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SUNMIMARY

The results of stratigraphicél, palaeontological,
petrographical, and sedimentological investigations into
the Silurian strata of the Barbon and Middleton Fells, east
of the Iune Valley Westmorland, are described, and compared
with strata of a similar age in other parts of the country.

A detailed stratigraphical succession has been erected
for the first time, the strata having been sub-divided on
a lithological basis into the Coniston Grits and Bannisdale
Slates. Zoning of this succession by means of the graptolite

faunas reveals that the lundgreni, nilssoni-scanicus,

leintwardinensis incipiens and leintwardinensis leintwardinensis

zones are present in the area. The lundgreni fauna which is
indicative of the upper part of the Wenlock Series, is
restricted almost entirely to the southern extremity of the
area. The remainder of the strata fall within the Tudlow
Series.

Statistical investigations into the petrography of the
coarse sediments have shown that they may be classified as
fine grained greywackes, which have been derived from the
northern part of the Southern Uplands. Consideration of
sedimentary structures and changes in thickness and grain
gize of the sediments in adjacent areas supports this
conclusion. This indicates that there is little evidence
in favour of the Lake District and Southern Uplands areas
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of deposition being separated by a border land mass in
Ludlovian times.

The coarse grained sediments are shown to have been
brought into the area from the north-west, by comparatively
vigorous turbidity currents. Finer grained sediments,
however, are considered to represent deposition from low graae
currents during quiescent periods which become more ard more
dominant in the higher parts of the succession. Pyritic
films in these finer sediments suggest that deposition took
place under anaerobic conditions.

Consideration of the structure has revéaled that during
the Caledonian orogeny the sediments were folded and feulted
along WN#-ESE axes, to produce two large open synclines on
which minor folding is superimposed. The effect of the later
Hercynian orogeny was to introduce a set of N-S and NE-SW
trending faults into the area, and to tilt the strata slightly

to the north-west.
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CHAPTER 1

INTRODUCTION

The Barbon and Middleton Fells form a distinctive
triangular tract of country lying to the east of the Iune
Valley northeast of the town of Kirkby Lonsdale, and
extending in a northerly direction through the counties
of Lancashire and Westmorland for some 9 miles, into the
West Riding of Yorkshire, near Sedbergh, (See fig.l-1l). |
The north eastern side of this triangle is about 4 miles
wide, and follows the course of the River Dee, which flows
in a north westerly direction to join the Rawthey and
Lune at Middleton Bridge. From this point southwards,
the broad, flat, faulted valley of the Lune forms the
western boundary of the area, from which the Barbon and
Middleton Fells rise steeply. The easterly extent of
the region is marked by the deep faulted valleys of
Barbondale, and Leck Beck, which joins the Lune to the south
of Kirkby ILonsdale.

Wwithin the area thus defined, lie & series of deeply
dissected rolling fells, rising to a height of almost
2000 feet along their eastern edge, and which stand out in



marked contrast to the surrounding more gently sloping
Carboniferous country. Drainage is predominantly to the
west, most of the streams rising close to the eastern limits
of the area, and flowing down deep V-shaped valleys to join
the River Iune. The drainage in the east from Barbondale
is largely from the Carboniferous country to the southeast.

Evidence of glaciation is restricted to the major
river valleys, which form the boundaries of the region, and
to the lower reaches of the larger tributaries draining off

the fells. The U-shape, overdeepening, and heavy drift
deposits of Dentdale and the Lune Valley indicate the
passage of major glaciers down these valleys during the
Pleistocene. At the northern apex of the region, deep
hollowing and grooving into softer bands of strata, are
probably a result of the Dentdale ice being deflected to the
south, against the hillside, by the much larger and more
powerful glaciers moving from the north, down the Rawthey
and Iune Valleys.

