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ABSTRACT

This thesis is a geomorphological study of Eskdale, a drainsge
basin in the North York Moors. The aims of the study are to examine the
potentiality of the technique of morphological mapping as a basis for
quantitative study in geomorphology, to consider some of the factors which
affect angle of slope and to elucidate the development of the physical
landscape within the drainage basin,

There is a general relationship between angle and area of slope
in a drainage basin; as angle increases above one degree the area of
slope decreases., A regression is derived to express this relationship.
Distributions of angle of slope plotted against area of slope for certain
controlled conditions are obtained and compared with the results from the
drainage basin framework.

Eskdale was drained by a major eastward - flowing consequent
stream in early Tertiary time which was superimposed upon the underlying
geological structures. Three planation surfaces were produced after the
mid - Tertiary earth movements. During the production of the most recent
of these, which developed in two parts as partial peneplains, specific
drainage changes occurred and these are analysed in detail. The
Quaternary sequence of stages in valley development is considered for the
main valley.

The mode of decay of the last ice sheet in the area is examined.
Stagnant ice formed throughout the area during deglaciation but its
formation was preceeded by two stages of ice - marginal drainage in

eastern Eskdale.



The ma jor landforms introduced by periglaciation are considered
and the variation of angle of slope with different values of orientation
analysed, This shows that not one direction, but several, suffered
oversteepening after the last glaciation. Finally, an analysis of mass
novements which occurred during 1960 - 1961, largely as a result of

exceptionally high rainfall, is made.
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CHAPTER 1.
ESKDALE IN PERSPECTIVE.

The North York Moors may be described as a topographical and
geological island, "The region forms one of the most natural divisions
of Yorkshire possessing its own special physical and geological features,
and being well - defined by distinct physicel boundaries" (Elgee, 1912, p.1).
This 'island region' is bounded on the west and north by an escarpment which
occasionally reaches an amplitude of 1000 feet, and on the south by a steep
dip slope to the Vale of Pickering, The eastern margin is the coast,
generally cliffed and sometimes rising to heights of 600 feet. Circumscribed
as it is by the Vales of Pickering, York and Mowbray and the Tees valley,
the North York Moors are a 'relief igland'., The region is distinguished
geologically on the west and north by the Jurassic = Triassic boundary and
on the south side to a lesser degree by the junction of the Corallian of
the Tabular Hills with the Kimmeridge clay of the Vale of Pickering,

Several workers have suggested that the North York Moors have not always
been so topographically isolated (Reed, 1901; Kendall & Wroot, 1924) but
were continuous with the Pennines and drained by easterly flowing rivers
during the Tertiary.

The island of the North York Moors is a distinct physical unit
which includes considerable diversity. Several physical regions may be
recognised, each with its own character, yet again, within these regions a
second level of diversity may be recognised mainly as a result of the
variable geological succession and the different processes shaping the

landscape. Eskdale, the drainage basin of the Esk and its tributaries is
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a distinct region unified by the east - flowing river. DNorth of the Esk
a glaciated region falls gently to the Tees valley, to the south east is
a similar glaciated coastal region including Robin Hood's Bay and the
anomalous Derwent drainage., The Tabular Hills, developed on the Corallian
and defined by a pronounced scarp on the northern side, comprise a fourth
region whilst the Hambledon Hills form a fifth unit., The remainder of
the North York Moors comprises the area south of Eskdale and north of the
Tabular Hills, drained by south - flowing rivers including the Dove and the
Severn. This region was probably an unglaciated enclave (Linton, 1952)
during the last glaciation.

Eskdale (Fig.1) is drained by the only major east - flowing river
between the*ees and the Humber, The drainage Easin has a relief of
1489 feet as the watershed includes Burton Howe, the highest point of the
North York lloors. Eskdale has a compound landscape; one fashioned
fundamentally under the control of river base level, but whose development
has been interrupted by ice at least on two occasions and part of Eskdale
hag been further etched and modified by the impact of periglaciation. The
diverse geological succession is expressed in the detail of the landscape
and many years ago it was noted that "In no part of England is the relation
of the surface topography to the nature of the underlying rocks more
instructively displayed than in this district; the strata being nearly
horizontal and little disturbed by dislocations, the valleys radiating
from the tableland can be traced out as the results of erosion with a
precision and completeness unattainable in other parts of the country where

the geologicel structure is less simple" (Ceikie, 1898).
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The North York Moors were compared with the Weald as early as
1866 (Topley, 1866) but they have not been given the amount of attention
devoted to the geomorphology of South Eastern England since that date,
Research on the region has been rather sporadic and intermittent. The
Geological Survey mapped the area and produced memoirs in 1885, 1886 and
1888, In 1901 the Sedgwick prize essay gave an account of 'The Geological
History of the Rivers of East Yorkshire' (Reed, 1901) following Davis!
paper of 1895 (Davis, 1895). Professor P.F.Kendall's now classic paper
on 'The Glacier Lakes of the Cleveland Hills'! appeared in 1902 and was
important, not only to this area but to many other parts of glaciated
Britain, This was followed by the !Glacier Lakes of Cleveland' (Kendall,
1903a) and the 'Geology of Yorkshire! (Kendall & Wroot, 1924). A
considerable and detailed literature exists on the structure of the North
York Moors (Versey, 1929, 1931, 1937, 1947). Renewed interest in the
problems of deglaciation was first shown in North East Yorkshire in 1956
(Best, 1956) and a thesis dealing with 'The develomment of the Eskdale
(North Yorkshire) drainage system in relation to the geology of the area!'
also appeared in that year (Henry, 1956). A succinct summary of the
geology and glaciation of the Whitby area was produced in 1958 (Hemingway,
1958) and the most recently published reference to part of Eskdale, again
on the subject of deglaciation, referred to Glaisdale and the lower Stonegate
valley (Sissons, 1961).

The relief and settlements of Eskdale are indic.ted on Fig.2.
The Esk is a fifth order stream (Fig.3) which conforms to Horton's laws of

drainage composition (Horton, 1945) (Fig.4). The hypsometric curve (Fig.4)
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illustrates the fact that the basin is in anepilibrwastate of dévelopmert according to
Strahler, (1952).

Morphological mapping (Waters, 1958) has been used as the main
method of fieldwork in Eskdale and as Waters noted (1958, p.16) "....the
construction of a morphological map is only the essential first stage in
the study of a landscape. Recognition and delineation of slopes and flats
must be followed by their analysis and classification; the empirically
defined units of surface must be assigned a place in the genetic classifi-
cation of landforms", When this technique of mapping is used and the map
analysed quantitatively there are two parts to the study; the quantitative
analysis of the present landscape and the study of its develomment, In
this account the two themes have been co-ordinated; angle of slope is
considered first, followed by an analysis of the constituent flat and slope
facets, leading to a study of planation surfaces, glaciation and periglac-
iation - the influences which have shaped the contemporary landscape of

Eskdale,
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CHAPTER 2.

A METHOD OF APPROACH,

1) The development of Quantitative Geomorphology

Since 1945 there have been many attempts to find a firm basis
for geomorphological research and this has been contemporaneous with
increasing interest in slope study which demands a method of handling large
volumes of data. The need for analysis has been expressed by Brown (1960a,
p.43) : "The full understanding of the physical landscape presupposes a
familiarity with some evidence which is not obtainable solely from field
investigation. The study of a variety of maps of differing scales and
the application of a growing number of analytical methods is a desirable,
if not obligatory, aspect of geomorphological research today. Such
cartographic labour is not a substitute for field work but may prove a very
valuable adjunct to it", Bakker and Strahler (1956) have remarked that
"Geomorphic science, at its present stage of development suffers from a lack
of q&antitative exactness" and A,A.Miller (1961) has emphasised a similar
view: ",,..there is a third factor, the degree of slope. Here again is
subject for quantitative work, begun in earnest by Strahler. But as long
as the work of geomorphologists remains qualitative controversy will still
proceed inconclusively on such things as peneplains and pediplains, convex
and concave slopes, and the qualitative contributions of W.M.Davis, Walther
Penck and Lester King", But the opposite opinion has been expressed by
several geomorphologists including Baulig (1950): "The laws of geomorphology

are complex, relative and rarely susceptible of mumerical expression'.
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There is general agreement that more quantitative data and analysis are
required before definite conclusions can be made.

Quantitative studies may be based on either existing or specially
surveyed contour maps, or on fieldwork. The methods and limitations of
the analysis of contour maps have recently been summarised (Clarke and
Orrell, 1958). Some of these methods have been applied in Eskdale for
the purpose of comparison with the results based on fieldwork. Bakker and
Strahler (1956) have commented that ",...full use of the modern morphometric
- statistical methods for slope development can only be made if it is based
on fieldwork", but in America and elsewhere much of the early work was based
upon available contour maps. In Britain, where only small areas are
available for research, it is very doubtful if any appreciable results would
be obtained from the analysis of contour maps without fieldwork. The
results obtained from contour maps or from fieldwork may be analysed by
one of three methodss

i) quantitative - in which all the available data is collected

and analysed as effected by Strahler (1956).
ii) statistical - where data is collected by sampling as
exemplified by the studies of Strahler (1954,
1957), Miller (1953), Schumm (1956), Chorley
(1957), Melton (1957), and Coates (1958).
iii) qualitative - when the material is collected and analysed
descriptively (e.g. Gardiner, 1960). This
method involves subjective interpretation on

the basis of personal conclusions, and zlso
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necessitates the loss of much of the available
data as a result of the sheer impossibility of
analysing data without resort to either
quantitative or statistical methods.

This increasing interest in quantitative geomorphology has been
reflected in geomorphologicel publications of the last ten years. In
America a publication by Horton (1945) led to the emergence of dimensional
analysis; treated statistically by Strahler and others this was based
initially upon contour maps and subsequently to an increasing degree upon
fieldwork. In Europe, quantitative measurements have been treated
statistically by French geomorphologists (e.g. Gloriod and Tricart, 1952)
and in the Netherlands the problem of slopes has been treated mathematically
by Bakker and others (e.g. Bakker and le Heux, 1947). In Eastern Europe
development has been mainly quantitative within the field of dynamical
geomorphology (Dylik, 1957). These developments in quantitative studies
have lergely proceeded along different lines but the various methods could
be co-ordinated in one area either by combining or repeating the different
approaches, To a certain extent the methods which can be applied will be
dictated by the form of the area, the relationships within the area and also
by the aims of the study.

2) The aims of the study

The original aim of the study, when first instigated, was to
complete a geomorphological survey of part of the North York Moors. The

main field technique adopted was that of morphological mapping (Waters, 1958)
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From this beginning it is now hoped to realise an investigation into the
potential of morphological maps as a basis for quantitative analysis. This
involves a consideration of the areal dimension in landscape analysis, the
relationship of integral parts of the landscape and also the correlation of
the properties of these landscape constituents or facets1. The investigatio:
necessarily leads to an examination of the possibility of integrating two
themes; that of physical landscape evolution, hitherto often considered
qualitatively and that of dimensional analysis which is treated quantitativel;
3) Mapping

Morphological mapping was formally described by Waters in 1958
although previously many experiments had been conducted using and developing
this technique contemporaneously with the production of geomorphological maps
in other countries such as Poland (Klimaszewski, 1961). The British
Geomorphological Research Group has undertaken research into the variation in
maps produced by different workers and also into suitable map scales (Reports
1 - 4). However, no study has so far been attempted designed solely to
extract and relate information contained on the morphological map and so to
suggest what possibilities the technique may afford., The chief advantage of
this type of mapping is that the entire landscape ipjgapped and so a canplete
picture is obtained. This has been achieved in Poland by a more subjective
type of mapping as noted by Klimaszewski (1961): "Geomorphological research
in Poland has hitherto, in its attempts to present the relief of a region,
and to enquire into its morphological evolution, limited itself to some
isolated forms disregarding the totality of the forms investigated", The

study of Eskdale included the production of a geomorphological map for the

1In this thesis the area between adjacent changes or breaks of slope is

always referred to as a facet; no other technical terms are used.
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whole drainage basin; parts of this map have been analysed quantitatively
end will be used as the core of the dimensional analysis.

A morphological map is constructed by delimiting and recording
areag of fairly uniform slope in the field., The map produced for Eskdale
is termed a geomorphological map because it includes features too small to
map in terms of angle of slope, which are designated by symbols according
to origin. This introduces the problem of the most sultable scale to use
for field mapping which should preferably be a multiple of one of the
existing scales of published Ordnance Survey maps. The 6 inch maps were
found to be most suitable in Eskdale because they allow the recording of
significant detail on the valley side slopes (found to be the most detailed)
and are not too large for use in moorland areas. Use of a smaller scale,
(1:25,000) would be adequate for the moorland areas, in many cases, but
would not allow the inclusion of much of the significant detail from the
sides of the dales. A larger scale map (1:2,500) would be difficult, if
not impossible, to use in moorland terrain by one person working alone,
The 1:25,000 maps could form the basis of a geamorphological map in areas
where the relief is low and the geomorphological detail small, or where a
map of features was required rather than a detailed representation of the
form of the ground,

When the mapping scale has been selected the major variations
within the area should be considered and several small trial maps produced
for each of the major types of terrain. The writer found that at least
three weeks mapping is required for the development of the method and

adjustment to the area to be mapped. The mapping operation consists
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basically of delimiting breaks and changes of slope; when these have been
defined the angle of slope between adjacent breaks or changes is measured
down the line of steepest slope. Within any one facet which has an average
slope of ten degrees or less the amount of angular variation is not permitte
to exceed 14 degrees and usually it is 1 degree or less. Symbols are
introduced whenever the features become too small to map in detail and also
to represent certain types of mass movement phenomena for ease of analysis,
The symbols are explained with examples in Appendix 1,

In Dskdale there is a fundamental distinction between the terrain
of the valleys (usually enclosed by field boundaries) and that of the
unenclosed moorlands., The map varies slightly as between these two areas
because of difficulties of location on the moors, This is partly justifiab
as the variation and detail is much smaller on the moorland tracts. Within
limits of attainable accuracy, all significant detail was mapped in the hope
that an exact knowledge of the morphology of the area would be helpful in
determining the mode of evolution.

