 

resistant lithologies had been incised by rivers leading to oversteepening and possibly 

removal of support from the base of the slope. 
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7.4.4 DEVONIAN PLATEAu LAND SYSTEM 

The Devonian plateau has some isolated higher areas 01' SLISCeptibility reflecting 

the Middle Devonian formations, especially concentrated in river valleys. These 

formations weather to a more plastic soil and are therefore more susceptihlc to shallow 

failures on steep slopes. Steeper slopes are present in the Torbay area and these rcpresent 

areas of higher susceptibility in parts of South Devon. Ria systems in Devon and Cornwall 

show a higher susceptibility due to the steep slopes caused by river incision accompanying 

Pleistocene sea level changes. In Cornwall there is also a band of higher susceptibility 

linked to the presence of Middle Devonian slates. The Torpoint and Saltash Formations 

have angles of internal friction of 32" and the Dartmouth Formation has an effective 

friction angle of 24" (Leveridge et al., 2002), which combined with the flat plateau 

environment of South Devon and Cornwall has produced large areas of Low susceptibility 

(Figure 7.8). 

4j 

Figure 7.8: Flat plateau environment of Cornwall, within the Devonian plateau 
land system (SW976754). 

7.4.5 PERMIAN LoWLAND LAND SYSTEM 

The Permian Land System has the lowest occurrence of areas that are susceptible to 

landslicling. Markedly flat relief (<5") over the Otter Sandstone and Littleharn Mudstone, 

which can form stable slopes up to 45 and 220 respectively. produces large areas of low 
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susceptibility. No steep river valleys occur in this land system and steep slopes in the east 

of the system all occur in resistant lithologies that are stable even at steep angles. 

7.4.6 THE LizARD LAND SYSTEM 

The Lizard land systern has extensive areas of Low susceptibility, due to its hard 

rock lithology and the terrain. The Lizard forms a plateau dissected by valleys in the north 

of the system that cut through the softer Portscatho Formation. These incised river valleys 

give area of Medium High to High susceptibility but are limited in extent. The incised river 

valleys are within the Coastal Plateau facet, whilst the serpentine land facet has no areas 

that are considered to be susceptible to landsliding. 

7.4.7 CARBoNiFERous LAND SYSTEM 

Of the three main units within the Carboniferous land system, the Crackington 

Formation and Ashton Shale Member were the most susceptible to landsliding. Areas 

underlain by these two formations had the highest density of Medium High and High 

susceptibility. The Bude Formation is less susceptible to landsliding at lower slope angles 

and has fewer slopes with a Medium High or High susceptibility. Figure 8.10 covers an 

area of three main Upper Carboniferous lithostratigraphic formations. The susceptibility 

map highlights the difference in topography in areas A and B and how this has affected 

susceptibility. Outside the zone of more steeply incised slopes around Exeter the slope 

angles fall below the threshold angles, which were determined from the landslide database 

analysis, and susceptibility is reduced. The area of higher susceptibility corresponds to an 

area of known high-density landsliding. Incised river valleys in the north of the system 

are highlighted as Medium High to High susceptibility, although this depends on whether 

the river valley is developed in the Bude or Crackington Formation. Steep coastal valleys 

were picked out along the coast near Hartland Point and south of Bude, bother areas of 

coastal instability. 
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7.5 SUMMARY 

Using an integrated approach of information obtained from analysing the database 

and engineering geology literature a landslide susceptibility map was produced using 

conditional probability. This statistical method allowed threshold values to be ascertained 

and for the significance of factors leading to landsliding, such as geology and slope angle, 

to be assessed. This approach took into account the fact that landslides in this area appear 

to be limited by slope angle. Slopes over a threshold have been stripped of material whilst 

slopes under a threshold angle will not be steep enough to induce failure. 

The Carboniferous land system and the Mesozoic land system show the highest 

susceptibility to landsliding. 'I'his was a product of weak lithologies in the east as well as 

degraded landslide deposits along the Greensand escarpment. In the Carboniferous land 

system areas of High Susceptibility relate to steeper slope angles, a condition not matched 

across the whole of the system. Incised river valleys in both the Carboniferous and 

Devonian land system showed Medium to Medium High Susceptibility. Low susceptibility 

in the Permian land system reflects the low topography and strong lithologies that are 

present. For the Granite land systems the only areas highlighted as susceptible were in the 

margins, where rivers have steeply incised the softer lithologies. 

Further work involving checking the distribution of highly susceptible slopes will 

allow the model to be refined and the susceptibility map to be updated. If more landslide 

data is collected for this region further analysis of slope and lithology data will allow the 

landslides thresholds to be refined. 
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8. CONCLUSIONS 

8.1 INTRODUCTION 

The primary aim of this thesis was to investigate the extent of landsliding in Devon 

and Cornwall and to establish the causes and nature of these events. Of specific interest 

was the comparison of the landslide distribution following primary data collection 

compared to an initial desk study first undertaken to populate the original National 

Landslide Database. One objective was to assess the accuracy of the initial Department of 

the Enviromnent desk study and whether it reflected true landslide distribution or was 

purely an archive of where previous work had been carried out. The accuracy of the initial 

database and the subsequent success of different methods of data collection would be 

useful in the continued updating of the database in other areas of Great Britain by the 

British Geological Survey, who currently hold the database. 

8.2 MEETING THE INITIAL OBJECTIVES 

In the introduction, Section 1.4, the aims of this thesis were set out. Each of these 

aims will now be discussed and assessed as to whether they have been met. 

8.2.1 WHAT IS THE DISTRIBUTION OF PRE-EXISTING FAILURE? 

The production of a landslide inventory, using primary and secondary data 

collection techniques, enabled the distribution of pre-existing failures to be established. 