The strata of the Barbon and Middleton Fells are almost
entirely of Silurian age, apart from a small inlier of
Ordovician rocks at the northeastern edge of the area, and
form the southeastern limit of the main Lake District
~outcrop. To the north, the Howgill Fells are foimed of

rocks of similar age. To the east, however, Carboniferous

8trata are down faulted against the Silurien by the Dent
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Fault, which thus forms a useful structural, as well as
physical boundary to the region. Similarly, in the west,
the Barbon Fault, which extends from north to south down the
eastern side of the Lune Valley, marks both the physical and
Geological extent of the region. ‘

Text figurell indicates the geographical and geological
setting of the region, which is covered by the one inch
Ordnance Survey Sheet number 89, Lancaster and Kendal, énd
by the following Ordnance Survey 6" Sheets:- SD 68, NW, NE,
SW, SE; and SD 67, NW, NE. The geology of the area is
covered by the one inch Geological Survey Sheet number 98 SE,
(New Series Sheet 49), 1869. |

Pigures in brackets after descriptions of rock colours,
eg., (N4) 6 indicate the colour of the roock, according to the

Munsell system as used in the Geological Society of America,
Rock-Colour Chart, 1951. Fossil localities are.numbered

from Fl1 - 50, starting from the Wenlock Series, whereas
localities from which lithological specimens have been
collected, are prefixed by S, again starting from the
Wenlockian. Cleavage direction readings are numbered from 1C,
upwards, and sole mark readings are simply indicated by the '
figure in brackets, eg. (52). All the beds within the Iudlow
Series have been numbered, and are prefixed by letters to
indicate Lower, Middle or Upper Coniston Grits etc. For
example, UCG 1, indicates bed or unit 1 of the Upper Coniston



Grits. Six figure grid references are given for all
localities. Specimens now in the University of Hull
collection are listed in the appendix, along with their
catalogue and locality numbers.



CHAPTER 2

HISTORY OF PREVIOUS RESEARCH

Interest in the geology of the Lake District dates from
at least the early part of the 19th century. As was to be‘
expected, the very early workers, such as Otley (1820), were
more concerned with establishing the major geological
divisions of the region, rather than detailed work on
particular areas. Descriptions of the Barbon and Middleton
Fells are thus usually brief, and to gain s ome idea of the
Imowledge existing at this time, it is necessary to consider
works which deal with adjacent areas, and with the TLake
District as a whole. The Howgill Fells to the north, and of
the same age, appear to have attracted rather more attention
than the Middleton Fells. The descriptions of the Howgills
indicate that the general succession was known at an early
date. |

The basic structure of the region was mentioned by
Phillips (1828), and Sedgwick (1831). Phillips notes that
" .... & great area of cleaved slate rocks, bounded by great
dislocations ...." occurs in this area. The classic work
of this period, however, was "The Geology of the Mountain
Limestone District", also by FPhillips, and first published
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in 1836, as Part II of "Illustrations of the Geology of
Yorkshire". It is apparent from this work that a remarkable
emount was known about the'geology of the entire Pennine
region, even at this time. The strata of the Howgill and
Middleton Fells are briefly described, and it was noted thet
congiderable variations in sﬁrucfure and texture occur. The
Dent Fault in Barbondale was also mentioned, and was thought
to have a throw of "...,. one thousand, two thousand or more
feet ...." (183%6, p.104).
In 1839, Marshall, in his "Section from Shap Granite to
Casterton Fell", recognised the similarities between the
strata of Casterton Fell, at the southern end of the area,
and that of the Blawith area near Coniston. He also noted
that a WNW - ESE cleavage was developed in these rocks.
The work of Sharp, in 1841-42, divided Marshall's "Blawith
Slate" succession into three units, based on lithology, and
was the first to note that these rocks could be correlated
in part with‘the lower divisions of the Upper Silurian rocks
of Denbighshire. The folding of the Silurian strata of
Westmorland ﬁas considered to be a result of the "outburst”

of the Shap Granite, although the principal N-S faults were
recognised as being of much later date.

This threefold division of the Blawith Slate was further
developed by Sedgwick, in his papers of 1845, 1846, and
1852 (see table 1), inwhich he also noted that the fossils
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of the Coniston or Brathay Flags were similar to those of
the Lower Denbigh Flags, which in turn could be correlated
with the Wenlock Shale. The Coniston Grits were found o
be unfossiliferous, but could be compared with harder grittiy
bands in the Denbigh Flags. The uppermost division, now
known as the Bannisdale Slates, was then termed the Ireleth
Slates. In his 1846 paper, Sedgwick gave a general account
of the stratigraphy and structure of the area extending from
the Howgill Pells south through the Barbon and Middleton
Fells, along with several useful sections showing the major
folding and faulting. This paper also placed the Brathay
- Flags in the "Lower Silurian", along with the Llandeilo and
Caradoc rocks, whereas the Coniston Grits and Ireleth Slates
were considered t o be of "Upper Silurian" age.