The enclosed areas are relatively easy to map as the system of
field boundaries provides a convenient framework for location. In moorland
areas considerable competence is attained with experience from a period of
mapping (up to six weeks) in enclosed country which improves correct
judgement of distance, In another context the difficulties of moorland
mapping have been noted; "Here the enemies of the surveyor are the absence
of good points of survey reference and the frequency of wind and rain which
make observation difficult™ (Phillips, 1961). Mapping in these areas was

effected by short traverses up or down the line of steepest slope., WUith
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practise many landmarks shown on the 6 inch map may be used as base lines
and base points and even old tracks now covered by caluna may be detected
and used for the traverses (Fig.5). Other landmarks include howes,
(tumulii), boundary stones, crosses, triangulation stations and streams.
In North East Yorkshire a portion of moorland devoid of any of these feature
is very uncommon. The discrepancies which arise, especially in enclosed
areas, due to soil creep are resolved for angular measurement into two
components, above and below the change or break, Only when the depth of
accumulated creep material achieves a sufficient thickness (above 5 feet)
can a symbol be employed., All existing water courses are marked on the
field map in blue with allowance for Seasonal variation. The head of a
first order stream is recorded to the apparent limit of recent activity.

In many cases smaller detailed studies may be needed to supplement
the information afforded by the geomorphological map, In Eskdale height
readings have been taken for major flats delimited on the map and small
detailed studies undertaken, including the morphological investigation of
glacial drainage channels and periglacial terraces. Field notes were
constantly made during field work to record exposures and sections of
interest and also to refer to the character and occurrence of specifiec
landforms. Preliminary cartographic analysis affords a fourth supply of
data but this is used mainly for the purpose of comparison with the results
of the field mapping.

4) A method of analysis

A geomorphological map contains a vast amount of material and

only by grouping, correlating and analysing this data can its true value
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be realised., As noted above, the information may be extracted and
utilised, using quantitative, linear (statistical) or qualitative methods.
Qualitative studies have been made by Gardiner (1960) and others, but
necessarily incur great loss of available data which could be used as a
basis for andysis. Statistical methods are based on profiles constructed
from geomorphological maps and have been described by Savigear (1956).

This method also results in loss of data and only certain profiles are
selected for study by statistical or subjective sampling methods. Other
workers have used profiles which have been surveyed directly thus dispensing
with the geomorphological map (Savigear, 1960; Young, 1961). The
quantitative method of analysis involves direct measurement of area and so
for the area considered all the available information is used., This method
has not, as far as is known, been attempted before.

A method of analysis was devised while mapping and only in the
field can the problems and correlations be appreciated for the particular
area, This scheme is one of several which could be devised but although
more items could be added and the scheme amplified, few of the items used
here could be replaced. Further records could include data for climate,
soils and vegetation. The areal method of analysis could then be used to
compare the morphology of different areas and would be one way of developing
the method in accordance with Dury's suggestion that "....such analysis
(statistical) may in time succeed in revealing the precise effects of rock
type and rock structure in a given climate, and the contrasted effects of
climate, soil and vegetation in regions of similar rocks, similar structures

and similar erosional history" (Dury, 1960, p.43).
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The geomorphological map consists of a network of facets; unique
areas of fairly uniform (i.e. including variation between slope readings of
each facet not greater than 13 degrees) slope. The data derived for each
facet is of two types; apparent and deduced. The apparent are definite
quantities whereas the deduced are based to a certain degree upon subjective
definition. The apparent items include area of facet, angle of slope,
height range, underlying rock formation, nature and approximate amount of
drift cover, and orientation; the deduced items include relative slope,
position on major slope type, origin, height above stream and drainage
basin order,

a) The apparent items.

i) The area of each facet was measured using an Albrit polar
planimeter, The area obtained is the horizontal equivalent and the area
on the ground may be obtained by multiplying this area by sec x where x is
the angle of slope of the facet.

ii) The angle of slope of each facet is calculated as the average

of all the slope measurements made for the facet. This angular value is
recorded to the nearest half degree because angular measurements in the
field are made to this accuracy (limiting accuracy of the Abney level;

+ degree). A test using 4 degree values obtained by evaluating average
slope showed too much random variation.

iii) The height range is recorded as two readings which indicate

the absolute values of height between which the facet occurs. The height

values are determined from the 6 inch maps (25 feet contour interval) and

in some cases from aneroid readings. The height values are given to the



nearest 5 feet.

iv) The rock type underlying each facet is noted by comparing
the geomorphological map with the 6 inch geological survey sheets (Geological
Museum, South Kensington)., Where a facet transcends the geological
boundaries the facet is subdivided accordingly.

v) The nature and thickness of the drift cover is based upon the

geological survey maps, on the records incorporated in the survey memoirs
(Fox - Strangways, Reid and Barrow, 1885) and on personal observation in
the field. The main categories of drift are glacial clay (boulder clay),
glacial sands and gravels, peat (blanket and channel), detrital material
including landslip material, and alluvium,.

vi) Orientation is defined as the aspect of the facet. It is
measured with a protractor as the angle between the line of steepest slope
of the facet and grid north. All readings were made to the nearest 10
degrees, from north recorded as O degrees, through east (90°), to south (180°
and west (270°). In instances where the facet varies along its length it
is subdivided by orthogonals; lines drawn down the line of steepest slope
to isolate areas with uniform orientation. A summit facet, which does not
possess a back, 1s not given an orientation but forms a distinet group.

b) The deduced items.

i) A dimension was required to represent relative slopelso that

flats with varying angles of slope could be compared (Fig.6). The index
would, it was hoped, indicate any differences and similarities between flats
of different types and in different locations, The relative slope of a

facet is noted only where the slope of the facet is less steep than the

1. The dimension was called relative slope rather than relative flatness because
it could be calculated for all facets and not only for flat facets.
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slopes immediately above and below,

ii) The position on major slope type was formulated so that the

available information on slopes could be grouped and compared for large
areas. On the basis of field experience three types of major slopes were
recognised in Eskdale; summit slopes, valley side slopes and stream side
slopes. If a free face occurs in the slope profile other than at the top,
the valley side and stream side slopes were sometimes subdivided into upper
and lower parts. A major free face in the valley side is taken to be
included in a stream side slope, If a free face does not occur the slope
adjacent to the stream will be described as stream side or valley side
according to whether a stream side slope and associated free face occurs
further downstream or not. The basis for the distinction of these three
types of slopes 1s illustrated in Fig.7. When the slope type has been
distinguished, the height (feet) of the lowest part of the facet above the
slope base height (Hb) and the height (feet) of the highest part of the
facet below the slope top height (Ht) are noted., The percentage position

Hy

x 100;

B +H +E ,
where H is the height range of the facet. This dimension is a modified

P of the facet in the slope type is then calculated as P =

quantitative expression of the qualitative description terosional environ~-
ment! (Melton, 1960).

iii) The heisht above stream is difficult to calculate for all

facets but was devised as a possible line of approach. The difference
between the height of the base of the facet and the height of the nearest

eroding stream is calculated and this gives a possible method of comparing
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facets in relation to fluvial erosion. There are two main types of fluvial
base above which the height of this dimension is calculated; the head of a
first order stream or the appropriate section of a second or higher order
stream, In the latter case the height above stream is measured down the
line of steepest slope to the stream flowing approximately parsllel to the
facet.

iv) The origin of the facet is classified in two ways; the

morphological origin is noted, as described above, for one of three slope
types; and the genetic origin was noted for certain features. This
classification is not comprehensive but small features are included for ease
of anelysis. Those included are flood plain, post - glacial, river terrace,
rock - strewn terrace (altiplanation terrace), boulder - strewn ground, dry
valley, erosion surface, glacial erosion feature, glacial deposition feature,
lzndslipping (rotation form), and other types of landslipping.

v) Drainage basin order is based upon the definition of Horton
(1945) with the later modification proposed by Strahler (1952). The
drainage basins are defined in terms of facets and the junction of the
valley side slope and the stream side slope is taken to represent the junctic
of the main. valley basin and a first order basin. Six types are recognised
in Eskdale; first, second, third, fourth and fifth order basins and also
the length of overland flow (Horton, 1945) which is the portion of land
surface devoid of chamnel dr inage.

The scheme of analysis is designed to consider area znd rel tion-
ship of facets. Area is measured and so in every correlation absolute

values of occurrence are available in terms of area on the ground, The



31

entire landscape is mapped and so correlations may be made between
constituent parts, and the relationship and effects of these evamined.,

A typical sheet of records for twenty facets is shown in Fig.8. In the
course of analysis subjective decisions have been made but as long as they
are acceptable ones and are adhered to consistently the system 1is considered
valid. Criticism has been levelled at the consistency of geomorphological
mapping (Report Number 4 of the British Geomorphological Research Group)

in that different workers may produce different results. However the
author suggests that with experience (at least four weeks) workers could
be trained to produce similar maps and, if the map is produced by one
person, consistency will be attained after a trial period and similar

problems resolved uniformly,
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CHAPTER 3.

THE MECHANICS OF ANALYSIS,

It is estimated that there are approximately 17,000 facets in
Eskdale, an area of 135 square miles. For each of these facets 11 items
of information could be recorded giving a total of approximately 190,000
items for analysis. The analysis of approximately one fifth of the total
area (23.5%) took three months of concentrated effort and so as a result
of the time taken to effect the analysis and the prohibitive cost it was
decided to test the method of analysis for this sample area before embarking
upon the complete project. If the scheme proves successful it could be
applied to the entire drainage basin incorporating the modifications
suggested by the analysis of the sample. In analysing the sample, which
included 3228 facets, approximately 35,000 quantities are involved.

1) Sample analysis

The sample data chosen from the Eskdale drainage basin could be
selected in one of two ways; statistically or by drainage basins. The
statistical method would be effected by sampling facets quite freely
throughout the area, using random numbers. This method would be disadvant-

ageous at this stage because the sample would be taken to represent the
whole drainage basin, the facets selected would not be related to one
another in a direct way and a proportion of the facets would be selected
from the eastern part of the area where glacial drift mantles the landscape
and where glaciation has imposed many modifications. The total area was
selected because it is a drainage basin, a self - contained unit which is

fundamental in dimensional analysis. The drainage basin method was chosen
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because the eastern part of the area, which is complicated by the legacy

of glaciation may be ignored. In a full analysis of the area the drift -
covered area would be significant and could be used to illustrate the
morphological variations imposed by glaciation through comparison with the
drift - free area, However, unless the whole drift - covered area is anal-
ysed there would not be sufficient data for comparison, A further reason
for adopting the drainage basin method is that the analysis primarily
represents the drainage basins selected although it may also be taken to
represent the entire area if desired. . The probability that the sample
chosen may represent the entire area is not greater than 28.48/135 = 0.24.

The drainage basins comorising the sample were selected from
western and central Eskdale bearing in mind the need to include a sufficient
variation of height range, of orientation and of drainage basin order and
also a reasonable proportion of slope types. The slopes of this part of
Eskdale are very well - defined and well ~ formed and so if the method may
be effective for slope analysis these areas form an ideal base for initial
work., The drift - covered slopes of the eastern part of the area could
subsequently be studied in the light of the initial analysis and the
v.riations and differences noted. The distribution of the selected
drainage basins is shown in Fig.9.

The sample chosen consists of 3228 facets each with 11 items of
information.  Although this total is appreciably less than that for the
whole area, the mechanical problem of handlinz this volume of data is quite
considerable. The methods of analysing the data described in Chapter 2

depend upon selecting certain facets and then correlating two or more
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values for these facets. The problem is mainly one of sorting followed
by addition of areal values1. A general account of the methods available
for '"Measurement in human geography! has recently been produced (Coppock
and Johnson, 1962). There were three methods available for consideration
which could be applied to the geomorphological analysis of Eskdele and
these involve the use of desk calculating machines, an electronic computer
(Ferranti Mercury) or punch card equipment.,

Desk calculating machines speed up calculation but sorting of
information must first be done by hand., These machines are given
instructions interspersed with data and so with a large smount of data
would lead to considerable human error in hand sorting. An electric desk
calculator is most useful in doing rapid, simple calculations on results
obtained from another source such as the calculation of percentage values
which can be achieved by employing the memory, consisting of one register.

The possibilities and techniques of computer programming were
studied2 in the hope that this would afford a possible method of effecting
the analysis., The London University Ferranti Mercury computer has two
auxiliary stores each containing 8192 registers in addition to the main
store of 480 ~ 32 registers giving approximately 17,000 registeré for storag
of the instructions and data, If the analysis of the sample was attempted
in the computer by storing information and then effecting the program,
at least two operations would be required. A more suitable method would

be to program and then to read in the totel data some of which would be

1The author acxnowledges the assistance of Dr E.H.Brown who suggested the

application of mechanical means.

2Programming (futocode) Course; University of London Computing Unit.



selected and used in each part of the program. However, a computer is
designed to speed up calculation and not merely to effect sorting and to
read the total information into the computer would take a large amount of
time, The actual time taken for computation would be very small indeed,
most of the time being spent upon input and output. TInput to the Ferranti
Mercury is achieved by punched paper tape but by using a computer which
could take punch card input the obstacles would be removed. The great
amount of data involved in sorting was regarded as too prohibitive to use
a computer with paper tape input at this stage. If quantitative analysis
is developed sufficiently the electronic computer may afford an extremely
useful 'tool of geomorphological research' at a later stage, especially
with punch card input. When the great volume of data has been sorted and
general conclusions reached the computer could be used either to test the
validity of these conclusions or to assemble the generalised data and to
test it in inductive models., This is of particular application to slope
studies; once the initial data has been analysed and digested, generalised
mathematical models may be derived. Already some progress has been made
in the use of a computer for this purpose (Scheidegger, 1961). A further
line of potential development is afforded by data - plotting machines
which may be coupled with a computer; this would allow the direct plotting
of results on maps, rather than tabulation. This has been developed by
the Computation Br-nch, National Meteorological Centre, U,S.A,

Punch card equipment is admirably suited to analysis of this
type because each card may be punched to represent one facet. The

information rel ting to each facet is therefore retained on a card and
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the cards may be sorted into groups according to the information recorded.
The general details concerning the use of punch cards and their possible
application to geographical methods have been discussed by Barry (1961).
The equipment consists of three components; card punch, sorter and tabulato:
The punch is used to record information on individual cards and then the
sorter is employed to sort the cards into groups as required. Cards may
be sorted at rates of 24,000 or even 36,000 per hour according to the
machine used. The standard punch card has 80 columns and up to 12 items
may be recorded in each column (values O - 9, X, Y). Letters may be
represented by double punching. Once the cards have been sorted into
relevant groups the tabulator may be used to add the total recorded values
for any field (i.e. a group of columns).