The distribution of the pre-existing failures was studied in order to establish if there were 

any patterns evident. 

The distribution of pre-existing failures in Devon and Cornwall was biased toward 

Devon with no actual landslides recorded inland in Cornwall. Initial analysis of the 

database involved inland and coastal landslides together, it was later decided that analysis 

of the two databases separately was more appropriate. The decision to analyse the 

databases separately was based on the fact that the nature of landsliding, the materials 
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involved and the mechanisms were different at the coast compared to inland. Material that 

failed at the coast did not necessarily fail readily inland. High landslide density figures 

generated for lithologies with only high coastal landslide numbers were misleading in the 

inland landslide analysis. 

The coastal landslide database began with 378 landslides, 24 of which were 

removed after fieldwork and quality checking. The total of coastal landslides after 

fieldwork and primary data collection was 518. The distribution of coastal landsliding 

showed that areas of both hard and soft rock were affected by landsliding but that the 

mechanisms and extent of landsliding differed. The distribution, mechanisms and material 

involved in coastal landsliding was surnmarised by means of a coastal landslide 

environment diagram (Figure 8.1). 

Inland landsliding was considerably less well represented in the original database 

with only 79 recorded inland landslides all in Devon. After quality checking ten of these 

landslides were removed. Once fieldwork and primary data collection had occurred this 

figure increased to 318. The large spatial extent of the study area necessitated a land 

system approach. This method divided Devon and Cornwall into units that could be studied 

and characterised. The land systems were devised using geology, topography and 

landscape characteristics. Once the characteristics of landsliding were known for a sample 

area within a land system this provided an indication of the situation across the whole of 

the system. The land systems approach was effective in assessing the landslide 

characteristics of a large area. Based on this analysis inland landsliding was found to be 

concentrated within two of the land systems defined within this study, namely the 

Carboniferous and Mesozoic systems. The other systems showed limited landsliding 

related to factors such as lithology and topography. 
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8.2.2 WHAT IS THE SUSCEPTIBILITY OF SLOPES TO LANDSLIDING? 

The potential for first time failures in Devon and Cornwall is not as high as in areas 

outside the study area that have extensive clay lithologies (Lias escarpment) or in areas 

where there is a covering of glacial till (SW Wales? ) or clay head (SE England). The 

potential for first time failures was dealt with through the production of a landslide 

susceptibility map. The susceptibility map was produced using information gathered during 

the production of the landslide inventory. The susceptibility map was produced within 

ArcGIS v. 9 using the raster calculator function and involved data which had been 

manipulated using conditional probability in an approach set out by Dumas et al., (2005). 

The susceptibility map was used to highlight areas that are susceptible to failure in the 

future; this information would be of immediate use to planners and engineers. The 

susceptibility map highlighted areas of higher susceptibility within steep, incised river 

valleys within all of the land systems. It was also shown through conditional probability 

that slope angles had a limiting upper value whereby landsliding was less likely to occur 

I beyond this point. The map also highlighted the high susceptibility of the Mesozoic land 

system to failures along the Greensand escarpment and within the clay rich Jurassic strata. 

8.2.3 ARE THERE ANY TYPICAL LANDSLIDE PRONE STRATA? 

Through the analysis of the landslide inventory it was possible to highlight a 

number of strata that were prone to landslides. This was further developed through the 

analysis of landslide density. The density figures highlighted areas of landslide prone 

strata. The density of inland landsliding within bedrock fonnations is present in Table 8.1, 

whilst the number of landslides on formations involved in coastal landsliding is shown in 

Table 8.2. Several bedrock fonnations were highlighted as having high density of 

landslides including the Ashton shale, Blue Lias, Alphington Breccia and Oddicombe 

Breccia and are therefore landslide prone strata. Other landslide prone strata, which were 

identified, included the Crackington Formation and the Blue Anchor Forniation. 
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8.2.4 WI IFRE ARE LANDSLIDES LIKELY TO OCCUR? 

The likelihood of landslide occurrence was analysed through the use ofland system 

mapping. During this process the terrain of an area was assessed lor its susceptibility to 

landsliding. For inland landslides the likely occurrence of landsliding was structured 

arOLInd the land systems. For the coast a number of coastal landslide environments wcrc 

produced which characterised the landslides of a particular stretch ofcoast. 

Bedrock Formation 
Number of 
landslides 

Size of outcrop 1 

_(Krn7)___ 

Landslide 
2 Dcnsity (Kmj_ 

No Bedrock involved 13 - 
Alphington Breccia 10 26.2675 0.38 
Ashton Shale 69 21.5225 3.3 
Blue Anchor Fni 4 14.67 0.27 
Blue Lias 8 3.115 2.6 
Bude Fm 20 1214.963 0.016 
Cadbury Breccia 5 30.37 0.164 
Chalk 1 47.4075 0.02 
Coombe Martin Slate 6 24.65 0.24 
Crackington Fon-nation 107 1681.21 0.06 
Dartmouth Grp 2 148.785 0.013 
Dawlish sandstone 1 73.7625 (). () I 
Exe Breccia 1 3.93 0.25 

_ Exeter Group 2 141.4675 0.014 
Greystone Forniation 1 39.515 0.025 
Hangnian Sandstone 3 219.9775 0.014 
Kate Brook Slate 1 163.865 0.006 
Kentisbury Slate 2 53.3325 0.037 
Lynton Fm 1 16.4775 0.06 
Mercia Mudstone 8 408.005 0.02 

_ Middle Devonian limestone 1 34.94 0.03 
Middle Devonian slates 1 188.1775 0.005 

_ Morte Slate Fni 1 268.0325 0.004 
Oddicombe Breccia 11 14.0425 0.78 
Otter Sandstone 1 117.235 0.008 
Thorverton Sandstone 1 10.655 0.09 
Upper Greensand 35 376.17 0.09 
Grand Total 318 

Table 8.1: Density of inland landsliding on bedrock formations (higher than 
average densities within these formations are shown in bold). 