The first paper to deal specifically with the Barbon
and Middleton Fells was by Hughes, and published in 1866.
In this "Note on the Silurian rocks of Casterton Low Fell,
Kirkby Lonsdale, Westmorlend", the succession in the south
of the area, from the Coniston Flags up through the ILower
part of the Coniston Grits was described, along with a
section illustrating the predominant north westerly dip in
this region. The fauna of phacopid trilobites, brachiopods
and graptolites confirmed the suggestion that these rocks
were of the same age as the Denbighshire Grits. A further

paper by Hughes in 1867 is significant in that it recognises



that the Coniston Flags should be placed at the base of the
"Upper Silurian", and should no longer be associated with
the Coniston Limestone.

This early work formed a valuable basis for the work of
the Geological Survey, whose Memoir on "The Geology of the
Neighbourhood of Kirkby Lonsdale and Kendal" was published
in 1872, under the authorship of Aveline, Hughes, and
Tiddeman. A1l the strata in the Barbon and Middleton Fells
were placed in either the Liower or Upper Silurian, as
Lapworth's (1879) divisions of Cambrian, Ordovician and

Silurian were not yet recognised. Thus the small Ordovician
inlier in the north east of the area, was placed in the Lower
Silurian. Table 1 shows the classification adopted by the
Survey, which was basically that proposed by Sedgwick in
1845. Detailed descriptions of the succession were given,
along with faunal lists and localities. The structure of
the region also received considerable attention, and it was
established that the area was folded and faulted predominantly
alqng WNW-ESE axes. The major N-S trending disturbances
forming the boundaries to the area were recognised és being
of much later date, and a more accurate estimate of their
downthrow, in the region of 5000 feet was made.

The Survey Memoir was the last work to deal specifically
with the Barbon and Middleton Fells. Since then however,
much work has been carried out on the Silurian strata of
adjacent regions, and on -its zonal classification. Much
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Table l.

Classifications of the Silurian rocks of the
Leke District adopted by some of the principal
workers,
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of this has a direct or indirect bearing on the area under
consideration, and leads up to the present day clagsification,
and so is considered here.

Aveline et al. (1872), Nicholson (1872), and Davies and
Lees (1876), contributed information on unconformities and
thicknesses of the strata, which have useful application fo
the Barbon and Middleton Fells. Marr (1878), in a paper on
"Life Zones in the Silurian of the Lake District", split the
Coniston Flags and Grits into zones, based on the Phacopid
trilobite faunas, and thus proved that the Coniston Grits of
Helm Knott, at the northern edge of the Middleton Pells,
are equivalent in age to the Coldwell beds of the Lake District,
which had not previously been recognised in this region. Bird
(1881), briefly referred to the Howgill, and Barbon and
Middleton Fells in his "Short Sketch of the Geology of Yorkshire"
and Marr (1887), provided a very useful correlation between the
Crummackdale area, and the standard ILake Distrioct succession.

In 1892, a significant step towards the present day
classification of the Silurian was taken when Marr proposed
a series of zones based on graptolites. Further papers by
Marr (1913), and Marr and Fearnsides (1910), mentioned the
Ordovician strata, but'again concentrated largely on the
Howgill Fells.

The classic paper by Watney and Welch (1911), on "“The

Zonal Classification of the Salopian Rocks of Cautley and
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Ravénstonedale", proposed a series of zones based on
graptolite faunal assemblages, and is largely the
classification used today. They also considered that the
upper limit of the Wenlock should be drawn at the top of
the zone of Cyrtograptus lundgreni.

Marr (1916, 1921) and Kendal and Wroot (1924), again

mentioned the area, but in works of much larger scope, and
-added little new knowledge. In 1927 however, Marr's paper
on "The Deposition of the Later Silurian Rocks of the Lake
District" considered the strata to have been laid down in
a‘gulf, the margins of which underwent considerable
oscillation, to produce coarse and fine sediments.

After the period of Marr, little was contributed
towards the geology of the area, until the 1950's, apart
from more general papers by Wager (1931), and McConnell (1939),
dealing with structure and erosion. A paper by King and
Wilcockson (1934), dealing essentially with the Lower
Palaeozoic rocks of Horton-in-Ribblesdale, did however
provide a very useful correlation table between the Horton-
in-Ribblesdale area and the main Lake District outcrop.