2) Programming for punch card equipment

The data to be punched is first coded into a convenient form for
punch cards. Whenever possible data is coded to nmumbers to avoid double
punching and the use of a minimum mumber of columns is desirable., Thus if
one category of information includes 15 items, as does the geology of
Eskdale, it is better to use one column with a subdivision of two of the
twelve groups in this column rather than two columns with numbers 1 to 15.
This reduces the mmber of cards involved in sorting., The Geological types
in Eskdale were therefore represented as Lower Lias - 1, Middle Lias - 2,
Upper Lias - 3, Dogger - 4, Lower Deltaic - 5, Eller Beck Bed - 6, lLiddle
Deltaic - 7, Grey Limestone - 8, Moor Grit - 9, Upper Deltaic - 0, Cornbrash
- X, Kellaways -~ Y in column 19 and the Middle and Upper Lias were then

subdivided on column 20 into Sandy series - 1, Ironstone series - 2,
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Grey shale - 3, Jet Rock - 4, Alum shale - 5. When the cards are sorted

on the basis of rock type only one complete sort is required rather than two

complete sorts which would be needed if the coding had been by numbers 1 to 1

Using the information analysed and described in Chapter 2 the

following scheme for punching was finally adopted and inserted in the first

30 columns of 80 column cards1.

Punch Columns Information Range

1,2,3,4,5,6.

7,8,9.

10,11,12.

Grid Reference

Area 001 to 200

Angle of gslope 000 to 500

(0° to 50°)

Comments.

A six figure reference is unique fc
this part of the North York Moors.
These cards could later be used fox
comparison with other areas by
punching an index letter in column
31. The grid reference could alsc
be used for automatic plotting.
These are planimetric units reducec
to actual ground areas (square mile
by multiplying by 200/640 and then
by the sec. angle of slope.

% degree is represented by 5 in
colunn 12, The maximum value
recorded is 38%° punched as 385.
A11 free faces (not accurately
measured in the field) are recorded

as 50° (punched as 500).

1

There is no appreciable difference in the cost of 30, 65 and 80 column

cards and so 80 column cards are most frequently used,



Punch Columns Information Range Comments.
13,14,15,16.  Average Height 0280 to 1480 The mean of two limiting heights
in sample is taken to the nearest 5 feet
(upper value). 1In the analysis
colunns 15 and 16 are not used but
may be used later for the whole are
and for comparison with other areac

17,18. Relative slope 00 to 60 The first two significant figures
of the dimension are recorded. If
no relative slope occurs the columr
are left blank and so in sorting
these would be placed in the reject
pocket of the sorter.

19. Geology 0-9XY, Coding as above.

20. Lias Geology 1,2,3,4,5. Coding as above. The divisions of
the Upper Lias are not always
recorded onr the survey maps and so
in some cases subdivision is not
possible,

21. Drift Geology 1,2,3,4,5. Boulder clay (1), sand and gravel
(2), detrital material (3), peat (4

alluvium (5).
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Punch Columns Information Range Comments.

22,23, Orientation 00 - 35 Some cards representing summit fla
with no orientation are left blank
in columns 22,23, They will be
placed in the reject pocket during
sorting, Values are measured to
the nearest 10 degrees and so 320
is punched as 32 and 20 as 02.

24. Slope type 1-7 Sumit slope - 1
Upper valley side slope - 2
Lower valley side slope - 3
Valley Side slope - 4
Upper stream side slope - 5
Lower stream side slope - 6
Stream side slope = 7.

25, Origin 1-1 Flood Plain - 1
Post glacial - 2
River terrace - 3
Rock - strewn terrace - 4
Rock - strewn ground - 5
Dry valley or depression - 6
Erosion surface - 7
Glacial erosion - 8
Glacial deposition = 9
Landslipoing, Rotation - X

Landslipping (other forms) - Y,



42

Punch Columns Information Range Comments.,
26, 217. Height above 00 to 60 This was originally calculated to
stream

the nearest 5 feet but now is

reduced to the nearest (upper) 10

feet and so 55 becomes 60 and is

punched as 06.

23,29, Position on 00 to 99 The percentage position above slog

slope type base was calculated and so 9% is
punched as 09.

30, Drainage basin 1 to 6 Including first order (1), second
order (2), third order (3), fourtt
order (4), fifth order (5) and
length of overland flow (6).

A punch card prepared according to this scheme is illustrated in Fig.10.

3) The main program

The program of sorting and tabulating must be devised bearing three
factors in mind; the correlations which are required, the available number
of cards and the cost involved, The fundamental aim of this study is to
analyse the occurrence of slope angles and to see how they vary areally with
factors such as geology, position and orientation., A sort into angular
groups is therefore an essential part of each section of the program devised.

The cards may be sorted according to geology or any other factor but then

each of the groups obtained must be sorted into further groups according to

angle of slope., The analysis for the entire drainage basin of Eskdale

would allow intricate and complex sorts but when using a sample the program
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must be devised remembering that the final groups must always contain
sufficient cards to justify tabulation., This problem may be resolved either
by grouping angular values together after the first sort or by eliminating
detail from other information., The former method was adopted because little
is lost by considering groups of angular values whereas by considering
orientation as 8 rather than 37 groups, a substantial amount of possibly
significant detail would be lost. A basic initial program was devised to
obtain the areal values of occurrence of every slope angle in the sample.
On the basis of this, angular groups could be adopted for use in the remainde
of the program. This basic initial program was devised as follows:
Basic Initial Routine.
1. Take all cards,
2. Sort into 6 groups using column 10 (values 0,1,2,3,4,5.) 6 groups
3. Sort the first 5 of these groups (values 0,1,2,3,4.) separately

into 10 groups using column 11 (values 0,1,2,3,4,5,6,7,8,9.) 50 groups
4. Sort each of these 50 groups into 2 groups using column 12

(values 0,5.) 100 groups
5. Take each of these 100 groups and also the last group from 2

(value 5) and add the values of columns 789 giving 101 different

totals
6. Yield up to 101 different results,

The basic routine afforded the total occurrence of each angular

value. These results were first plotted as a simple histogram (Fig.11: i).
The most striking feature of this diagram is that there are no great

variations in the distribution of angular values. 4s would be expected,
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there is a decrease of area as the angular value increases and a regression
may be derived to express this relationship (Chapter 4). The two
significant departures from the general pattern occur at O degree, which
is a pronounced minimum and with values over 234 degrees. The minimum at
0° is adjacent to a pronounced maximum at 1 degree. When the angular values
exceed 23} degrees certain angles are not represented at all, Above 16%
degrees there is a considerable amount of variation between adjacent % degrec
divisions. This seems to be the result of field observation as % degree
values tend to be minimised with high angle slopes. To eliminate some of
this variation a further histogram was compiled by combining the % degree
value with the next highest whole degree value (Fig.11: ii)., A method whict
may be adopted to eliminate random variation was used by Young (1961) and
involves taking the mean of three adjacent values, This method is especiall]
suited to the anslysis of statistical samples where the random variation may
be very apprecisble but with the Eskdale sample, which is not statistically
selected, this type of diagram merely emphasises the lack of variation along
the length of the distribution. The deviation of the minima in Fig.11 was
considered and plotted by evaluating the percentage difference between each
minimum value and the lowest of the two adjacent values (Fig.12). Although
the first minimum occurs at 2 degrees it was thought necessary to subdivide
this lowest group and so categories of O -~ % and 1 - 2 were chosen. On the
basis of Figs 11 & 12 categori.s were chose: for use in the later analysis
nd these are: 0 -4, 1 -2, 25 -4, 45 -6, 65-9, 9% - 11, 113 - 135,
14 - 17, 17% - 21%, 22 - 274 and over 28 degrees. The results of the basic

initial routine are tabulated in Appendix 2.
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The main basic routine, to correlate angle and area, was determined
using these categories as a basis and then this routine could be applied afte
every stage of the main program. The main program and the main basic routin
are given in Appendix 3, This program was devised with the size of the
sample in mind, When two different sorts are effected prior to the angle -
area sort, a degree of generalisation must be used to ensure that each final
group contains some cards for tabulation. The punching, sorting and
tabulating was completed on equipment at Senate House, University of London
and the results recorded by operators on previously prepared sheets1.

4) Consolid-tion of the results

When the mechanical difficulties have been resolved and the raw
data assembled the question of presentation and interpretation must be
considered, The data may be presented with respect to the sample area or
for a particular group of the main program, Thus when considering geology,
the angle -~ area relationship may be considered absolutely, by examining the
distribution for each outcrop, or alternatively the relationship may be
considered relatively by considering the extent to which the distribution
for each outcrop deviates from the angle - area relationship for the total
sample area, Furthermore, the areal values may be plotted as absolute or
percentage values, In view of the substantial variation which may occur in
total areal occurrence of groups within any part of the main program and also
to £ cilitate comparison with the average for the sample area as a whole the
percentage method was selected but the absolute occurrence of individual
values within any part of the program are always shown on an accompanying

diagram.

1The author acknowledges the financial support provided by the Department of
Geography, University College London and the help of Mr.Wic«s and other
Senate House staff,
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The results may be plotted as line diagrams (Fig.11: i), graphs
or histograms; and in each case the results may be plotted as normal or
cunulative frequency distributions. These alternative methods are illustrat
in Fig.13. The histogram, normal or cumulative, is favoured by Strahler
(1954) because it gives a strict representation of the groups which are
plotted. A line diagram is useful when a large mmber of values have to be
plotted and for this reason was used to express the result of the basic
initial routine (Fig.11: i). A graph is disadvantageous in that it suggests
that the angular groups are of equal size and gives the impression of uniform
distribution throughout the range and so histograms are usually used in
preference to this method, Graphs may be used to plot more generalised data
derived from the histograms of any one group of the main program (see Chapter
5). Other techniques may be used discriminately as required and where
orientation of the facets is involved the results may be plotted as a modifie
wind - rose diagram,

The histogrems of any one group (e.g. Geology) may be considered
comperatively by noting various characteristics of the individual distribu-
tions. The modal value indicates the most commonly occurring value and the
range of the distribution illustrates the extent to which the available value

are present or absent. The number of variates (N) cannot be given directly

for any graph as the values are all calcul ted as percentage areas and so the
number of variates strictly is 100, but each group of histograms is given wit

an area of occurrence histozram which shows the relative areal significance

of all other histograms representing the same type. The arithmetic mean

Czbs-) is a useful statistic which may be used to compare distributions .nd
N
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in some cases this may be developed to give standard deviation (s) where

=2
g = ‘ZXZLﬁ—El o This arithmetic mean represents the average percentage

occurrence for any distribution and a more useful statistic is the weighted

arithmetic mean (Kenney, 1939, p.33). This is calculated by multiplying

the percentage value of area by the angular value, summing the products and
dividing by the nmumber of variates (100). Thus the weighted arithmetic
mean % =V§§§ o VWhen deriving the weighted arithmetic means it would be
inaccurate to use the central value for each of the 11 groups of slope angles
in the calculation, Thus the third group, values 2% to 4 degrees, is not
represented by 3% degrees unless the population of the group is distributed
evenly on each side of this mediah value. For the sample area the mean
(weighted) was calculated, from the results of the Basic initial routine, for
each of the 11 groups of slope angles and these values may now be used in
other parts of the main program. These calculated values do not differ very
substantially from the mid - values of the groups except in the case of group
11 where the mid point is 39 and the weighted arithmetic mean for the group

is 33.19. The appropriate values are given below:

Group Values Percentage area of occurrence Weighted arithmetic mean
1) 0-% 8.20% 0.25 degrees
2) 1-2 21.438% 1,36
3) 2F - 4 21.98% 3.28
4) iy - 6 15.87% 5.14
5) 65 - 9 13.41% 7.39
6) 9% - 11 5.01% 10.29

7) 1% - 13% 4.07% 12.41



Group Values
8) 14 - 17
9) 175 - 21
10) 22 - 27%
11) 28 and over

52

Percentace area of occurrence Weighted arithmetic mear

3.91%
3.32%
1.70%
1.07%

15.48 degrees
19.10
24.53
33.19

The main program affdrdsdata on the variations of the area of

different groups of angles of slope according to major factors such as

geology, orientation, height, position and drainage basin order., Within

any one of these major groups statistics may be used to compare the

distributions but additionally the same statistics may be derived for each

major group and used to compare the difference imposed by such factors.
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CHAPTER /.

SLOPE ANGLE JIALYSTS,

The slope angle of a facel is an effect and a cause; an effect
which is inherited through landscape evolution and a cause affecting process
in the contemporary landscape. There is also a difference between those
factors which initiate facets and those which merely modify an existing
feature, Initiation is mainly a direct reflection of process whereas
structure, minor processes and time comprise the modifying factors. 1In
Eskdale facets were initiated largely as a result of planation, (controlled
by fluvial base level), glaciation and periglaciation (mainly mass movement)
end subsequent morphological variations have been imposed by structure,
process, location and time, Angle of slope is affected by the dip of the
beds as well as by lithology (Macar and Lambert, 1960), the process operating
on the facet accounts for the degree of modification which the facet suffers
but in turn the magnitude and significance of the process acting is in many
cases determined by the location, while the time factor will allow for the
amount of variation imposed. As noted by Smith (1958), "The value of a
slope angle analysis depends upon the determination of the existing relation-
ships between slope angle and the controlling factors in a given area'.

1) The distribution of angular slope values

When angle of slope is plotted against area of slope for a drainage
basin a general relationship emerges. In Fig.14 (1) log. percentage area
is plotted against individual % degree values., This distribution is almost
linear for angular values between 1 and 11 degrees but with higher angular
values a considerable amount of variation occurs., As noted above, this

stems from a preference to record whole degree rather than % degree values
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on high angle slopes in the field. This deficiency is emphasised if the
mean of the values recorded for each facet is averaged to the nearest +
degree, When measuring high angle slopes in the field slight irregularity,
concavity or convexity tends to lead the observer to record whole degree
values on these slopes (see Fig.11). In Fig.14 (2) the observer preference
has been partly eliminated by finding the average of every three adjacent
values by calculating the running mean values. This method gives a
distribution which is more uniform than the normal distribution although
variation still occurs for values greater than 27 degrees.