8.2.5 WHATARE THE LIKELY CONSEQUENCES OF LANDSLI DING? 

In Devon and Cornwall there have been no major problems assoclatcd Nvith 

landsliding that have affected either infrastructure or resulted in loss of lil'c. Coastal 

landsliding has resulted in the loss of houses and tile building of cxPensive hard 
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engineering solutions in areas such as Sidmouth (E Devon) and Downderry (SE Cornwall). 

In the future the potential for greater landsliding at the coast is possible with rising sea 

levels and increased storminess. In places that are vulnerable to coastal landsliding an 

increase in activity could cause disruption to communities and property. 

Inland landsliding has had some limited affect on small scale infrastructure such as 

roads and some building developments. The consequences of landsliding within the two 

land systems most affected by landsliding are isolated events. Within the Carboniferous 

land system the likely consequences are small scale disruption to developments which are 

disturbed by landslide events. In the past disruptions have occurred through landsliding 

which have affected housing developments and infrastructure. Where recent landslides 

have occurred they have been mostly shallow translational landslides effecting the 

weathered zone. These landslides are generally of a small surface area and are not 

extensive enough to affect infrastructure over a large area. 

8.3 METHODS 

The importance and usefulness of certain methods of data collection is relevant to 

future landslide studies which may occur on a regional scale. Methods of data collection 

during this study were aerial photograph interpretation, field reconnaissance mapping and 

airborne thematic mapper image analysis. Fieldwork was a critical data collection tool both 

in inland and coastal settings for verification purposes and additional data collection. 

During coastal landslide investigations certain sections of coastline were hidden by 

shadows during the API. The ease and accessibility of sections of coastline through the 

South West coast path made this problem relatively easy to overcome. 

The scale and size of landsliding affected how data were collected. Translational 

planar landslides were generally toward the minihium areal size that can be detected using 

API, which is c. 6.5m 2 for a 1: 15,000 aerial photograph (Soeters and Van Weston, 1996). 

Aerial photograph interpretation was less effective where the landslides had been obscured 
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by vegetation or'as a result of degradation through time, which can occur quickly for 

shallow landslides. The personal experience of the author was that fieldwork was less 

effective on the large-scale, degraded landslides, such as those in East Devon, which were 

generally hundreds of meters wide. It was much more difficult to assess the overall size 

and extent of these degraded landslides due to issues with accessibility to private land, 

vegetation cover and degradation. During the process of aerial photograph interpretation 

the primary focus was on areas were there was limited recorded landslide activity. As such, 

aerial photograph interpretation was focussed on areas away from the East of Devon where 

the large-scale degraded landslides had occurred. 

ATM was the most effective tool in detecting landslides in Devon on the 

Jurassic/Cretaceous rocks. The combination of bands 5,6 and 7 (near and infrared) was 

clearly the most successful in detecting landslides. This band combination was most 

effective in the detection of landslides because of its ability to show up disruption to 

drainage and vegetation. Subsequent study of the area using both ATM images and aerial 

photographs showed a bias toward the number of landslides detected using ATM images. It 

was found to be easier and quicker to detect the landslides using ATM images than the 

aerial photographs. 

8.4 COASTAL LANDSLIDING 

Coastal landslides dominated the previous database with areas of famous and well- 

researched examples in East Devon including the undercliff between Axmouth and Lyme 

Regis (Arber 1973, Pitts, 1983). The main characteristic of coastal landslides in Devon and 

Cornwall are described below: 

8.4.1 SIZE 

Coastal landslides were predominantly single events that covered an area less than 

25,000m 2, although areas of large landsliding (>0.5km 2) were present. Most small 

individual landslides involved areas less than 1000m 2 of material. The largest landslides (> 

265 



0.5kM2) occurred within a range of lithologies but predominately within the younger age 

formations (Pennian-Cretaceous). 

8.4.2 AsPECT 

Aspect appeared to assert a control as most coastal landslides occurred on E, SE 

and S facing slopes. The coastlines facing S, SE and W are subjected to the greatest fetch, 

which is possibly a factor in explaining the higher incidence of landsliding. 

8.4.3 AcTiviTy 

Many coastal landslides showed evidence of recent activity or recent occurrence. 

However, with some coastal landslides it was difficult to establish if movement was a first 

time failure or continuation of an older movement. 

8.4.4 MECHANISM 

There are two types of dominant coastal landslide mechanism: 

9 Falls were the most common landslide mechanism and are characterised by: 

Inactive, single smaller scale (<1000m 2) events involving slate, limestone and 

conglomerate. 

* Translational planar landslides were widespread and characterised by: Active single 

movements that were small to medium scale (<25,000m, 2), lithologies commonly 

involved were slate, breccia, shale and sandstone/gritstone. 

8.4.5 MATERIAL 

The coast of Devon and Cornwall is dominated by rock with limited cliffs of 

superficial deposits such as head. Therefore there was a high incidence of failures 

involving rock. Limestone has a high frequency of landsliding but is not a widespread 

lithology in Devon and Cornwall, outcropping in South Devon between Torbay and 
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Plymouth. Landslides involving limestone in the Torbay area are frequent. However, 

landslides around Plymouth are isolated as much of the coastal frontage is defended. 

Conglomerates and breccias such as the Oddicombe Breccia and Watcombe 

Breccia have a high frequency of coastal landsliding. Conglomerates are mostly confined 

to the coast of Devon between Budleigh Salterton and Torbay. Many of the breccia cliffs 

are defended around Teignmouth and Dawlish due to the presence of the main railway line. 

There are failures on this section of coastline but due to their development on a slope 

affected by human activity these were not included. 