The period from 1954 onwards however, marks the
beginning of a decade in which intensive research has bheen
carried out ipto all aspects of the Silurian strata of the
Leke District. Wilson (1954) dealt with the stratigraphy

and palaeontology of the Valentian rocks of Cautley, and
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Mitechell (1956), reviewed the geological history of the
Lake District. The work of Llewellyn (1960), on the
Silurian rocks of Longsleddale, and Norman (1961), on the
Silurian strata of the Blawith area, is of great importance
to the present work, as these two authors were the first to
deal specifically with the sedimentary petrology,
depositional history and derivation of the Lake District
Ludlovian rocks. They concluded that the Imdlovian
sediments were derived from an area of Borrowdale Volcanic
rocks, lying along the northern edge of the Lake District,
and that deposition was carried out by turbidity currents
flowing into a deep trough to the south.

Further work on the palaeontology of the region.was
carried o.ut by Ingham (1962), who described in detail the
Ordovician inliers around Sedbergh and Dent, and erected
several new stages within the Ashgillian, based on the
trilobite faunas. Rickards (1963), dealt in detail with
the Silurian graptolite faunas of the Howgill Fells, in which
the work of Watney and Welch was revised and greatly extended.
Another aspect of his work (1964),dealt with the origin and
evolution of the graptolitic mudstones throughout the Silurian
succession, which were considered to show a gradual change
from extremely anaserobic bottom conditions in the
Llandoverian mudstone, to a ﬁuch more aerobic state by the

time the Ludlovian strata is reached.
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‘Recent work has thus established a modern zonal
classification and depositional history for the Silurian
strata in many parts of the ILake District and adjacent areas.
The Barbon and Middleton Fells however, have been virtually
untouched since the work of the Geological Survey in 1872,
and thus the present work is intended to deal with the
stratigraphy, structure and zonal classification of the strata
in the light of present day knowledge. An important aspect
of the work is the petrography, provenance and sedimentation
of the strata, by which means a picture of the palaeogeography
during the Ludloviean period in this, and adjacent areas has
been built up. A comparison with the conclusions of
Llewellyn (1960), and Norman (1961), has been made, with whom
agreement is largely reached, except with regard to the
provenance of the sediments. It is hoped that this work
will prove useful in the understanding of the Silurien System
as a whole, not only in the Lake District, but in other parts
of the country also.
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CHAPTER 3

THE STRATIGRAPHICAL SUCCESSION

Introductory Statement

The stratigraphical succession within the Barbon and
Middleton Fells coneists almost entirely of rocks of
Iudlovian age. The exceptions are, (i) a small area of
Wenlockian.Flagstones, in the vicinity of Leck Beck (647780),
'in tha south of the‘area, and (ii) a small fault bounded
inligr of Caradocian, Ashgillian, and Wenlockian beds, just
to the west of the hamlet of Gawthrop (693874), at the
northeastern extremity of the region. r |

The Ludlovien strata are split into two major divisions,
the Coniston Grits - a series of fine grained "greywackes"
and banded siltstones - and the Bannisdale Slates, consisting
essentially of interbedded banded siltstones and unbanded

mudstones. The area of outcrop of the more slaty upper
part of the Bannisdale Slates is restricted to two synclinal
valleys to the east of the Barbqn FPault, in the central and
north western part of the region. The remeinder of the fells
are made up of the various divisions of the Coniston Grits,
and the Lower Bannisdale Slates - a transitional division

between the grits and true slates.

13
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In this chapter, a desdription of the succession and
its lithologies is given, along with a discussion of
variations in thickness. The Ordovician inlier in the
Gawthrop area, however, is only briefly described, as it has
recently been the subject of a detailed faunal and
stratigraphical study by Ingham (1962), which is not yet
published. |

The concept of zoning in the Silurian is briefly
sumnarised and precedes the description of the Silurian
stratigrephy, in which fossiliferous horizons and the zoning

of the stirata are d escribed and discussed.

(1) The Gawthrop Ordovician inlier
In the Survey Memoir of 1872, a brief description was

given of the "Lower Silurian" Coniston limestone and shale
in Helm Gill (687890), (on the northern side of Dentdale),
along with a faunal list which indicated an abundance of
brachiopods, phacopid trilobites, crinoids and corals. It
was noted that similar rocks occurred on the south side of
the valley, just to the west of Gawthrop, but the two exposed
areas were not thought to be continuous acrosé the Dent
valley.