The most suitable method of expressing this relationship between
angle of slope and area is to fit a curve to the distribution., The
distribution is approximately linear and so first an equation of the form
log Y = Ax + B was employed. The method of mean squares was applied to all
the data represented in Fig.14 (2) and the following function obtaineds

log Y + 0.0665X~ 3.8482 = 0 (1)

This function satisfactorily expresses the angle - area relationship for
Eskdale and shows the degree to which area of slope increases as angle of
slope decreases. A relationship of the same general form (i.e. with the
same gradient) would be expected from other areas of this country although
constants in the equation would vary according to the 'form of the ground'
in the particular area, The dimensional studies in the United States have
revealed different types of hypsometric curve representing equilibrium stage,
inequiliorium stage, and monadnock stage of lendscape development (Strahler,
1952). This angle - area relationship now affords a supplementary index of

the general morphology of a drainage basin and the two correlations, one
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relating height and area and the other relating angle of slope and area, may
be used to give the morphologicsl index for any drainage basin,

The equation (1) derived above expresses the general relationship
between angle and area of slope and may be used as a standard for the Britist
Isles but in order to facilitate comparison with other areas of the world the
position of the modal value of the curve must be noted. 1In Eskdale this
occurs at 1 degree but in morphogenetic regions which have a different
erosional history the modal value of the curve would probably occur at a
different value and the gradient of the curve would also differ, This
theoretical curve must have a peak at 1 degree and so the parabolic form

log y = Ax2

+ Bx + C is a possibility. However this curve does not become
concave for high values of x and so would not allow for the variation of the
highest angles from one area to another., A more suitable form is given by
logy=A+Blogx+C logzx (Ezekiel, 1930, p.69). Using the mean square
method the constants in this equation may be derived for the sample area and
this becomess

log ¥y = 0.948 + 0,086 log x + 0.183 logzx (2)
This equation now expresses the angle - area relationship in a form which
can be readily available for comparison1.

The area sampled contains seven small drainage basins and the two
general equations are derived for this total area and therefore it is

interesting to examine the variation within these basins. In Section 9 of

the main program (Appendix 3) the area was divided into three groups

1Free faces are not included in the calculations to derive constants for
equations (1) and (2) because these are arbitrarily represented as 50 degree
when in fact the group comprises all the angles of over 38% degrees, and
also because this group covers only 0.1% of the total sample area,
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consisting of (1) Baysdale ~nd North Ings

(2) Danby Dale, Little Fryup and Glaisdale

(3) Wheeldale and Rutmoor Beck group (See Fig.9).
For each of these three groups of drainage basins the angle - area correlati:
was calculated and used to produce Fig.,15. The deviation diagram was drawn
by plotting the percentage difference between the value recorded im each of
the three groups and the corresponding value in the total sample., Area 1
(Baysdale and North Ings) includes two drainage basins which contain
moderately well - defined valley side slopes, have generally V - shaped cros:
sections and also contain a large proportion of moorland planation surfaces.
The distribution of angle - area would therefore be expected to resemble
that for the entire sample but the mean angle would be slightly higher as
the two drainage basins are both second order. This is illustrated by
Fig.15 (1). Area 2 includes three dales (Danby Dale, Little Fryup and
Glaisdale) all of which have very well - defined valley side slopes, broadly
. flat floors and are separated by comparatively flat moorland interfluves.
The angle - area distribution for this section of the total sample is
therefore distinct from that of the entire sample. With values up to 5%
degrees the population is definitely less than that of the entire sample
whereas angles of slope above 6 degrees sre always more significant in srea
2 than in the total sample. The mean of this group is also significantly
higher at 7.16 degrees than that for the total sample at 5.87. The third
area has a deviation which is almost a mirror image of Area 2, The low
angle values are well ~ represented but over 6 degrees the higher angle value

are always areally less than the average. This is attributed to the fact
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that the valley side slopes of Wheeldale are usually only moderate or
moderately steep and these drainage basins include a large amount of moorlanc
which is little dissected. The mean is therefore very low with a value of
4.27 degrees, Throughout the three constituent areas the same general
relationship between angle and area of slope is preserved; a unimodal
distribution which varies in amplitude according to the order and morphology

of the drainage basin,

2) The significance of area and drainage basin in the angle - area
distribution

The two equations derived above are based upon analysis geared to
the frame of the drainage basin and it is pertinent to enquire whether this
relationship will be affected by abandoning the drainage basin framework.
The analysis of an area of approximately 7 square miles bounded by grid linet
and covering the upper part of one of the drainage basins included in the
sample (Baysdale) revealed the relationship illustrated in Fig.16 (1) with
random variation eliminated as before (Fig.16: 2). This distribution (1) i
now bimodal with maxima at 1% and 5% degrees and a minimum value at 3% degree
The largest of the two maxima is at 13 degrees and so very close to the 1
degree maximum for the drainage basin analysis, The original uniform
relationship derived for the total area is destroyed by considering an area
other than a drainage basin and this confirms the belief that the drainage
basin is the fundamental framework for use in dimensional analysis.

The measurement of the area of all the individual facels in a
drainage basin is a very laborious process and one alternative method is to
use the mumbers of facets. The differences between the results obtained

by using number and area are illustrated for the total sample area in
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Fig.16 (3). Although there is a broad correspondence between the form of
the two distributions the use of number tends to emphasise low values at
the expense of high values of slope angle., This is further illustrated by
Fig.16 (4) where the discrepancy between area and number for the slopes on
the Dogger outcrop is quite substantial and number again emphasises low
rather than high angles, In this case the form of the distribution also
differs particularly between 1 and 10 degrees., In certain other
distributions the use of number not only distorts the value of the variates
out it also ch nzes the form of the distribution. 1In view of this
discrepancy it is concluded that the use of area of facets rather than
number is necessary.

3) Slope angle variation with height

Slope angle varies according to absolute and relative height;
absolute height above sea level (0.D.) and relative height above the slope
base or the dominant process level. 1In an area undergoing dominantly
fluvial erosion, sea level provides the major base level but each slope
develops with respect to a minor base level afforded by the main river or
stream, It is this agent of transport, acting at a local base level,
which controls erosion of the slope (vertically or laterally) and which
facilitates trans ortation of debris,

Twelve groups, each of 100 feet interval, were used to consider
the variation of slope angle with absolute height, The method is
disadv ntageous in that by using only twelve groups, over - generalisations
may occur and inaccuracies m y be introduced because the groups are taken

from 300 to 399 feet and not say from 350 to 449 feet., This part of the
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main program (Appendix 3, Section 3) was des gned with the size of the
sample in mind; a more detailed height analysis could be effected using a
larger sample area and more punch cards.

The results of the operation are plotted in Fig.17 which shows
angle - area correlations for height groups. Above 500 and up to 1200 feet
the complete range of angular groups occurs but above 1200 feet the population
become increasingly restricted to lower angular values, At lower altitudes,
between 300 and 500 feet the range is also incomplete., This shows a broad
general relationship between angle of slope and height; increasing absolute
height is associated with lower angles of slope and the range of slope values
is largest in the height range fram 500 to 1200 feet. The angle - sarea
distribution for the entire sample area is a simple unimodal figure (Fig.14)
but in Fig,17 some of the diagrams depart from this, The other groups show
distributions which have more than one maximum although the second of these
may, in some cases, be small; as between 600 and 700 feet for example.

The drainage basin has been shown to exhibit a simple relationship
between angle and area of slope but when the ‘ngl - area relationship is
considered for an area other than the drainage basin framework the simple
relationship is disrupted. The drainage basin is a balanced system, but
when considering specific height groups certain maxima occur in the angle -
area relationship because angles cheracteristic of specific types of facets
predominate over others, There are two types of facet in landscape analysis;
flats and slopes (Linton, 1951a). Under controlled conditions the flats will
be characterised by one angular group and the slopes by a second one., This

is il ustrated (Fig.17: 2) by the graph representing the area over 1400 fe.t.



63

190 3¢ 3 . . L. S
0%
1 300-399 2 400-49%9 3 500-599
20-:.15 E 2
H H EES
H B . iEEm
105 H 3
: _i-Eﬂ—L E =
4 600-699 5 700-799 6 800-899
30%7
20% £
=== H
iz
10%]
E==| e
7 900-999 8 1000-1099 g 1100—1199
30%]
B
ol . :
H e =
L 252
10% -
e Tt ==
10 1200-1299 E 11 1300-1399 12 Over—140¢0
B
2=8= S
E3= =
=
Feet N ]
13Areal Occurrence i}  14. Hypsometric Curve 15. Modal Values
12001 s
o~ \
= = 1
900 =
— =
———
— =~
6007 =]
0% 15%
A -

16. Mean Values

12007
= @
00 1
-
J
600
-
300 e a° & &°

Fig 17.

Slope angle variation according

to height groups.



64

The areal occurrence diagram (Fig.17:13) shows that this area is comparativel;
small but the distribution (Fig.17: 12) shows two well - defined peaks. Thi:
small section of the drainage basin consists of flats (planation surfaces) an
intervening slopes and there is no dissection at this height by streams.  The
distribution shows that the characteristic angle of the flats lies between 1
and 2 degrees and the characteristic angle of the slopes occurs in the range
6% to 9 degrees. This characteristic angle for slope facets is slightly
higher than might be expected as a result of the incidence of the Moor Grit
and Grey Limestone outcrops which inspire higher angles of slope. Although
it is not possible to divide the histogram (Fig.17: 12) into two portions
representing flats and slopes respectively, groups of characteristic angles
may be recognised.

The next diagram (Fig.17: 11) representing the area between 1300
and 1400 feet also has a pronounced peak between 1 and 2 degrees and a maximun
in the range 6} to 9 degrees but this latter maximum is less pronounced than
the corresponding one for the range above 1400 feet (Fig.17: 12). This is
because the Moor Grit and Grey Limestone which occur particularly above 1400
feet give higher angles of slope than the Middle Deltaic Series which dominat¢
in the area between 1300 and 1400 feet. Above 1200 feet the characteristic
angle of the flats lies between 1 and 2 degrees and the characteristic angle
of the slopes lies between 4} and 6 degrees (Fig.17: 10). This is a
reflection of the incidence of the broad planation surfaces which occur
between 1200 and 1300 feet. In detail this planation surface (High Moor
Surface) consists of small flats with characteristic angles between 1 and 2

degrees separated by slope facets characteristically having slopes between
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4% and 6 degrees (Chapter é). The three diagrams (Fig.17: 10,11,12) show a
gradually increasing range of angular values with decreasing height. Angles
above 9 degrees do not occur above 1400 feet, between 1300 and 1400 feet there
are no angles of slope greater than 11 degrees and the range 1200 to 1299
feet does not show angles of slope greater than 28 degrees. These restrictic
indicate limiting angles (Young, 1961) which occur for specific height groups.
The height range 700 to 1199 feet (Fig.17: 5,6,7,8,9) gives a
series of histograms each with three peaks. Two of these represent flats
and slopes in each case but the third peak, reflecting increased dissection,
consists of a group of high angle slopes which occur immediately above streams
or in the upper part of the valley sides, The position of the lowest maximum
varies according to the type of flat (Chapter 6) which occurs in the range,
The flats are characterised by angles of 1 ~ 2 degrees between 1000 and 1200
fe t and also between 700 and 800 feet whereas between 800 and 1000 feet the
characteristic angle of the flats lies between 2} and / degrees. This
variation arises as a result of the incidence of planation surfaces,
particularly between 700 and 800 and between 1000 and 1100 feet and also as
a result of the occurrence of altiplanation terrasces which tend to have higher
angles of slope than the major planation surfaces. The characteristic angle
of the slope facets in the range 700 to 1200 feet also varies, Between 700
and 800 and between 1100 and 1200 feet it is in the range 63 to 9 degrees
whereas it is substantially higher, in the range 14 to 17 degrees, between
800 and 1100 feet. This indic-tes that certain angles are characteristic

of specific enviromments., Between 700 and 800 feet the maximum group,
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representing the steep, stream side and valley side slopes has a
characteristic angle between 17% and 213 degrees, The same group is
represented by characteristic angles of 22 -~ 274 between 800 and 900 feet
and slso between 1100 and 1200 feet and of over 28 degrees in the height
range of 900 to 1100 feet.

The distribution for the range 600 to 700 feet is almost a normal
curve with a maximum between 4} and 6 degrees and a second very minor peak
between 113 and 13% degrees. This height range group contains flats but
they are so small areally that they do not produce a significant peak in the
distribution. The two maxima probably represent two types of slope facet;
the numerous facets which form the floors of the dales such as Glaisdale and
the facets which occur in the steepened valley sides. In Fig.19 the two
types of facet are illustrated; the lower angle group has a characteristic
angle between /¥ and 6 degrees and the higher one has a characteristic angle
between 113 and 13% degrees.

The height range of 500 to 599 feet is the only instance (Fig.17: 3
of a normal distribution although the height group immediately above
(Fig.17: 4) closely spproximates to it. These two diagrams represent a
height range in which the content of facets must resemble that of the total
drainage basin, This height range embraces a complete range of situations;
it is also critical in that it represents the Pliocene - Pleistocene junction
for the planation surfaces, it bore the brunt of modification by marginal
glacial meltwater and in some cases, in eastern Eskdale, it is the zone

between moorland planation surf ces and valley incision.
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The low angle slope facets noted as occurring between 600 and 700
feet (above) are also represented between 400 and 500 feet by a characteristi
angle in the range 25 to 4 degrees. A similar group of higher angle slopes
also occurs in this height range (Fig.17: 2) characteristically with angles
between 14 and 17 degrees, A third maximum occurs, with angles over 28
degrees, and this must represent the steep slo e angles bound?ng the streams
(Fig.17: 5,6,7,8,9). The first height group, 300 to 399 feet, is restricted
in area of occurrence (Fig.,17: 13) but shows the three maxima equivalent to
those of the 400 - 500 feet range. A fourth maximum occurs between 0 and
% degree representing valley bench and flood plain facets. The discontinuit
of this distribution is peobably a reflection of the size of the area of the
sample lying between 300 and 399 feet; if a larger sample, with a larger
proportion of area at this height, had been chosen angles would have been
recorded between 9% and 11 degrees and also between 14 and 17 degrees but
the peaks of the distribution would remain in the same positions.

The different model values are summarised in Fig.17: 15 where each
modal value is added to the previous value. The first maximum usually
represents the characteristic angle of the flats at a particular height, the
second modal velue represents the characteristic slope facets between the
flats and the third modal value represents the slopes which occur bordering
streams (mainly post - glacial incision) and those in the free faces and
constant slopes of the valley sides, The modal values show that the 500
to 699 feet range affords the most 'normal' distribution and heights aoove
and below this show variations from the normal. The variation is summarised

in a different way in Table 1,
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Table 1., Characteristic and Limiting angles for 100 feet height groups.