Slate, shale and gritstone were most susceptible to failure though translational 

movement which is linked to the presence of bedding structures which can act as failure 

surfaces. Limestones and conglomerates and breccias fail most readily through falls. The 

limestones around Torbay display a blocky structure resulting from conjugate joint sets that 

contributes to the likelihood of failure. The less consolidated formations are more likely to 

involve some flow during failure. 

The calculation of the number of landslides per km of coastline for each formation 

provided a less biased way of looking at which formations were susceptible to landsliding 

(Table 9.2). The Oddicombe Breccia has the highest number of landslides per km length of 

coastline with high numbers for the Staddon Grit, Middle Devonian Limestone and 

Budleigh Salterton Pebble Beds. The Upper Carboniferous Bude and Crackington 

Formation are involved in frequent landslides and the cliffs in these materials were often 

disrupted for much of its length by instability. The Crackington Formation stretches for 

over 38 km of coastline along which are 28 landslides, some of which were over 500m in 

width. The Bude Fonnation covers a stretch of coast 33 km long and is subject to 25 

landslides. 
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Formation 
Length of 
coastline 

(km) 

Number of 
landslides 

Landslides per kin 
length of coast 

Dartmouth Fort-nation 29.7 18 0.61 
Meadfoot Formation 74.4 41 0.55 

_ Staddon Grit 7.2 12 1.67 

_Middle 
Devonian Limestone 29.1 90 3.10 

Middle Devonian slates & shales 25.3 41 0.53 
_ Mylor Slate Forniation 38.7 3 0.08 
_ Porthtowan Fori-nation 28.4 9 0.32 
Portscatho Formation 62.6 11 0.17 

_ 
_Crackington 

Fon-nation 38.6 28 0.72 
Pilton Shale 5.8 2 0.29 

_ Morte Slate 10.8 3 0.28 
_ Hangman Sandstone 20.8 6 0.29 
_ Bude Fon-nation 33.2 25 0.75 
_ Bideford Formation 2.4 2 0.83 
Oddicombe Breccia 5.2 80 15.4 

_ Otter Sandstone 8.7 3 0.344 
_ Littlehani MLidstone 2.3 1 0.43 
_ BLidleigh Salterton Pebble Beds 1.1 2 1.82 
Upper Greensand 15.0 15 0.94 

_ Chalk 15.1 3 0.20 
Table 8.2: Numbers of landslides at the coast separated by formation. 

The analysis of the spatial distribution of landsliding and the cliaractcristics oftlicsc 

failures resulted in the production of a coastal landslide environment classification. This 

was aimed at separating the coast of Devon and Cornwall into coastal cm-ironincills that 

for any section of cliff the likely inechanisms of failure could be predicted along xvith what 

the causes were likely to be. The coastal landslide environments are sumniansed in Figure 

8.1. 
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8.5 INLAND LANDSLIDING 

During the initial stages of the research Devon and Cornwall was divided into 

seven land system units. These land systems formed the basis for the discussion of inland 

landsliding in Devon and Cornwall. Of the seven land systems the Carboniferous and 

Mesozoic land systems of Devon had the highest incidence of inland landsliding. Inland 

landslides in Devon took one of two forms; large, degraded failures involving Mesozoic 

rocks or small, shallow and more active/recent landslides in Carboniferous rocks. Soils 

were also useful for areas of larger scale instability such as along the Upper Greensand 

plateau. Notably the Hense soil series highlighted areas of slumped Grcensand and other 

unstable areas. 

8.5.1 CARBONIFERous LAND SYSTEM 

Discrete, single event shallow translational landslides were common in the 

Carboniferous land system and characterised many of the failures that took place. There 

were 205 landslides in the Carboniferous land system, all involving soil and weathered 

bedrock material. The nature of shallow landsliding in Devon meant that the composition 

and distribution of soil series was a good indicator of stability. It was previously known 

from Grainger and Harris (1986) that there was an association of soil series and 

landsliding, which had been proved for a small area. The Carboniferous shales, which form 

some of the landslide prone soils, are more likely to be constantly saturated which 

facilitates the weathering and production of clay minerals (Clayden, 1964). Soils with a 

clay mineral assemblage of illite and chlorite were less likely to fail than soils with an illite 

or illite and kaolinite assemblage (Grainger and Harris, 1986). The soils that were 

identified as being likely to be unstable by Grainger (1984) were the Halstow and Tedburn 

soil series, which were located mainly in an area around Exeter. The more stable soil, 

identified as the Dunsford series, was widespread across much of Devon and Cornwall. 

This pattern of soil as an indicator of slope instability was used in other areas of Devon and 
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Comwall and the association appeared to be more widespread. Slope angle acted as a 

limiting factor for landslides, with low slope angles responsible for low landslide 

occurrence across parts of the Carboniferous land system. When weathered material over 

Carboniferous fonnations was involved in landsliding a lower and upper range of slope 

angles was observed. Below the lower limiting angle slopes are stable and above the upper 

limit material is less likely to be of a thickness that would fail. The limited instability of 

slopes across the Carboniferous land system was related to topography with few areas 

having slopes that fall within the limiting slope angles. An average slope angle in Exeter is 

7.5' whilst in other areas of the Crackington Formation this angle is reduced to between 40 

and 5'. The slopes around Exeter are the only slopes that fall within the residual angle of 

friction range for material developed over the Crackington Formation (Edwards and 

Scrivener, 1999). The Bude Fonnation with its less readily weathered sandstone fonns 

soils that are lower in clay and slopes that are stable at steeper angles. 