The Gawthrop inlier (See fig.3~l), is in fact very
heavily covered with drift, and exposures are restricted to

three small watercourses. About 90 feet of grey mudstones

dipping gently to the north east are intermittently exposed

14



FIG. 3-1. The Gawthrop Ordovician Inlier.
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in the small stream known as Intake Gutter (686871), at the
southern end of the inlier. Between this stream and High
Barn (688875), exposures are non-existent, but at the latter
point, calcareous grits and mudstones, again dipping north
east, are exposed, and yield a large brachiopod and '
trilobite fauna. Descending Wilsey Beck from High Barn,
but rising up the succession, further exposures of
fossiliferous calcareous mudstone occur, until the section
is cut off by a north west trending fault, which brings
down Wenlockian flagstones. Several hundred yards to the
west, calcareous mudstone is again exposed in another small
stream section.

The inlier thus shows an ascending succession from north
to south. The work of Ingham (1962), on the trilobite
faunas placed the southernmost exposure in the Onnian Stage
. of the Caradoc Series, whereas the exposures to the north of
High Barn were placed in the Sprintgillian and Taythesian
Stages of the Ashgill Series.

Although very poorly exposed, the boundaries of the
inlier can almost certainly be ddéduced as faulted. In the
east, the line of the Dent Fault is marked by a small scarp,
and a marked change in the type of vegetation. Crags of
Carooniferous limestone are exposed in this scarp, but

nowhere is the actual fault plane seen.‘ The exact western

boundary of the inlier cannot be defined, but slight changes
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in topography and drainage, and the positions of adjacent
small exposures of Iudlovian strata, and Ordovician shales,
suggest that this junction is also faulted. A north-south
trending fault is thus postulated as downthrowing Silurian
grits against the Ordovician. The proposed line of this
fault also links up eagily with & similer trending fault on
the north side of the valley, which again brings Coniston
Grits against Ordovician shales and limestones. The north
eastern extent of the inlier is easily defined by the north
west trending fault seen in Wilsey Beck (688877). The
fault brings down bluey grey (N4), banded Wenlock flagstones,
and shows that the Gawthrop and Helm Gill inliers are not
continuous across the drift covered Dent valley.

Due to the faulted relationship with the surrounding
younger strata, no conclusion about the nature of the
Ordovician-Silurian boundary can be drawn in this area,
although in the Howgill PFells to the north, Rickards (1963 p.1l2)
has described sections which show sedimentation to have been
continuous from the Ashgill Shales, through into the basal
Silurian beds.

The Stratigraphical Succession (Continued)

(2) The Silurian Strata

(a) The Zonal Classification

The zonal classification of the Silurian based on

graptolite faunal assemblages, evolved mainly in the first

16



half of this century, and is briefly summarised below.

One of the first workers to realise the value of fossils

in the Silurian rocks of the Lake‘District was Adam Sedgwick

who noted in his papers of 1845 and 1846, that the fossils
of the Brathey Flags were similar to those in the Lower
Denbigh Flags of North Wales, and were'thus presumably of the
same age. Similarly, the Survey Memoir (1872, p.l3)
proposed tentative correlations with the Welsh Borderland,
based on the fossil content of the rocks. Marr (1878),
erécted & series of zones based on the Phacopid trilobite
fauna, but later, (1892), zoned the strata by means of
graptolites. ‘ |

The first workers to attempt a detailed faunal study
within the Silurian of the Lake District, however, were
Watney and Welch, who proposed the following zones in 1911l1:-

Tower Do Zone of Monograptus leintwardinensis Hopk.
Ludlow tDl. Zone of Monograptus nilssoni Barr.
Phacops obtusicaudatus Bed.
C4. Zone of Cyrtograptus lundgreni Tullb.
C3. Zone of Cyrtograptus rigidus Tullb.
Wenlock

C2. Zone of Monograptus riccartonensis Lapw.
Cl. Zone of Cyrtograptus murchisoni Carr.