Height Range | Flats | Slopes |High angle slopes | Very High Limiting angles
angle slopes

300 - 399 0-% |43 -6 |115 - 13% 175 - 213 22
400 = 499 2y - 4 |14 - 17 28 and over

500 - 599 2k - 4

600 - 699 iy -6 |11 - 135

700 - 799 1-2 [65-9 174 - 21}

800 - 899 25 - 4 1% - 17 22 - 27%

900 - 999 25 -4 1% - 17 28 and over

1000 - 1099 1-2 14 - 17 28 and over

1100 - 1199 |1-2 |65-9 22 - 27%

1200 - 1299 |1 -2 |45-6 28

1300 - 1399 |1 -2 |[6§-9 15
over 1400 |1-2 |63-9 9

e

The hypsometric curve (Fig.17: 14) may also be plotted for this
data and produces a curve conforming to the equivalent stage of landscape
development (Strahler, 1952) as noted for the whole of Eskdale in Chapter 1.

The weighted mean values for each of the height groups are shown in
Fig.17: 16, The salient feature of this diagram is the subdivision of the
range above 800 feet into two groups by the mean of the 1100 - 1199 feet
range which is introduced by the division between the High and Low Moor surfac
described in Chapter 6. The low mean value between 400 nd 500 feet reflects
the occurr nce of terraces and of moderate slopes (3 to 6 degrees) on the

lower parts of the valley sides, The mean for the total sample is 5.87
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degrees and this is exceeded between 300 and 399, 500 and 799 and also between
1100 and 1199 feet.

The angle - area correlation thus varies with height. Above 1200
feet limiting angles define the angular occurrence in the hundred feet
groupings and the distribution becomes confined to lower angles of slope as
height increases., The distributions are often peaked and the maxima must
represent the angles characteristic of certain types of facets. Between 500
and 700 feet 0.,D, the angle - area relationship is most normal but above and
below this height characteristic angles occur.

4) The geological skeleton

Geikie (1898) first noted the importance of rocks in the physical
landscape of Es«dale. This landscape embraces three types of area; the
Central Dales of Eskdale (Glaisdale, Little Fryup, Danby Dale, Westerdale and
Central Eskdale) where the influence of geology is profound and the resistant
bands dominate in free faces; the western dales where the same pattern is
observed but with rounding, modification and more extensive planation surfaces,
and f'nal y e stern Eskdale where the skeleton of relief is char cterised by
fewer free faces and is often masked by glacial deposits.

The impact of geology on landscape may be considered under three
headings; the influence of dis osition in so far as it affects occurrence of
rocks, the influence of disposition of strata on angle of slope and the
influence of lithology on angle of slope. The detailed pattern of relief is
partly dictated by the outcrop of the succession and the mosaic of outcrops is
largely controlled by the pattern of anticlines nd synclines (Fig.18). 1In

L]
Belgium the influence of dip has been shown to have a significant effect upon



T0

STRUCTURE CONTOURS FOR THE NORTH YORK MOORS

10 MILES

—~—

Lt of Western Escorpment . __ )
Structure Contours ——

‘Whinstone Dyke —

VAaLE OF micremine

Fig 18. Structure contours for the North York Moors.

Contours drawn at the base of the Dogger in the
north and at the top of the Oxford Clay in
the sauth.

(Mainly based upon a map drawn by R. Agar).



n

angle of slope (llacar and Lambert, 1960). However no detailed quantitative
analysis of the relationship of slope angle to angle of dip of the beds has
been made in Eskdale because most of the valleys trend with the dip from
south to north and so there is no extensive variation in the valley cross
sections, A broad general relationship does occur along the east to west
trending Esk valley. The structure of the North York Moors is broadly
anticlinal and the river Esk, between Castleton and Glaisdale flows on the
northern flank of this structure. The resistant bands in the succession
outcrop at a higher level on the southern side of the valley than on the
northern side; there is therefore a difference in the height of the dale side
slopes and also in their morphology, (Fig.19). The lower parts of the Esk
valley are developed across the Sleights anticline and so there is no
appreciable difference in the macro detail on the two valley side slopes.

The dales tributary to Eskdale in general flow across the strike of the out-
crops and so although there are significant changes in the height of the rock:
along the length of the dale the variations in cross section are slight.

The general skeleton of the area, determined by the occurrence and
disposition of the particular outcrops, is further emphasised by lithology.
In extreme cases the lithology of any particular bed determines the form of
the landscape; on the south side of Eskdale the Dogger and the resistant
Lower D ltaic Series occur at the top of the valley side slope, giving a
steep, well - defined slope (Fig.19). In detail, lithology affects angle of
slope in all cases and a study of the effects of particular outcrops against
a background of the distribution of each type can be made,

The distribution of the pock types is shown in Fig.20 and a litholog
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column (Fig.21) was compiled to illustrate the variation in thickness of the
particular beds, the dominant lithology and the suggested resistance. The
resistance, indicated as very high, moderate or low, was determined subjective
ly on the basis of personal observation in the field; by noting exposures an
particularly the reaction of streams to the different types. The variation
which may occur within any one rock type, laterally or vertically, is also
included (based upon Fox - Strangways, Reid and Barrow, 1885). This diagram
was compiled on the basis of field experience before the results of quantita-
tive analysis by punch cards were known., Angle of slope is affected to a
varying extent by different lithological types and this is illustrated by the
results of Section 1 of the main program (Appendix 3) which gives an angle -
area correlation for each outcrop occurring in the sample area, The Jet Rock
of the Upper Lias is not always mapped by the Geological Survey and does not
occur sufficiently in the sample area to permit the division of the Upper Lias
into three zones. In a more complex program of sorting, using a larger
number of facets and cards, it would be possible to sort on the basis of heigl
and geology. Thus the variation which occurs at different heights, for examg
le between 800 and 850 feet, could give a finer technique for detecting the
influence of rocks on the *'form of the groundt.

5) Angle of slope and the geological skeleton

Cumulative frequency histograms were drawn for the various optcrops
and may be compared with the normal curve for the total sample area (Fig.22).
The strata above the Middle Deltaic (Fig.22: 8 - 13) have distributions which
are lower than the normalcurve (i.e. with a larger proportion of low angle

values) and the strata below the Middle Deltaic, with the exception of the
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Sandy Series of the Middle Lias (Fig.22: 2) are higher than the normal curve.
This is evaluated on the basis of the slope and composition of the distribu-
tions, The curves are all convex, like the normal curve, with the exceptior
of the Lower Lias which is concave., This difference arises as a result of
the restriction of the Lower Lias outcrop to the floor of Danby Dale. The
sample area chosen generally shows higher angles of slope on the outcrops of
the lower members of the geological succession, again with the exception of
the Sandy Series_ of the Middle Lias., This is partly explained on a litho-
logical basis. The Upper Deltaic Series consists of thin bands of shale wit
occasional bands of hard - grained sandstone, The Grey Limestone and Moor
Grit are both massive sandstones and apparently very resistant. The Cornbras
a marine band similar to the Dogger and the Eller Beck Bed, is also resistant
and prominent in some areas, including the slopes of Newton Dale where it
forms many of the free faces in the upper part of the dale, The Kellaways
Rock consists predominantly of soft sandstones which support low angles of
slope. The pattern of a simple relationship between angle and area of slope
found to occur for a drainage basin is destroyed when the angle - area
distributions are drawn for specific geological outcrops (Fig.23). The
distributions often have more than one peak; the Dogger shows four maxima
(Fig.23: 5). The peaks suggest that certain angles are characteristic of
specific types of facets and the range of the distributions may be used to
determine the limiting angles for a particular outcrop.

The Lower Lias covers 4.1;“6f the sample area and is confined
exclusively to Danby Dale. The outcrop is reflected in three types of facet

flood plain, steep post = glacial stream side facets and low angle dale side
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facets. There are three maxima on the distribution coinciding with these
three types of facets; the largest peak is represented by the steep,
recently eroded slopes which occur between 11% and 13} degrees with a
characteristic angle of 12.4 degrees. The second peak at 4} to 6 degrees
represents the dale side slopes; the flats and slopes of this zone are not
distinguished as a result of the restricted area of the outcrop. The
characteristic angle of the Lower Lias on the dale side therefore lies
between 4% and 6 degrees. The stream does not have a flood plain along its
entire course but when this does occur the characteristic angle is between
0 and % degrees.

The Middle Lias (Sandy Series) is slightly smaller in area of

outcrop and again is restricted to Danby Dale, The formation seldom occurs
in the valley bottam and so does not include a flood plain group of facets
in the distribution (Fig.23: 2). It includes two groups of facets; the
slopes and flats of the lower part of the dale side., On this formation the
characteristic angle of the slopes is between 6 and 95 degrees and that of
the flats is between 1 and 2 degrees,

The Middle Lias (Ironstone Series) occurs in Danby Dale, Little

Fryup Dale and Glaisdale and in the latter two areas the outcrop occurs in
the lower parts of the dales including the stream bed., The distribution fo:
this outcrop is a skew unimodal form (Fig.23: 3) and so the area of the out=
crop must include a balanced proportion of different types of facets. The
outcrop occurs, in each of the dales, in the central portion of the dale sid:
slopes and so a complete range of angular values is found. The modal value

of the distribution is in the range 2§ - 4 degrees and this corresponds to
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the modal value of the sample area as a whole, In Glaisdale and in Little
Fryup the steep slopes adjoining the streams are incised into the formation
and show angles of up to 22 degrees but they are not prominent in the diagram
(Fig.23: 3) as there is a gradation from these slopes into those of the dale
proper.

The outcrops of the Lower and Middle Lias do not include a complete
range of angular values of slope., The Lower Lias outcrop does not have any
angles of slope greater than 17 degrees although this outcrop frequently
occurs in the steep slopes bordering streams. The limiting angle of 17
degrees shows that the grey, earthy shale of the Lower Lias is unable to
support angles of slope greater than this1. The Sandy Series also shows a
limiting angle of 17 degrees and this also reflects its sandy shale with
subordinate flaggy sandstones lithology. In Glaisdale the outcrop is covere
by drift but the slopes bordering the streams, although capped by drift, are
cut mainly into the Sandy Series. The Ironstone Series, an alternation of
easily eroded shale and resistant ferruginous sandstones has a slightly highe
limiting angle of 22 degrees reflecting the slightly increased resistance.

The Upper Lias includes the Grey Shale - easily eroded fine shales;
the Jet Rock - an intermittently occurring bituminous band, and the Alum Shal
which is finely laminated. The outcrop of the upper part of the Upper Lias
is more extensive than that of the other two divisions as a result of the
difference in thic«ness (Fig.21). The Grey Shale usually occurs in the side

slopes of the dales and is characterised by angles between 2% and 6 degrees

1The succession of the Lower Lias consists of grey, earthy shale with beds of

resistant doggers but in Danby Dale only the top two zones of the formation
outcrop and these are easily eroded, The Lower Lias may also occur in the
stream bed in Glaisdale but drift obscures any exposures (Fox - Strangways,
Reid and Barrow, 1885, p.3).
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whereas the Jet Rock, when it does occur, tends to form slightly higher angle
of slope and sometimes underlies a narrow bench (e.g. at the head of Glaisdal
NZ 738030). The Alum Shale always occurs above the floor of the dale in
Glaisdale, Little Fryup, Danby Dale and Baysdale but in the Esk valley the
outcrop exterds down to the river, This outcrop supports two types of
slope facets; those in the gently sloping dale side (particularly on the
eastern side of Danby Dale and along the Esk valley section) and those more
steeply inclined facets which occur in the major slope immediately below the
free faces afforded by the Dogger and the Lower Deltaic Series (Constant
Slope). The Alum Shale is easily eroded but occurs beneath high angle
facets simply as a result of the protection afforded by the free faces
immediately above., The angle - area distribution (Fig.23: 4) has three
peaks which may be interpreted in terms of three types of facets. The flat
facets on the valley sides have a characteristic angle between 2 and 4
degrees, the slope facets are characteristically between 6% and 9 degrees
whereas the steeper slopes below the free face (constant slopes) are
characterised by the range 175 - 21} degrees. Although this range (174 - 21
degrees) is areally the most characteristic, much higher angles do occur on
the Alum Shale and with favourable conditions of position and orientation the
formation supports angles of slope up to 38% degrees over small areas below
the free face., The importance of this outcrop in mass movement and the
delicate balance between facets and angle of slope which exist upon it are
examined in Chapter 7,

The Dogger, a very resistant marine band, generally consisting of

sideritic sandstone, is very prominent in the Eskdale landscape although, as
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noted by Hemingway (1958, p.25), it is not always responsible for the free

faces because the lower part of the Lower Deltaic Series is also very

resistant.

This is illustrated in the section at Houlsyke (Fig.19) where

the free face is supported by the Lower Deltaic Series and a smaller feature

occurs on the Dogger below. There are four types of facet beneath which

the Dogger outcrop occurs:

a)

b)

c)

d)

a group of high angle slopes where it forms the only free face
as on the western side of Danby Dale and part of the eastern
side of Glaisdale, This group of angular values occurs in the
range over 22 degrees and is probably represented by the maximw
between 22 and 275 degrees.,

a group of facets which have slightly lower angles of slope
because the main free face is formed by the Lower Deltaic Serie
and the Dogger outcrop occurs in the steep slope immediately
below. The characteristic angle of this group of facets is
represented by the range from 14 to 17 degrees.

a group of facets obtained when the outcrop occurs in the lower
part of the main dale side slope. This situation arises on the
south side of the Esk valley, between Castleton and Danby, and
the Dogger clearly affects the angle of slope of the facets
along part of its length at least, This type of facet is
represented by the range 65 to 9 degrees.

a group of flats which occurs immediately above the Dogger
outcrop, particularly above a free face, The lowest peak of

the distribution (Fig.23: 5) represents this group with a
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characteristic angle between O and % degree,
This distribution (Fig.23: 5) is distinct from all of the others and high
angle slopes are much more significant on this outcrop.

The Lower Deltaic Series which includes 50 feet of very resistant

basal sandstones surmounted by less resistant shales occurs in and above
Baysdale, North Ings, Danby Dale, Little Fryup and Glaisdale., Several types
of facet occur on the outcrop including those:

a) where the facet forms a major free face represented by the
highest peak (Fig.23: 6) with angles greater than 28 degrees.

b) where the outcrop forms valley side slopes and the free face is
supported by the Eller Beck Bed, This group is characterised
by the range 175 — 215 degrees.