8.5.2 MESOZOIC CUESTA SYSTEM 

The Mesozoic land system had a total of 67 landslides. Deep-seated rotational 

failures involving the Upper Greensand were commonplace as were shallow translational 

movements involving the more clay rich strata on lower slope angles. Large scale ancient 

landsliding has occurred involving the Upper Greensand and commonly the Mercia 

Mudstone or Blue Anchor Fonnation. The propagation of deep seated landslides is likely 

to be related to incision by the River Otter (Griffiths, 2000). A similar cause of landsliding 

on the West Dorset Escarpment was theorised involving incision by the River Char by 

Brunsdcn and Jones (1972). The age of this activity is Late Glacial to early Post Glacial, 

post-dating periglacial activity (Griffiths, 2000). 

The Mercia Mudstone on its own is responsible for only limited instability because 

of its formation of slopes that are below the residual angle of friction of 18*. Landslides on 

the Mercia mudstone that have occurred below this angle are indicative of past climatic 
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conditions where failure under intense rainfall and weathering was possible on a lower 

slope angle. The clay rich Blue Lias and Blue Anchor Fonnations were involved in 

shallow movements that in places were characterised by lobate features similar to Lias 

head deposits, remnants of fossil periglacial landslides. 

8.5.3 UPLAND GRANITE MOORLAND SYSTEM 

The combination of hard rock lithologies and a planation type topography has led 

to limited instability within the Upland Granite moorland land system. These set of 

conditions are also indicative of the Lizard land system, which has no recorded landslides. 

8.5.4 DEVONIAN PLATEAU LAND SYSTEM 

In Cornwall there were no recorded inland landslides. Within the land system 

mapping stage of this study Cornwall was included within the Palaeozoic hard rock 

environment of South Devon. The Palaeozoic land system of South Devon had a low 

frequency of landslides recorded during this research. If South Devon and Cornwall are 

regarded within the land systems framework then the lack of landslides in Cornwall is not 

surprising given the low frequency in the rest of the Palaeozoic land system. Within the 

Palaeozoic land system the low incidence of landsliding was also linked to soil, among 

other factors. The soils developed over the Palaeozoic hard rocks of the Devonian land 

system were less likely to fail due to the lower amount of clay present. The presence of less 

clay is contributed to the more pervious nature of the slates compared to that of the 

Carboniferous shale soils. Metamorphism of the Devonian slates results in the soils 

containing less inherited clay and new minerals produced by metamorphism are little 

altered under the present state of weathering (Claydon, 1964). It was shown by Cattell 

(1998) that the soils of the Lower and Upper Devonian slates are of lower plasticity whilst 

sections of the Middle Devonian slates produce soils of higher plasticity. The low plasticity 

of the Upper and Lower slates produces soils that are less likely to fail than those of high 
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plasticity. It was also noted during primary data collection by the author that the slopes on 

the Devonian land system were often covered in only a thin layer of weathered material 

with bedrock relatively close to the surface. Landsliding would therefore be limited due to 

the lack of a weathering zone that could move, suggesting a weathering limited landslide 

enviromnent. Failures that did occur on the Devonian Shales around Torquay were relict in 

nature and related to the softening of bedrock by periglacial conditions leading to 

translational movement once thawing commenced. These types of failure are unlikely to 

occur in the gritstones, sandstones and limestones of South Devon as the initial mode of 

failure was by gelifluction, and this mode of failure does not result in relict shear surfaces 

that can be reactivated. Landslide susceptibility in the Devonian plateau land system was 

mostly in the Low category with some slopes within Ria systems and river valleys in the 

Medium High to High category. 

8.5.5 PERMIAN LAND SYSTEM 

Landsliding was limited in the Permian lowland system with only two recorded 

natural landslides occurring. The lithologies present within this system are stable at 

relatively high slope angles and these angles were not achieved in this area of Devon. 

During the production of the landslides susceptibility map only a limited number of slopes 

were assessed to be susceptible to landsliding. 

8.6 SYNOPSIS 

Landsliding in Devon and Cornwall was not as extensive as was initially 

hypothesised by Griffiths (pers. com. ). It had been believed that the presence of clusters of 

landslides in Exeter and Torbay would be indicative of the overall pattern of landsliding 

across Devon and Cornwall. However, it became clear that these landslides were the 

product of a precise set of circumstances not widely replicated across the two counties. 

Around Exeter the presence of a high plasticity soil and a shale member within the 
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Crackington Formation led to an isolated increase in landslides. An analysis of slope 

angles across the Carboniferous land system highlighted that the steeper slopes of the 

Exeter area were also not characteristic of the land system as a whole. Slope analysis 

showed that the optimum conditions for landsliding around the Exeter area were not 

present across the rest of the Carboniferous land system. More research into the reasons for 

the higher slope angles and greater incision in the area is needed. However, inferences may 

be made about the greater concentration of susceptible slope angles in the area, which have 

led to landsliding. During the Devensian a sea-level 120m below that of the present may 

have led to a wave of incision in the area propagating from the Exe estuary. This wave of 

incision could have led to an incision of the slopes, which has yet failed to reach a slope 

angle that would be stable over a long period. 

The regional study of landslides has allowed for the comparison of a range of 

factors which contribute to the susceptibility of an area to landsliding. The relationship 

between slope development and geomorphological evolution is important to aspects of 

landslide susceptibility in Devon and Cornwall. During an investigation into landscape 

sensitivity Gerrard (1993) discusses the implications of periglacial weathering on slope on 

Dartmoor. Periglacial processes of solifluction and slope movement occurred during 

periods of high pore pressure which has led to slopes that have been little changed on 

Dartmoor by processes during the Holocene (Gerrard, 1993). The formation of fossil 

slopes occurs, according to Gerrard (1993), when an environment moves from a high 

energy state to a low energy state implying that periglacial processes have desensitised the 

slopes on Dartmoor. Periglacial processes were active across Devon and Cornwall and this 

process of desensitisation may have occurred throughout the counties leading to more 

stable slopes under present conditions. Bildel (Gerrard, 1991) associates the present 

morphology of mid latitude slopes with gradients less than 27-30' to periglacial conditions 

during the Devensian occurring outside the glacial maximum, these hillslopes have 

changed little since that time. However, Gerrard (1991) argues that slopes on Dartmoor 
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have been subject to phases of instability but that the present phase, stretching back c. 1000 

yrs, is a relatively stable one. 