This work, carried out on the Silurian rocks of Cautley and
Ravenstonedale extended the work of Marr, and emphasised the

need for the faunal assemblages of the strata as a whole to
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be considered before assigning it to a parﬁicular zone. The
work of Elles and Wood (1901-18), on the graptolite faunas of
the entire British Islés, resulted in the erection of a

rather more comprehensive zonal scheme, of which the Wenlock

and Ludlow zones were as follows:-

A

[ Zone of Monograpius leintwardinensis

Zone of Monograptus tumescens

Lu@low { Zone of Monograptus scanicus

Zone of Monograptus nilssoni

Zone of Monograptus vulgaris

Zone of Cyrtograptus lundgreni

Zone of‘gyrtograpfus rigidus

Wenlock (¢ 3Zone of Cyrtograptus linnarssoni

Zone of Cyrtograptus symmetricus

Zone of Monograptus riccartonensis

L Zone of Cyrtograptus murchisoni

These authors:also emphasised the importance of the faunal
assemblages, aﬁd stated, (Vol 2, p.515):- '
" cesecsecese that a Graptolite zone
is characterised by a special association of
Graptolites, and that that form in this association
. which apparently combines restricted vertical range
with wide horizontal distribution is ﬁost

conveniently selected as the index of the zone".

The present day classification is s till based largely on the
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work of Elles énd Wood, although some of theii zones can be
proved only in a few restricted parts of Wales and the Welsh
Borderland, whilst other zones can be sub-divided in s ome
parts of the country.

The most recent zonal work in the Lake District has
been carried out by Rickards (1964), in the Howgill Fells,
and has resulted in the classifications of Watney and Welch,
and Elles and Wood, being extended in some directions, but
modified in others. (Dr. Rickards' zonal scheme is shown
in tableX, along with those of Watney and Welch, and Elles
and Wood). The lower zones of the Wenlock Series for
~example, were found to be capable of subdivision, whereas
in the Ludlow Series, the zones of Monograptus vulgaris and
Monograptus tumescens could not be proved, although Rickards

considered that his Zone of Monograptus leintwardinensis

incipiens was probably equivalent to the Monograptus tumescens

Zone of Elles and Wood. In addition, the Zones of

Monograptus nilssoni and Monograptus scanicus could not be

’separated, due to the characteristic faunal assemblages
occurring together.

The Zonal classification of the Silurian can thus be
seen to have evolved rapidly in the early part of this
century, until the appearance of the ﬁonograph of British
Graptolites by Elles and Wood. This work proved adequate

for many years, and it is only now that modern workers are
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ELLES AND WOOD.(1901-18.)

(British Isies.)

WATNEY AND WELCH(1911)

( Howgill Fells)

RICKARDS.(1963)
(Howgill Fells)

Zone of M. leintwardinensis. M. leintwardinensis Zone of M. kintwardinensis.
Zone of M. tumescens. Zone of M. ieintwardinensis incipiens.
LUDLOW
Zone of M. scanicus. P. nil ;
SERIES i nilssoni
Zone of M. nilssoni. Zone of P. nilssoni .- M. scanicus.
Zone of M. vulgaris. Phacops obtusicaudatus Bed.
Zone of C. lundgreni. Zone of C. lundgreni. Zone of C. lundgreni.
Zone of C. rigidus Zone of C. ellesi
Zone of C. linnarssoni. Zone of C.rigidus. Zone of C. rigidus.
WENLOCK Zone of M. flexilis belophorus.
SERES Zone of C.symmetricus.
Zone of M. riccartonensis. Zone of M. antenruiatus.
Zone of M riccartonensis. Zone of M. riccartonensis,
Zone of C. murchisoni.
Zone of C.murchisoni. Zone of C.murchisoni.
Zone of C.centrifugus.- C. insectus,
Table.2. The correlation of the graptolite Zones erected by Elles and Wood, Watney

and Welch, and Rickards.




proposing that thé zones éhould be refined

in the light of feoant discovefies. The early concept of
~zones based on an assemblage of fossils is still the principle
by which this work is carried out.

In the present work on the Barbon and Middleton Fells,
the work of Elles and Wood has been used in conjunction with
that of Rickards. The zonal scheme proposed agrées largely
with that of the latter author, due probably to the proximity
of the two areas. The zoning of each division of the
Wenlock and Ludlow Series is discussed in the following pages

of this chapter, and summarised at the end.