¢) where the outcrop forms valley side and summit slopes; either
where the major slope does not possess a free face or where the
facet occurs at a lower level in the slope type. This group of
facets is characteristically represented by an angle in the
range between 6% and 9 degrees.

d) where the outcrop occurs beneath planation surfaces the group is
represented by a characteristic angle between 2% and 4 degrees.

The Dogger is almost uniformly resistant and may be regarded as a

uniform lithology but the Lower Deltaic Series includes two different
lithologies; the very resistant sandstones in the lower part of the
succession and the much less resistant shales above., If the lithology of
groups b) and c) were uniform they would be combined into one group. The

characteristic angle of the free faces on the Lower Deltaic Series is over
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28 degrees but the free faces on the Dogger have a characteristic angle

between 22 and 28 degrees, This again reflects the lithological difference

between the lower part of the Lower Deltaic Series and the Dogger; the forme

may be slightly more resistant and in addition the resistant part of the Lowe

Deltaic is vertically more extensive than the Dogger.

The Eller Beck Bed, like the Dogger, is a marine sandstone but does

not occur as

frequently, It is found round Baysdale and Glaisdale and along

part of the Wheeldale Gill valley. The facets which occur on this outecrop

include the following types:

a)

b)

c)

d)

free faces with high angle slopes illustrated by the second free
face which occurs round much of Glaisdale,

steep slopes developed on the outcrop at the top of a slope whic
are not sufficiently distinct to be termed free faces, These
types (a & b) are not distinct on the distribution (Fig.23: 7)
but grade into one another and they possess a range of angular
values generally over 11 degrees and characteristically between
14 and 17 degrees,

where the Lller Beck Bed occurs in valley side slopes at a lower
level in the constant slope and so possesses angles of slope les
than either a) or b), This group is characterised by the range
from 6% to 9 degrees.

flats which are small in area and occur on the outcrop are
represented by the characteristic range of 1 to 2 degrees and nc

angle less than 1 degree occurs on the outcrop in the sample are

The Middle Deltaic Series is extensive in areal occurrence,
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comprising 21.4% of the sample area and including several types of facets:
a) valley side slope and summit slope !'slope! facets characterised
by the range 4+ to 6 degrees.
b) valley side slope and summit slope *flat! facets with character-
istic angles between 1 and 2 degrees.
c) steep stream side facets are characterised by angles of slope
over 28 degrees.
The proportion of high angle slopes is small on this ocutcrop but a maximum
does occur in the highest group representing the facets adjacent to streams,

The Grey Limestone is commonly a coarse, resistant, calcareous or

siliceous gritstone and the outcrop is frequently defined by altiplanation
terraces or relatively steep, boulder ~ strewn facets. The steeper facets a
the back of altiplanation terraces are characterised by angles between 113
and 13% degrees and the terraces themselves and other flats are character-
istically represented by angles of slope between 2% and 4 degrees. Although
this formation is lithologically a resistant gritstone it does not support
very high angles of slope and the limiting angle is 14 degrees, This limit
is imposed by the position of the outcrop in the sample area rather than by
the lithology; the formation seldom occurs below 800 feet and is frequently
truncated by the relics of planation surfaces so that the only high angles
possible on this formation occur at the backs of altiplanation terraces., Th
Grey Limestone of Eskdale may be found in three types of situation; as a
narrow outcrop which may have one or two altiplanation terraces developed on
it, as a broad outcrop across which a series of low angle planation surfaces

are cut as on Egton Moor (NZ 760010) or very occasionally as a free face in
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the side of a valley. The latter example is restricted and occurs in a
free face with the Moor Grit in the Wheeldale valley near Wheeldale Lodge
,(SE 814984).

The Moor Grit is a very hard siliceous grit and although apparentl:
resistant it does not support angles of slope exceeding 14 degrees; again a;
a result of height of occurrence. The outcrop occurs in three types of
facets; extensive summit flats as on Wheeldale Moor, the flats of alti-
planation terraces (e.g. N2 638119) and also in slope facets including those
at the back of altiplanation terraces. The flats form one group in the
distribution with a characteristic angle between 25 and 4 degrees while the
backs of the terraces and the slopes in which the lloor Grit occurs have a
characteristic angle between 113 and 13% degrees. The Moor Grit, like the
Grey Limestone, sometimes occurs in free faces and the two beds often combin
to form one free face as at Wheeldale Lodge as noted above, Although this
type of facet is not represented in the sample, the distribution would still
not cover the complete range of angular values if it was included, because tl
outcrop weathers into large angular blocks, giving a very irregular slope
which is difficult to measure exactly and so is represented as a cliff
(arbitrarily 50 degrees. See Fig.24).

The Upper Deltaic Series is the most extensive outcrop and extends

over 27.6% of the sample area. The areal extent of this formation means

that a considerable range of the different types of facet is included and so
the distribution obtained by relating angle and area of slope is a balanced
one (Fig.23: 11). The peak of the distribution is between 1 and 2 degrees

but the range, unlike that of the sample area, is limited as a result of the



Fig 24. Weathering of the Moor Grit - Grey
Limestone free face. (SE 816983)
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height at which the formation usually occurs and also the low resistance;
the beds are an alternation of thin sandstone and shales, The limiting angl
found on this outcrop is 14 degrees,

The Cornbrash is a narrow marine band, composed partly of limestone
and partly of sandstone, which supports facets with slightly higher angles
than would be expected at the height at which it occurs, This is a result ¢
the inherent resistance of the bed and also of the resistamt bands of the
base of the overlying Kellaways which promote relatively high angle slopes
(Fox - Strangways and Barrow, 1915, p.46). The outcrop is restricted in the
sample area to southern Wheeldale where it often forms a distinct feature,
and to two outliers, Simon Howe and Ramsden Head. There are essentially
three types of facet on this outcrop:

a) slope facets which occur in the summit slopes with characteristi

angles in the range 2} - 4 degrees.

b) facets which occur in the valley side slopes characteristically

between 6% and 9 degrees (also in the sides of the two outliers)

c) flats cut across the formation with low angles of slope between

0 and % degrees,
The limiting angle of 11 degrees is lower for the Cornbrash than that shown
by the Moor Grit and the Upper Deltaic Series,

The Kellaways outcrop is also confined to the southern part of the
Wheeldale basin and although variable in composition, is usually well -
represented by a bed of close - grained sandstone which is well - bedded and
weathers to give a very dry soil (Barrow, 1888, p.58). The maxima on this

distribution resemble those of the distribution for the Cornbrash although



89

the limiting angle is now lower with a value of 9 degrees., The steeper
slopes at the base of the outcrop are characterised by the range 63 to 9
degrees and the facets on the valley side are represented by characteristic
angles of between 23 and 4 degrees (slope facets) and also between O and %
degrees (flat facets). The characteristic angles for certain types of
facets which occur in the distributions for different outcrops are tabulated
in Table 2.

Table 2. Characteristic and limiting angles for geological outcrops.

CHARACTERISTIC ANGLES LIMITING ANGL

Outerop [Flat Facets | Slope Facets | High angle slope
Lower Lias 0-3% s -6 95 - 14 17
Middle Lias:

Sandy Series 1 -2 b5 - 9 17

Ironstone Seried 2% - 4 22
Upper Lias A 6% - 9 175 - 21%
Dogger 0-% 6 -9 14 = 17 (& 22-27%)
Lower Deltaic 25 - 4 65 - 9 175 = 215 (& over

Eller Beck Bed 1-2 65 - 9 14 = 17 #) not below 1°
Middle Deltaic 1-2 5 -6

Grey Limestone 2y~ 4 1% - 13% 14
Moor Grit 25 - 4 115 = 13% 14
Upper Deltaic 1-2 14
Cornbrash 0-3% 25 - 4 65 -9 11

Kellaways 0-+% 25 - 4 65 - 9 9
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The Upper Lias, Lower Deltaic, Eller Beck Bed and Middle Deltaic
rocks cover the complete range of angular values but strata above and below
this group have limiting angles, 1In the case of the Lower and Middle Lias
the limiting angles reflect lithological control but in the case of strata
above the Middle Deltaic the factor of location is also important. The Gre;
Limestone and Moor Grit are both resistant bands although the angle - area
distributions for each of these outcrops are confined to wvalues less than
14 degrees, The resistance of these two beds is indicated in Table 2 by
the occurrence of characteristic angles between 115 and 13%-degrees, close
to the limiting angle. The use of weighted mean values does not indicate
the resistance of these two beds.

6) Differentiazl lithological resistance

The extent to which any particular rock type affects angle of
slope varies according to a number of factors, However the relative
significance of the various outcrops may be considered on the basis of the
weighted mean values and modal values obtained for each angle - area
distribution (Fig.25) and the results are compéred by placing the different
outcrops in order of significance in Table 3, The information collected
in Table 3 allows the average effect of each geological outcrop to be
calculated and the rock types, in so far as they affect angle of slope, may
be arranged in the following order: Dogger, Eller Beck Bed, Upper Lias,
Lower Lias, Lower Deltaic, Sandy Series and Middle Deltaic, Cornbrash, Grey
Limestone and Moor Grit, Ironstone Series (l.iddle Lias), Upper Deltaic and
Kellaways,

This order is based upon absclute data for the sample area, whereas

certain outcrops are restricted to particular height ranges where the average



91

I13. Kellaways

12. Cornbrash

\l. Upper Deltaic

IOMoor Grit

9. Grey Limestone

8. M/dd/e Del/tarc

7. Eller Beck Bed

6. Lower Del/tarc

5. Dogger

4. Upper Lias

3. /ronstone Serres

2. Midd/e Lias Sandy

I. Lower Liags

Mean Values

vViw(d|u|o|v|o|o]|O

¥
o° 10°

| ] { |
20° 30° 40° 50°

Fig 25. Mean values and modal values for the angle - area distributions obtained
for geological outcrops.
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angle of slope is greater than or less than the average for the total sample,
This deficiency is partly eliminated by combining the data on varistion with
height with that for geclogy.

Table 3. Order of significance of geological outcrops based upon size of

mean or modal values.

Outerop Mean Value First Modal Value Second Modal Value
Kellaways 13 13 10
Cornbrash 8 4 9
Upper Deltaic 1 11 13
Moor Grit 12 6 7
Grey Limestone 10 6 7
Middle Deltaic 7 11 2
Eller Beck Bed 2 2 5
Lower Deltaic 5 6 3
Dogger 1 1 1
Upper Lias 3 6 4
fiddle Lias:

Ironstone Series 9 6 12
Sandy Series 6 4 1
Lower Lias 4 3 6

A possible method is to deduce the height range of the particular outecrop
and then to divide the mean angle for this range into the mean angle for the
particular outecrop. A series of factors will then be obtained which will
facilitate the comparison of the relative significance of individual strata

within their local enviromments. The factors were evaluated and expressed
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in Table 4. This correction, applied for height, allows the various rocks
to be re - grouped in order of significance and the order becames: Dogger,
Eller Beck Bed, Upper Lias, Lower Lias, Lower Deltaic Series, Sand Series
(Middle Lias), Ironstone Series (Middle Lias), Middle Deltaic Series,
Cornbrash, Grey Limestone, Upper Deltaic Series, Moor Grit and Kellaways.
This sequence differs slightly from the one based upon modal and mean values
on particular outcrops but the first six members are unchanged. The first
eight members of this order are either sandstone or shale; angles are high
on the sandstone because the lithology directly promotes a high angle slope
whereas on the shales the high angle slopes are generally the result of
location, either immediately below a free face or in slopes at the side of
streams.

The concept of characteristic and limiting angles has been
elaborated by Young (1961) who suggested that "characteristic angles of slop:
are those which most frequently occur, either on all slopes, under particula
conditions of rock type or climate, or in a local region " but for the
present purpose the term has been used in a more restricted form, Within
any drainage basin there is a simple relationship between angle of slope and
area of slope. This simple relationship is disrupted by considering any
area other than a drainage basin, Characteristic angles are therefore
defined as those which occur on specific types of facets under controlled
conditions of geology, height, orientation or position etc. 1In the present
analysis characteristic angular ranges have been used rather than character-

istic angles as a result of the prohibitive size of the sample used.
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Table 4.

Outcrop Lithology [Height Range |1. }Mean Height |2. Mean angle 2/1

Range value| for outcrop |value |ord

Kellaways Sandstone | 750 - 850 6.14 2.26 .37 | 13
Cornbrash Limestone | 750 - 825 6.14 4,92 .30 9
U.Deltaic Shale 525 = 1025 6434 3.36 53 {11
Moor Grit Gritstone] 500 - 1300 5.89 3.00 51 112
Grey Limestone|Limestone| 500 - 1400 5.63 3.92 .70 | 10
M.Deltaic Sandstone [ 500 - 1300 5.89 5.03 .85 8
Eller Beck Sandstone | 500 - 1300 5.89 12.95 2.20 2
L.Deltaic Sandstone | 400 - 1300 5.74 7.1 1.24 5
Dogger Sandstone | 500 - 1250 5.89 22,24 3.79 1
U.Lias Shale Below 1100 5.97 9.32 1.56 | 3
M.Lias:

ironstone Shale Below 1000 6.02 4.59 .88 7
Sandy Series |Sandstone | Below 900 6.09 6.49 1.07 | 6
L.Lias Shale 500 - 600 6.54 8.72 1.33 4

A more detailed analysis of angle of slope in relation to rock

structure might follow one of three approaches.,

Firstly to examine mechanic-

ally the relative resistance of different rock types and to compare this with

the topogra hic expression of the particular beds,

of slope strictly in relation to lithology;

process and would involve subdivision of many of the existing geological

boundaries so that the lower 50 feet of the Lower Deltaic Series would be

considered separately from the remainder of the bed.

A third alternative

Secondly to examine angl¢

this would be a very intricate
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would involve the examination of slope angle variation under different height
and orientation values but with constant lithology. Although a considerable
amount of lateral and vertical variation occurs in the various rock types in
Eskdale (Fig.21) the position of the resistant marine bands tends to emphasise
the character of the intervening beds and so characteristic angles may be
considered,

7) The geological skeleton throughout Eskdale

The above analysis of the significance of different lithologies witl
respect to slope angle may be taken as typical for the drainage basin as a
whole. The only instance where a certain type of facet is not represented i:
in the case of the Grey Limestone and the Moor Grit which do not occur in a
free face in the sample area. There are also two other significant omissions
in the sample area; first the influence of superficial material imposed upon
the underlying rock type - a situation which occurs throughout eastern Eskdale
and secondly the outcrop of the Whinstone dyke, This Tertiary intrusion of
augite andesite extends across Eskdale (Fig.20) but, although marked along its
length by a narrow groove excavated by quarrying for road metal, there is onl;
one instance where it significantly affects angle of slope; this is at Egton
Bridge where the dyke underlies a terrace and promotes a very steep bluff in
front of the terrace (NZ 802052).