The importance of the geomorphological. evolution of an area cannot, therefore, be 

ignored when a study of this nature is undertaken. Periglacial processes are likely to have 

stripped the products of Tertiary weathering from slopes during the Devensian leading to a 

current state of weathering limited slopes. Landslide susceptibility therefore needs to take 

this into account. Slopes over a certain angle will have had most of their weathering 

products removed and are less likely to have a deep superficial cover of material that can 

be removed by subsequent failures. Slopes below a certain threshold will be less 

susceptible to landsliding as they are below the angle of internal friction. Slopes within a 

certain range, above the angle of internal friction and below a critical threshold value, are 

the slopes most susceptible to failure. An analysis of the slope angles in Exeter showed 

that landsliding was most common on slopes between 4 and 130 on the Ashton shale, these 

angles were generally lower than those on the Crackington Fonnation. The use of 

conditional probability was able to determine which slope angles were more susceptible to 

landsliding and it was this analysis that gave ranges of slope angles for each of the 

formations that was built into a susceptibility map. 

The key findings of this study include: 

* Total numbers of landslides in the database have increased from 458 to 836 

9 Inland landsliding increased from 79 to 318 failures and coastal landsliding 

increased from 379 to 518 failures. 

9 Devon and the most landslides (74%) and a total of 0.46 landslides per Ian of 

coastline. Cornwall had 0.18 landslides per km of coastline. 

9 The most common types of coastal landsliding were rock falls, rock slides and 

debris slides. 

* Limestone, conglomerates, shale, sandstone and slate were most commonly 

involved in coastal landsliding. 
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9 Limestone was more susceptible to falls whilst shales, sandstones and slates 

were more prone to translational failures. 

9 Nine coastal landslide environments were defined on the basis of the database 

analysis. The landslide environments characterise sections of coast providing an 

insight into the types of failures that could occur. 

9 Most inland landslides in Devon are recent shallow translational failures 

occurring in the weathered zone and involving superficial material. 

9 More large-scale degraded rotational landslides dominate the Mesozoic 

fonnations, which include the Upper Greensand. 

Shallow translational failures, which show lobate flow features, are common on 

the clay rich Mesozoic formations such as the Blue Lias. 

Slope angle is a limiting factor on landslides in the Carboniferous. The slope 

angles are different on the three main Carboniferous formations but the limiting 

slope angle is lowest on the clay rich Ashton Shale Member. 

* The land systems most susceptible to landsliding are the Carboniferous and 

Mesozoic land systems. 

9 The remaining land systems showed very low landslide densities related to the 

hard rock environment and the geornorphological conditions. 

9 Whilst not every landslide in Devon and Cornwall has been found the land 

systems approach and landslide susceptibility map provide a way of assessing 

areas where landsliding may be a problem. 
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FUTURE WORK 

A valid question that would need to be answered during any future work would be 

whether the susceptibility map forms a viable regional hazard assessment of landsliding? 

To answer this question areas of high landslide susceptibility but no recorded landslides 

should be targeted in order to assess whether landslides were in fact present, this would 

show the reliability of the map as a predictive tool. If no landslides were present in these 

areas then data collection on hydrogeological, structural and lithological characteristics 

may show why this is the case. Areas of low susceptibility would also be visited in order to 

assess whether landslides were indeed absent. This would not only act as a verification 

process but may also collect data to strengthen the understanding of the conditioning 

factors of landsliding.. The landslide susceptibility map could be correlated with areas of 

transport networks and high population to provide a generalised risk assessment. 

The nature of the landslide susceptibility map produced means that any future work 

to further classify and detail slope stability could be included into the map. For instance the 

availability of more geotechnical or engineering data on slope angles and internal friction 

angles could be incorporated. It would be useful to try to further the work on the Devonian 

units to understand landslide conditioning factors for the stronger lithologies. This could be 

done by assessment of the hydrogeological and geotechnical parameters of these materials 

as well as more detailed analysis of the structure of these rocks. Some further assessment 

of how structural controls impact on inland and coastal landsliding would be beneficial in 

further defining the coastal and inland landslide environments. 

It would also be beneficial to the study to conduct a detailed investigation of an 

inland and a coastal site from each of the land systems that were especially susceptible to 

landsliding. For the coastal site it would be interesting to assess the intrinsic and extrinsic 

parameters that trigger failure with the possibility of carrying out some slope stability 

experiments. The probably preparatory factors for coastal landslides are generally 

understood in certain areas but this could benefit from work on the actual triggering 



factors. For an inland failure it would be interesting to try to determine the depth to the 

shear surface in some of the shallow failures. This was tried at a test site but the 

information gathered was of insufficient detail to determine the morphology and location 

of the slip surface. It would have also been interesting to try to date some of the larger 

failures, although this would have been difficult to attempt with the limited time and 

budget. The dating of landslides would have helped to tie in temporal aspects of the 

database as well as the spatial aspects. 
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LIMITATIONS 

Data CoRection: A possibility limitation of the data collection phase was the 

disparity in detail between aerial photographs and the ATM data. Where satellite images 

were available for East Devon landslide were more readily detected due to the use of image 

processing to highlight changes in vegetation and drainage. These were more clearly seen 

than in aerial photographs. This disparity may have produced a bias towards this area with 

more landslide being recorded in a smaller area, this may also have been due to the 

presence of landslide prone bedrock units in this area. 