Throughout eastern Eskdale the masking influence of the drift is
two - fold; in some cases it obliterates fairly steep angles, as on the Lias
of the Esk valley between Grosmont and Sleights, and in other cases it
accentuates existing angles of slope as in the case of material deposited in

ice -~ contact positions (Fig.26). The kame terraces at the southern end of
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the Stonegate valley have high angle slopes (up to 30 degrees) maintained on
sand and gravel whereas the underlying slopes on the Upper Deltaic are less
steep. On the more resistant formations the effect of lithology is maintain
ed throughout. The influence of beds such as the Dogger, the lower part of
the Lower Deltaic and also the Eller Beck Bed, is maintained despite the
influence of drift., On the south side of the Esk valley between Grosmont
and Sleights the effect of these resistant beds is as significant as within
the sample area. This is the result of a two - fold influence; the angles
of slope would be steep on these outcrops even pre - glacially, and so little
glacial material would accumulate and persist, amd secondly the high angle
slope would facilitate periglacial weathering and removal of any material
which did accumulate. In an examination of the influence of drift upon the
slope angle, the thickness of the superficial cover is the critical factor;
where the drift cover is thin the angle of slope is primarily determined by
the underlying lithology but where the drift is thick the principal determin-
ant is the lithology of the drift,
8) Conclusion

A unimodal distribution is obtained by plotting angle against area
of slope in a drainage basin, If the drainage basin framework is not used,
characteristic angles are represented on the distribution. The use of
controlled conditions (such as geology, position etc.) gives a series of
characteristic angles for specific types of facets, The modal values of
different distributions cannot be related directly but should be interpreted
with respect to the types of facets which can possibly occur within the

range of the distribution, The morphological types of terrain which occur
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in the Condroz and the Appalachians have been noted by Bethune and Mammerickx
(1960). In Eskdale there is primarily a contrast between flat and slope
facets although secondarily, distinct groups of slope facets may be
identified, The analysis indicates that there is a general decrease of
structural influence as height increases; this could be firmly substantiated
only by some form of mechanical analysis designed to compare the resistance
of different formations to weathering, but the evidence points to the
interpretation of landscape as a function of process, stage and structure

(King, 1953) rather than structure, process and stage.
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CHAPTLR 5.
SLOPS.,

Slope studies may be effected by either deductive or inductive
methods but in each information on the mor hology of slopes is required,
Inductive studies are often associated with studies of slope form over a
large area while the deductive approach is often accomplished by concentrating
on the evolution of particular slopes or particular slope sections. In this
chapter the primsry concern will be with the morphology of slopes and the
information which this affords, concerning slope development, will then be
assembled. The geomorphological map may be used for the study of slopes in
three ways:

i) morphometric analysis of slopes in a drainage basin (Strahler,

1956).
ii) quantitative analysis based upon angle - area relationships of
facets (as used in Chapter 4).
iii) profile analysis based upon profiles constructed from a
geo orphological map and comparison of the results (Savigear,
1956).
The general constitution of a slope profile was described by Wood (1942) who
recognised the presence of four ele ents; the waxing slope, free face,
constant slope and waning slope. This general division has been widely
recognised and followed by many workers including King (1957) who recognised
a waxing slope, free face, talus or debris slope and a pediment.

1) lorphometric Analysis.

The analysis of 1:25,000 maps for the whole of Eskdale shows a
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definite relationship between stream order amd stream mmber, illustrating
Horton's first law (Horton, 1945), and gives 2 hypsometric curve indicating

a mature state of dissection (Strahler, 1952) (Fig.4). An angle - area
relationship was detemmined for the constituent drainage basins in the sample
area (Appendix 3, Main program 4) and this information may be used in several
ways.

Stream frequency for each order drainage basin (Horton, 1945) was
calculated and plotted against stream mumber (Fig.27). This shows that the
terms arrange themselves in the form of a geometric progression. The basin
area of each order was plotted, for the sample area, against stream number
(Fig.27) and the absolute area of first, second and third order basins occur
in geometric progression. The fourth order total is below the line because
the sample area is not large enough to include all the fourth order basins of
Eskdale., If the area of overland flow is plotted on the same diagram the
area of this also falls on the same straight line (Fig.27). Previous work
(e.g. Schumm, 1956) has illustrated Horton's fourth law (Horton, 1945) by
inference and shown a rel tionship between mean basin area and stream order,
lorphometric studies of drainage basins based upon contour maps often encounte
difficulty in the delimitation of first order basins; frequently the area of
first order basins cannot be used to illustrate Horton's fourth law (e.g.
Chorley, 1957b). This difficulty is removed when the areas are measured
from a geomorphological map because the area of first order basins may then
be defined in terms of facets. In the sample area in Egkdale there is
apparently a relationship between absolute drainage basin area and stream

order, The area of overland flow falls in the same series (Fig.27). This
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suggests that Horton's fourth law is substantiated on a detailed scale by
facet analysis; in any drainage basin the total area of specific order
basins is related by a geometric progression and the area of overland flow
is related to these areas by the same relationship. 1In a study of the
central Appalachians Hack and Goodlett (1960) noted that 44% of the total
area was occupied by slopes of first order valleys whereas in a !'typical
lowland area', also drained by a fifth order stream, only about 33% of the
total area was occupied by first order valleys. The sample area in Eskdale,
which is part of a fifth order drainage basin, shows the following percentage

areas for constituent drainage basins:

L, 22.35%
1st order 34.53% L 51%
2nd orded] 71.19% 62.96%
3rd order 95.49% 9. 27%
4th order 100.00% 100.00%
Total area including Lo | Total area excluding Lo

The derivation of a relationship b tween mean slope angles for basi
ns of a particular order was also considered. The weighted mean values for

particuler orders are:

L, 3.06 degrees
1st order 4.73 degrees
2nd order 9.07 degr es
3rd order 7.97 degrees

4th order 7.02 degrees
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The mean angular values for second, third and fourth order basins are in
approximate geometric progression but the values for first order basins and
for the area of overland flow do not lie in the same series. This is
ascribed to the fact that first order basins and areas of overland flow are
generally confined to the higher areas of the drainage basin where there is
a smaller proportion of high angle slopes. The only relationship which
could be derived was obtained by plotting the product of mean slope angle
and drainage basin area against stream order hen a2 smo th curve w s obtain
ed by using a semi - logarithmic plot. If this information is plotted
using logarithmic scales for each axis the relationship is expressed bs a
straight line (Fig.27). Therefore the relationship between mean slope
angle of drainage basins of successive orders, per unit area, may be
expressed by a function of the form: A log y =B logx+C

2) Quantitetive A alysis,

Quantitative analysis of slopes in the sample area was effected by
considering the variation of the angle ~ area relationship according to
various methods of repres nting rel-tive and absolute facet position. The
methods adopted include:

i) Absolute (a) accordin, to height groups.

(b) according to height above stream.
(¢) according to drainage basin order.
ii) Relative (a) according to percentage position above slope
base using only 'slope! facets,
(b) according to one of three major types of slope,
again employing p rcentage position above slope

base,
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i) (a)

The angle - area relationship computed for height groups in the
sample area, each of 100 feet vertical interval, was described in Chapter 4
(Fig.17;, 14,15,16). The hypsometric curve (Fig.17; 14) indicates that the
sample area, lice the total drainage basin, is inanequilbtiem t te of deévelopmerd

(Strahler, 1952).
i) (b)

The height of facets above the stream base was used to examine the
relationship of facels according to their position above the base of the
slope as defined by the position of a stream (Chapter 3). The analysis was
effected in the main program (Appendix 3, Main program 7). Two types of
slope are included in this analysis; that which occurs above a stream
flowing parallel to the long axis of the constituent facets and that where
the slope is considered to be based at the head of a first order stream.

In a comprehensive examination the two types could be distinguished and the
results of the analysis compared but the sample area was not sufficiently
large to allow this and so the two types of slope combination were considered
together. The essential difference between these two types is that the
steep facets often occur at the foot of slopes in a drainage basin of second
or higher order whereas low angle slopes occur at the base of the slope above
a first order str.am., The two profiles are basically similar but above a
first order stream heaé the free face element and the steep facets at the
foot of the slope are usually absent.

The angle - area relationship for the height of facets above stream

base are plotted in Fig.28. The interpretation of this diagram is more
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complex than that of those presented for different geological types (Chapter
Ly Fig.23) because in addition to the different types of facet two types of
slope are represented (i.e. above a first order stream head and above streams
parallel to the facet). Below 220 feet the distributions generally have two
marked maxima (Fig.28) which correspond either to the two types of slope or
to groups of flat and slope facets. The latter possibility seems to be the
most feasible in that both types of facet should occur in every 20 feet
height group and so there will be at least two maxima on each of the distribu
tions. The persistent occurrence of these two maxima indicates that flat
facets and slope facets are both characterised by specific angular groups in
particular slope positions. 1In the range O - 20 feet (Fig.28) there are
three maxima which correspond to flat facets (1 - 2 degrees), gently -
inclined slope facets at the foot of the slope (6% - 9 degrees) and a third
group representing steep facets bordering a stream (175 - 21} degrees). The
modal values of these distributions are plotted as characteristic angles in
Fig.29. The flat facets always form a well - defin d group and the angle
never exceeds 4 degrees ercept batween 120 and 140 feet where true flats are
probably not represented at all. Flat facets are generally characterised
by angles of slope between 2% and 4 degreee.up to 220 feet but between 220
and 380 feet the characteristic angle lies between O and 1 degrees. [Free
faces and high ancle slopes are introduced above 120 feet a2bove the stream
base (Fig.28) and occur up to 300 fe.t but are represented by only one
example above tais height. The characteristic angles diagram (Fig.29)
indicates tLe most frequent “orms which occur and these incorporate the

major elements already recognised as typical of slope profiles (Wood, 1942).
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In slope profiles without a free face the waning element is characteristicall
between 4§ and 9 degrees, the constant slope greater than 14 degrees and the
waxing element has a value between 6 and 17 degrees. In slope profiles
where a free face is present the waning element is characteristically bstweer
114 and 13§-degrees, the constant slope is over 14 degrees and the free face
over 28 degre s while the waxing element has an angle of slope between 6 and
22 degrees,

The weighted mean values (Fig.30) calculated for each of the angle
area distributions (Fig.28) indicate the form and general distribution of
slope elements above the stream base., A high angle group of facets is
typical of the base of the slope (0 - 20 feet) and is surmounted by the
waning slope element (20 - 140 feet). The constant slope (140 - 220 feet
and over) is succeeded by a free face element which may occur at any height
between 220 and 380 feet above stream base (Fig.BO).

This method, using height ebove stream base, as a basis for the
recognition of slope types has possible applications, In a thorough analysi
however, subdivision of the two major types (i.e. above head of first order
stream and above other streams) would be required before the angle — area
analysis could be effected, This could be achieved by sorting on the basis
of colw n 30 (Chapter 3) on the present punch cards prior to the final
analysis. A further dis dvantage is that absolute position has been used
whereas, if devised, a percent ze of relative position might be more success-
ful,

i) (e)

The relationship which exists in a drainage basin between angle
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of slope and area was noted above (Chapter 4) nd this is confirmed when the
sample area is subdivided into drainage basins of each individual order (Fig.
28), The angle - area di tributions for basins of s ecific order and for
the area of overland flow are in the form of simole unimodal rel tionships
(Fig.238). The distribution for first ord r basins (Fig.28) shows a tendency
to develop a second peak but otherwise the distributions are simple vari tior
upon the major general rel tion hip (shown in Fig.7). The modal value of
the angle - area distribution for the total sample area was 1 degree and the
modal values of the distributions representing the constituent basins of

specific ord r are emumerated in Table 6.

Table 6.
Order lodal value: angular group
1 1 - 2 degrees
2 1 - 2 degrees
3 2% - 4 degrees
4 23 - 4 degrees
Lo 1 = 2 degrees

In Eskdale facets were referred to one of three types of slope
combination and these w re termed summit slopes, valley side slopes and
stream side slopes (Chapter 3). BEach facet in the analysis was given a

ercentage position in one of these three types of slope. In the main
program (App.ndix 3; 6b) all the slope facets were considered together an
analysed according to the osition above slope base r g.rdless of thec type

of slope. Angle - area distributions were lotted for 10 p rc ntage hei.ht
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gro ps (Fig.31). The first 10% (0 - 10%) h ve hizh angl s of slo e reflect-
ing stream incision t the slope base, Betwe n 10 nd 30% slope position
low angle values are d minant reflecting the pres nce of a waning slope.

The distributions show two or more peaks between 30 ~nd 70% while the free
face usually occurs between 70 end 80%. Two low.r maxima 2lso occur betw er
70 and 80, (Fig.31, slope facets) indicating thet a free face does not
always occur in this ,L osition. Over 80% slope position the characteristic
angles are lower and there is an increasing dominance of low angle values.,
This suggests the presence of five elements in the general slope profile;

a fact further illustrated by the mean values plotted for each of the 10
,ercentage slope ositions (Fig.32). The five elements which may be
recognised in a generalised profile are:

a) waxing slope - over 80% slope position.

b) free face or equivalent - 70 to 80% slo e position.

¢) constant slo e - 30 to 70% slope position.

d) wa1iing slope - 10 to 307 slope position.