DTM resolution: Some limitations of the study are associated with the resolution 

of the DTM used, which was 10mxl0m. This was however the best resolution that was 

available and also which was able to be processed. However, for a regional study such as 

this is was considered that this resolution was sufficient in detail. It does however present 

problems in, that the resolution could put more emphasis son smaller landslides. During the 

processing of the digital landslides if a landslide pixel was smaller than the slope pixel this 

would receive the same weighting as a landslide that was the same size as the slope pixel. 

In this way some smaller landslides may have received extra emphasis than their size 

would suggest was necessary. 

Data quality: Another limitation of the study is that the susceptibility map is only 

as good as the data that was used e. g slope, geology and landslide records. The 

susceptibility map is better in areas that are more extensively covered by data and where 

there is a greater span of landslides. However, if an area has few landslides then the 

susceptibility value for that formation may not be totally representative for the whole 

fonnation. It also does not take into account lithological variations across the outcrop 

which may act as a controlling factor. 

Digital data accuracy: Associated with the quality of the data are the related 

problems of digitising and mapping accuracies of the data provided in the geological maps. 
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For landslides this may mean that due to mapping or digitising inaccuracies the landslide 

may not be in exactly the right location, this has a knock effect on the processing of 

landslide data against slope data. 
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APPENDIX ONE 



Appendix 1. 

LANDSLIDE DATABASE DICTIONARY DEFINITIONS 

Source and slide material 

Code Translation Description 

MUD Mud Fine-grained engineering soils dominated by clay to sand-size 
fractions in a wet condition. 

ROCK Rock Engineering rock lithified or indurated to a degree that it 
cannot be excavated by digging. 

DEBRIS Debris Coarse grained engineering soils dominated by material of 
gravel size or greater (including boulders) 

EARTH Earth Fine-grained engineering soils dominated by clay to sand-size 
I I fractions. 

Stability Development 

Code Translation Description 
I Incipient Fresh, small, landslide features arc present such as scarplets, 

open cracks and bulges and conditions indicate that movement 
will progress and increase unless conditions change to enhance 
stability. 

* Advanced Major landslide features such as scarps, falls, rotated blocks and 
flows are well developed. 

* Degraded Landslide features are eroded, smoothed and vegetated with 
I little, if any signs, of recent activity. 

Stability Degree 

Code Translation Description 
D Date Date of observation or date to which reported occurrence refers. 

A Active Landslide was moving at time of observation ( field visit) or 
when reported and entered into database (reported occurrence) 

I 
I 
Inactive 

-I 

Landslide was not moving at time of visit or report. 

- S Stabilised Landslide has been active but is now stabilised by remedial 
action. 



Estimated Age 

Code Translation Description 

* Very recent < 10 Years Old. Remembered locally, features still very fresh 
occurred under current climatic conditions. 

* Recent <100 Years Old. Recorded locally, somewhat degraded, 
occurred under current climatic conditions. 

* Old (< 1000 Years Old? ). Landslide event unlikely to have been 
recorded unless significant magnitude may have occurred under 
different climatic conditions to the present and be in a relict 
condition. 

* Ancient/relict (>1000 Years old? ) Landslide event prehistoric, in a relict 
condition and occurred under different climatic conditions to the 
present time. 

Water table for slope and slide water conditions. 

Code Translation Description 
D Dry No moisture visible 
M Moist Contains some water but no free water. The material may 

behave as a plastic solid but does not flow. 
W Wet Contains enough water to behave in part as a liquid, has water 

flowing from it or supports significant bodies of water. 
V 

I 
Very Wet Contains enough water to flow as a liquid under gravity. 

S Stream Flowing water in a discrete channel from outside the 
immediate surrounding area of the landslide. 

SP Spring Flowing water from a discrete source on the surface of the 
slope in the immediate area of the landslide. 

SL Spring Line Flowing water from a diffuse linear source on the surface of 
the slope in the immediate area of the landslide. 

SE Seep Discrete area of saturated ground in the immediate area of the 
landslide. 

SG Seepage Diffuse linear area of saturated ground in the immediate area of 
Line the landslide. 

I 



Movement Style 

Code Translation Description 

C Composite A composite landslide exhibits at least two movements 
simultaneously in different parts of the displacing mass. 

X Complex A complex slide involves one of the five main types of 
movement followed by two or more of the other main types of 
movement. 

+ Successive An assembly of individual rotational slips that form a stepped 
or mosaic pattern across a slope, with individual slips not 
sharing displaced material or a shear surface with its 
neighbour. 

G Cluster Cluster or group of small landslides on a section of slope with 
similar characteristics. 

S Single A single event failure with no additional movements of the 
same type. 

M Multiple A series of movements of the same type e. g. a series of slices 
failing in multiple rotational style. 

Movement Type 

Code Translation Description 

FL Flow Slow to very rapid movement of saturated inter-grain 
movement predominating over shear surface movements. 
Initial displacement usually by sliding, rapidly 
transforming to flow. 

SR Rotational slide Down slope movement of soil or rock, dominantly on a 
curved surface of rupture or relatively thin zones of intense 
shear strain. 

SP Planar slide Down slope movement of soil or rock, dominantly on a 
planar surface of rupture or relatively thin zones of intense 
shear strain. 

SU Undifferentiated Slide undifferentiated 
slide 

FA Fall Detachment of soil or rock from a steep slope with little or 
no shearing. Descent mainly through air by falling, 
bouncing or rolling. Rapid to extremely rapid. Initial 
detachment may be by sliding or toppling. 

TO Topple Forward rotation out of slope of soil or rock about a point 
or axis below the centre of gravity of the displaced mass. 
Extremely slow to extremely rapid sometimes accelerating 
throughout the movement. 

SD Spread An extension of a coherent soil or rock mass combined 
with the subsidence of the fractured mass of cohesive 
material into softer underlying material. The surface of 
rupture is not a surface of intense shear. 

-UN Undefined Undefined 



Relative Position 

Code Translation Description 

UP- Upslope The upper third (? ) of the undisturbed slope 
WS Within Slope The mid third (? ) of the undisturbed slope 

DS Down Slope The lower third (? ) of the undisturbed slope 
TO Total. The entire undisturbed slope from crest to valley floor 
GD Gully 

Depression 
Erosional feature cutting back into the main slope face may 
be due to surface drainage, internal erosion, back sapping 
etc. 

UN Undefined Undefined 

AB Above the 
landslide 

Above the crown of the landslide 

BE Below the 
landslide 

Below the toe of the landslide 

ON On the 
landslide 

On the displace mass of the landslide or on the back scarp 

C Crown At, or on the slope adjacent to, the Crown of the landslide 

S Main scarp At, or on the slope adjacent to, the Main scarp of the 
landslide 

H Head At, or on the slope adjacent to, the Head of the landslide 

B Body At, or on the slope adjacent to, the Body of the landslide 

F Foot At, or on the slope adjacent to, the Foot of the landslide 

T Toe At, or on the slope adjacent to, the Toe of the landslide 

Vegetation 

Code Translation Description 
' S Scrub Predominantly small trees, shrubs and herbag e. A wide variety 

0 s, some open areas, low height, no canopy developed. 
P Pasture or 

grass 
Pasture or Grass, including natural, managed and sown areas 
with more than one season's life cycle. 

B 
I 
Bare No significant vegetation. 

C Crops Annual farmed crops such as vegetables, oil seeds and cereals. 

G Gardens Domestic, amenity or recreational mixed vegetation. 

T Trees Woodland, forest with predominantly mature trees or natural 
mix of ages and under story. Canopy developed. 



Cause 

Code Translation Description 
ANGLE Angle Failure due in whole or in part to an adverse slope angle 

LITH Lithology Failure due in whole or in part to the presence of a lithology 
known to be susceptible to slope instability such as high 
plasticity clay. 

STRU Structure Failure due in whole or in part to adverse structural features 
such as discontinuities or folding. 

REMS Removal of Failure due in whole or in part to the removal of material 
support from the bottom of a slope or part of slope by excavation or 

erosion. 
LOAD Loading Failure due in whole or in part to loading of the top of a slope 

or part of slope by the natural or artificial placement of extra 
material on the slope. 

DRAIN Drainage Failure in whole or in part due to increase in pore water 
pressure due to impaired drainage from or drainage disposal 
into the slope. 

RAIN Rainfall Failure in whole or in part due to increase in pore water 
T 

pre pressure due to a high magnitude rainfall event. 

Nature of cause 
Code Translation Description 

* Artificial Landslide due to artificial processes (excavation, water 
disposal, placement of material) 

* Natural Landslide due to natural processes (river undercutting, 
rainfall) 

I 
I 

Indeterminate Cause may be natural, artificial or a combination of both. 
I 

Slope Profile 

Code Translation Description 
UR Uniform Slope is smooth and has a straight line describing its profile 

(Rectilin ar) from slope crest to base. 
UC Uniform Slope is smooth and is described by a curved profile that is 

(Concave) concave upwards from slope crest to base 

UV Uniforni Slope is smooth and is described by a curved profile that is 
(Convex) convex upwards from slope crest to base. 

UI Uniform Slope combines elements of more than one uniform slope 
(In eterminate) type. 

NT Non Uniform Slope is broken into a series of steps by a series of minor 
(Terracettes) scarps parallel to the slope crest. 

NH Non Uniform Slope comprises a number of rounded convex and concave 
(Hummocky) land forms. 

NI Non Uniform Slope combines elements of more than one non uniform 
(Indeterminate) slope type 



Landuse 

Code Translation Description 

AG Agricultural Crops, ploughed land, fallow land, horticulture, 
orchard, improved pasture. 

WOOD Wood Conifer, broadleaved and mixed woods. Scrub, 
undifferentiated young woodland, felled woodland. 

GRASS Grass Unimproved grassland, bracken and heath land 

WATER Water Water and wetland. Sea/estuary, standing water, 
reservoir, running 

ROCK Rock Rock and coastal land. Inland rock, coastal rocks 
and cliffs, inter tidal sand and mud, sand dunes. 

MINERALS Minerals Minerals and landfill. Mineral workings, quarry, 
pit, opencast, spoil heap, landfill waste deposits. 

TRANSPORT Transport Roads, paths, tramway, car parks, railways, station, 
engine shed, airports, hangers, terminals, airfield, 
docks, marina. 

RESIDENT Residential Residential, Institutional and communal 
accommodation. Caravan park, barracks, boarding 
house, army camp, prison. 

IND/COM Industrial Industrial and commercial - industry, offices, 
and retailing, utilities (gas, electricity water), pipelines, 
commercial dams, storage and warehousing. Agricultural 

buildings. 
VACANT Vacant Vacant land and buildings. Previously developed 

land, which is now vacant, vacant buildings, 
derelict land and buildings. 

DEFENCE Defence Defence land and buildings 

RECREATION Recreation Recreation - indoor and outdoor. Arboretum, 
bowling green, cricket ground, football ground, 
golf course, park, playing field, racecourse, 
zoological garden. 

COMMUN Community Community buildings. Institutional- community 
buildings centre, dentist, doctor's surgery, educational, 

religious. 

Damage 

Code Translation Description 

N No damage No derogation of landscape or visible signs of damage to 
recorded structures or property. 

Y Damage Damage. Significant derogatory effect on land use, visible 
recorded damage to buildings and/or structures. 
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