@) stream side element - O to 10%. The presence of high
an_le values in some cases and low ones in others leads
to the two peass on the distribution (Fig.31 - slope facet

The modal values of the angle - are distributions for all slope facets
(Fig.31) are plotted togeth r in Fig.33. Th se modal values represent
characteristic 2 gular groups for particular slope ositions. The charactex
istic angul-r groups could oe combi ed in several weys but in a slo e facet
profile the char ct ristic angular group 1r a y sp cific  i.ht must always

be th. same a or gre ter than h on b o4, Th c arsct ris ic angl.s
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for the five 1le ents in the slo_e profile ap ear to de end upon the pres.nce
or absence of a free face or a si ilar steep le ent in the profile (Fig.33).
Whore a steep el.ument occurs in th slope profil. the constant slope is
characterised by an,les greater than 17% de,rees out wher. the steep facets
are not resent the constant -lope 2nzle has a value b.tween 45 and 9 degrees
ii b
T e use of t... pur~ ntage position of 'slope! facets (ii.a above

and Fig.31) is difficult to interpret. Angle - area correlations (App.ndix
3; 5) were drawn for the three types of slope recognised in Eskdale (Fig.31)
The percentage areaoccupi * by each of these slo e types in the sam le area
iss Summit slopes 5.00%

Jalley side slopes  45.75%

Stream side slo,es 49.25% of the sample area
In this section of the analysis discriminetion is made between slope types
but not between flat and slope facets. The distributions for each type show
maximum values repr senting characteristic angular groups for specific types
of facetls,

The angle - area distributions for summit slopes are limited by a

nmumber of an,les which vary according to the position of the facet in the
slope (T ble 7).

Table 7. Limiting sngles on summit slopes

Percentage osition of facet Number of facets in analysis Limiting ang
0 - 10% 72 9
10 - 20% 13 9
20 - 30% 30 9
30 - 407 17 9




116

Perc.nta~e position of facet Nunber of facets in analysis Limiting ang]
40 = 50% 12 6
50 - 60% 22 9
60 - 70% 23 133
70 - 207% 14 yA
80 - 90% 16 9
90 - 1007 7 %

Therefore summit slopes in Esxdale never _ossess angles of slope greater
than 135 degrees a d these occur between 60 and 70% above the base of the
slo,e; this is largely the effect of the Cornbrash and the Grey Limestone -
Moor Grit outcrops which promote high angles of slope similar to a free face
in some cases, There is a general decrease of limiting angle above slope
base and the ercenta_e of higher angles decreases appreciably sbove 60%.
The 10% height groupings usually show two maxima corresp nding to the flats
and slo es in each relative position (Fig.31, sumit slopes). Between 10
and 20% and also between 60 and 70% a third peak occurs representing the
incidence of a group of higher - angled slopes, The distributions (Fig.31)
nd the weighted mean valu s for thesg 10 relative height groupings (Fig.34)

indicate th t four elements are present in the profile of the summit slopes

and these are: waxing slope above 70%
free face or steep element 60 to 70%
constant slope 10 - 60%
waning slope below 10% slope positio

The modal v-lu.s of the distrioutions, plotied as characteristic angles
(Fiz.33), indicate that the constant slope is charact.rised by slope angles

b tween 63 and 9 de rees and the steep element in the profile (equivalent to
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th free face) by angles b tween 111 and 13} degre.s. The waxing slope

element is charact ris d by angles of 23 to 4 d gre s whe the steep element

is present in the profile and of 27 to 6 degrees when this is absent (Fig.33)
Angles of slope gr -t r than 28 de_rees never occur in the vall y

ide slo es (Fig.31) and the limiting angles for percentage positions above

the slope bese are r corded in Table 8,

T ble 8, Liriting angles for valley side slo es,

Percentage position Limiting angle

0-10 28
10 - 20 22
20 - 30 17
30 - 40 14
40 = 50 17
50 - 60 17
60 - 70 22
70 - 80 17
80 - 90 22
90 - 100 22

The angle area distributions for the valley side slopes (Fi_..31) contrast
witn those for both surmit slopes and stream side slopes in that the second
or third maxima are far less pronounced and the curves approvimate to a
'normal! distrioution, The two ma.ima which occur thr u_hout the distribu-
tions correspond to the flat and slo e f cets in similar relative environment
but it is ignificant that b.low 0% slo e posi ion *he s ¢ nd pe k on the

distribution is al ays very small, if it occurs at all, The mean values
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for each of the distributions (Fig.34) illustrate the small amount of
variation and it is not possible to discriminate between ele ents in the
.rofile or to note any cheracteristic angles., The maxima w'ich do occur art
.lotted in Fig.33 but the distribution of the c'aracteristic angular grouping

and their size does not indicate any definite type of preferred profile (Fig.

33).

Stream gide slopes afford a number of angle = area distributions

(Fig.31) with definite ma- imum values which represent the characteristic
angular groups of specific types of facets., The complete range of angular
values occur on these slopes except between 10 and 30%, 40 - 50%, 60 - 70%,
80 - 90% (limiting angle 28 degrees in each case) and also between 90 and
100% (limiting angle 135 degrees). The modal values, plotted as character-
istic angles (Fig.33) show a considerable range -~nd ray be incorporated into
several types of profile., There are two types of stream side slope; one
where the base of the slope is composed of a steep facet (or facets)
immediately adjacent to the stream and with a characteristic angle between
175 and 21} degrees (element 5 in Fig.33) and one where the base of the slope
is composed of a slope f cet which characteristically has an angle of slope
between 6% and 9 degrees. This type may be based at the level of the strean
or alternatively as a second stream side slooe,

3) Implications for slope development,

The methods of morphological analysis used above afford quantitativ
confirmation of the preseace of the four elements previously noted in the
typical slope rofile (Wood, 1942). The position and extent of the

constituent elements varies according to the metho wused, Using the height
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of facets above stream base the average position of the free face ele ent is
between 240 and 300 feet above the stream, the waxing slope above 300 feet,
the constant slope between 120 and 240 feet an the waning slo below this,
Close to the stream a fifth element is introduced; this comprises a number
of facets which reflect recent stream i cision at the foot of the slope.

The absolute and relative positions of the slope elements according to the
different methods of analysis are indicated in Table 9,

Table 9. Position of slope elements in different types of slope.

Slope element Sumit slope | Valles side Stream side | Slope facets
slope slope

Waxing slope over 70% over 70% over 80% over 80%
Free face or

equivalent 60 - 70% 60 - 70% 70 - 80% 70 - 80%
Constant slope 10 - 60% 10 - 60% 20 - 70% 30 - 70%
Waning slope below 10% below 10% 10 - 20% 10 - 30%
Stream side element below 10% below 10%

The characteristic angles which are pronounced on all the distributions
except those for the valley side slo, es vary in velue from one enviromment to
another (Figs.29 and 33),
The fact that certain groups of slope angles occur as angles
characteristic of specific types of enviromment suggests parallel retreat of
slope facets rather than central rectilinear recessionj Stream side slopes
possess characteristic angles for most of the range of percentage position
(Fig.33) but these distributions and those for the sumit slope facets
contrast strikingly with those for the valley side facets; characteristic

angles are more romin nt and more mumerous in the former cas s than in the

1 See Bakker and Le Meux, b1,



121

latter situation (Fig.33). This introduces the possibility that parallel
retreat occurs on the ur. it facets a d on the stream si’e facets aintainir
characteristic angular groups whereas the intervening valley side slopes
which have only a slight tendency to develo, characteristic angles may be
undergoing ceatral rectiline r recession. ~ The hillside slope has previousl
been subdivided into four elements 0dood, 1942) but few demonstrations or
remarks have previously been made concerning the degree of repetition of
these four elements in the composite profile of a major slope in a drainage
basin. In Lskdale it is suggested that the three tjpes of slope; summit,
valley side snd stream side; are all distinct although in many cases each
includes the four slope elements.,

Although the effects of slo e recession on summit slopes and on
stream side slopes are basically similor the rate and mechanism of recession
nust vary appreciably between the two types., Where these different rates
‘and modes of retreat coalesce, in the valley side slopes there is a dominanc
of central rectilinear recession. Recession of a slope profile is basicall
a function of weathering and mass move ent while climatic factors influence
the rate of development, The climatic factors (enumerated by Langbein,
1947) are fairly constant over small areas in Eskdale although appreciable
microclimatic differences must occur, particularly with regard toerkentstion
of facets. The results and significance of micro - climatic enviromments
as affecting slope rocesses has been stressed in the case of Spitsbergen
(Jahn, 1960).

On the streasm side slo,es dev.lopment is geared to the base of

the slope. The base of the slope may b. experiencing vertical or lateral
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erosion and each of these will affect slope procesces both directly and
indirectly. The slcpe base may be marked by one of three types of facet
combination;
i) steep incision; characteristic angles 17z - 217 degrees (rapid
removal of material).
ii) slope facets; characteristic angles 63 - 9 degrees ( more
gentle removal of material).
iii) flat facets; characteristic angles 1 - 2 degrees (the extent

of mass movement on such a low angled slope depends
upon the lateral extent of the low angle facet,

the camposition of the material and the water
balance. Because of the low angle the rate of
movement of material on the facet may be slow
although to some extent this will be counteracted
by the presence of the stream.
;@8terial weathered from the free face of a stream side slope combines with
material derived from above and moves down the constent slope by one of several
flowage types (Sharpe, 1938) of mass movement. This mechanism is influenced
by rainwash, the depth of infiltration of precipitation, the slope angle and
the composition of the material involved. On a stream side slope the character
of a facet is determined by the relationship between angle of slope, lithology
and character of the detrital material. There will be a range of values for
each of the determmining factors but if controlling conditions, such as climate,
are suddenly changed this relationship may be modified. Such modifications are

often reflected in the slidin, types of mass movement phencmena (Sharpe, 1938).
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puring the winter 1960/19%1 the rainfall during tne months october to

iarch was eppreciably higher than in preceeding years and this was reflected

in the incidence of debris slides and earthflows -~ features which were

largely the result of the greater than average rainfall (Chapter 7, Section 3).
The facets on summit slopes are probably very stable whereas on certain
critical portions of the stream side slopes slight variations in the controllin
conditions may give rise to unstable facets and particular types of mass
movement phenomena will occur to restore stability. A further process wvhich
operates on stream side slopes is effected by streams of lowercorder than

the mein one. These streams flow directly downslope in channels, effect

erosion of the slope and concentrate mass movement material into the channels.

on the summit slopes there are few channels, even of first
order, and so development is directly geared to the top of the valley
side slope and only indirectly, if at ell, to the foot of the stream side
slope vhere the major eroding and transporting a.ent is available.
Rainwash is the chief socurce of supply of moisture on the summit slopes
and tne low angles of slope frequently give rise to minimal moverent.
gGullying of blanket peat occurs on some parts of the summit slopes,
rarticularly where the vegetation cover has been reduced by burning the
calluna. If this process affects slope angles over wide areas the tendency will
be to increase slore angles, or to maintain t.em, rather than to effect decline
Spring sapping by small s reams which are thrown out by particular lithologies
also leads to the production of minor features but from field observation in
bskdale this appears to be f small significance compared with the effects of

creep and overland flow by rainwash.
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The valley side slopes which occur in an intermediate locationm,
between the sumit slopes and the stream side slopes, are subject to a
gra_ciation of processes. The rate of erosion and removal of material on
valley side slopes must vary considerably laterally as well as vertically
and so slope angles in this location tend to be drawn from a conéi&erable
range of values suggesting that central rectilinear recession may occur.

The type of retreat suggested, varying with the location of the
particular slope typé, is supported by studies of slope angles in profile,
especially where outliers occur. The contention that ®residuals when made
of tﬁe game rock have the same angle of slope regardless of size" (Br&an,
1940) is supported by studies of outliers in Eskdale, Simon Howe (SE 83298
is an outlier of Kellaways - Cornbrash which supports angles of slope betwee:
6 and 74 degrees according to aspect, The Cornmbrash of Stone Rigg
(SE 836978) also supports similar angles of slope between 6 and 7% degrees.,
These two features occur on a summit slope and are 4 mile apart. An outlie:
of Cornbrash south of Rutmoor Beck (SE 794959) mppc;rts angles of slope
between 8% and 10} degrees but the corresponding main line of the Cornbrash
outcrop maintains angles of slope iess than thig - between 6} and 74 degrees,
This outlier and the main outcrop occur on a vafl.ley side slope and constant
aﬁgles are not maintained in simila.:: enviromments with corresponding values
of orientation. The Howe at Danby (NZ 693075) is fringed by angles of slop
.of 13% and 14 degrees while the equivalent slopes on the opposite stream
side slope also supports angles between 12% and 14 degrees. The constancy
of angles on the pumit slopes and stream side slopes suggests that slopes
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develop by parallel recession whereas on the intervening valley side slopes
constancy of angles is not maintained so rigorously.

The detail of slope recession may be ascribed to one of several
types. Savigear (1960) has discriminated between decline, replacement and
parallel retreat, The evidence adduced above, on the basis of characteris-
tic angles, favours the hypothesis of slope replacement rather than the type
noted by Bryan (1940) and King (1953) which is essentially parallel retreat.
The differences between parallel retreat and slope replacement arise-as a
result of variations,in the amount of material removed from the constituent
facets comprising the slope. If parallel recession occurs to a greater
extent on the !slope! facets of a slope profile, then the net effect on the-
general angle of the hillside may be one of decline although the mechanism
involves parallel recession of certain facets. This complication arises
from the fact that most, if not all, hillside slopes in Egkdale are polycycH
in form, The simple pattern of waxing slope, free face, constant slope and
waning slope is frequently punctuated by flats of various types. The angle
- area distributions for different slope types (Fig.31) inddeate that flats
are areally more extensive at some heights than at'others. The occurrence
of such 'eyclic stages! is further emphasised by the mean values diagram
(Fig.34). Although the mean values of sumit slope and stream side slopes
indicate a general division into four or five elements respectively there is
slight variation within these elements reflecting the incidence of cyclic
stages. On the constant slope of the stream side slope the weighted mean
value for the 60 - 70% slope position is lower than that for the 50 - 60%

slope position (Fige34)e The occurrence of cyclic stages in the slope
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profile seriously complicates the interpretation of slope morphology and the
processes of slope evolution, On the slope facets of sumit and stream sid
slopes the presence of characteristic angles suggests parallel recession,
The rate of lowering of the surface of the intgrvening flats must be
appreciably less than that on the slope facets. This general pattern is
illustrated in Fig.35. The incidence of flats in slope profiles renders
the quantitative analysis of slope morphology rather more complex than that
encountered by Koons (1955) although the methods used are basically similar,
‘An important factor influencing the develomment of a slope is the relative
rate of development of the constituent facets. 1In the case of a stream sid
slope angle of slope is one factor influencing the rate of development and
so it 1s probable that the higher facets in the slope profile will be

destroyed at a greater rate than the lower ones which will be extended.

4) Profile Analysis

Two types of profile may be constructed from a geomorphological
map. A series of gbgolute profileg may be constructed directly and
compared, or alternatively relative profiles may be employed where the
; percentage position of each facet above the slope base is used rather than
the absolute éosition. An example of the relative, m.ethod was 