(b) The Wenlockian Strata

There are no exposures of Llendovery strata within the
Barbon and Middleton Fells, the nearest exposures being in
the Rawthey valley to the north east of Sedbergh.

vwénlockian rocks however, are exposed in two parts of
the region, in Leck Beck (647780) in the south, and to the
nérth of the Gawthrop Ordovician inlier. Neither of these
two sections are completely satisfactory, as they are both
cut off by faults. The Leck Beck section however, passes
through a great thickness of flagstones, and was first
described by Hughes in 1866, who noted that the trilobite
and graptolite faunas indicated that the strata were
equivalent in age to the Denbigh Grits, and thus to the
Wenlock Shales. The Survey Memoir (1872) came to &
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similar conclusion, but published only the following short
faunal list:-

Cardiola interrupta, Sowerby.

Orthoceras primaevunm, Forbes.

Graptolithus priodon, Bronn.

Graptolithus colonus, Barrande.

The occurrence of M. priodon is usually an indication of

.the lowest two Wenlockian zones, but the Survey have
recorded this fossil from localities in other parts of the
area which cannot possibly be anything other than uppermost .
Wenlockian;. It would appear therefore that this is either
a case of misidentification, or the graptolite has a much
longer range than previously suspected. The fauna collected
“during the present work is certainly en Upper Wenlockian
assemblage. ‘

~ The séetion begins to the north east df the Barbon
Fault (in Springs Wood, 648783), which brings down red Coal
Measure Shales to the south west. The dip isat first
gently to the south west, probably as a result of dragging
in the vicinity of the fault, but thereaftér becomes
horizontal, before assuming a constant northerly direction
which varies in amount between 20 and 50 degrees. The
section is unfaulted, and thus measurement of the thickness

is straightforward. (See fig.32). - The lithology basically

is a grey (N4), banded siltstone, often with a bluey tinge,

21



T ————————

F8

e
F7
350‘
a0’
120¢ F©
. ==
Lithology
100’ not
QpPProx. determined
260"

Limestone Bond(Base of Ludiow
Series)

Flagstones become
increasingly  calcareous

Predominantly fine - banded
flagstones and mudstones.

Coarse siltstones.

Flaggy siltstones.

100
Feet 50

(o]

F1-8. Faunal horizons.

Fine flaggy mudstone

Coarse flaggy siltstone

Flaggy faintly banded siltstone.
Micaceous mudstone.

Lithology not determined.

F3
F2
150"

F1—
14 _—
16"

e
BARBON
FAULT Coal
Measures

Fig.3-3 The Wenlockian Succession in

Leck Beck.




and the banding is fine enough to give rock surfaces a
finely striated appearance. There are variations however
within this lithology, which arise mainly &as a result of
slight changés in grain size, combined with changes in the
density of the banding. Although useful for working this
particular section, it is not suggested that these variations
could be used to draw lithological correlations with
Wenlockian rocks in other parts of the region. The banding
itself results from the combination of micro-grading, and
the deposition of black carbonaceous or pyrite laminae
within the sediment. The origin, development and
significance of this banding,however, is discussed in
chapter . |

Text figures3-Z and 3-3 show the succession between the
Barbon Fault and the basal Iudlovian beds. Immediately
beyond the fault exposures occur only in the centre of the
river, and it is thus not possible to examine them closely
in order to determine the lithology. Above this are 16 feet
of grey almogt unﬁénded somewhat micaceous mudstones, followed
by 14 feet of flaggy faintly banded siltstones. The
Junctions between these different lithologies are easily
missed due to the overall change being‘slight, but with care
it is possible to pin down exactly the point at which the.
change takes place. The first fossiliferous horizon (Fl),
occurs near the base of the succeeding 150 foot bed of

coarser flaggy siltstone. Preservation is poor, the
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graptolites especially remaining only as pyrite films on
the bedding planes. The following fauna has however been

identified; PFl:-

Cyrtograptus lundgreni, Tullberg.
Monograptus flemingii, Salter.
Monoclimacis kingi, MS, Rickards.

Pristiograptus pseudodubius (Boucek).

Orthoceras 8p.

An identical fauna was obtained at two other horizons within
this bed (F2, F3). It is of interest that fossils are
restricted almost entirely to these somewhat coarser beds.

In the succeeding 260 feet of finer flaggy mudstones for
example, graptolites are almost completely absent, as are

other fossils. The significance of this is diéeuaeed in the
chapter dealing with the origin and evolution of this lithology.
Above the unfossiliferous banded mudstones, the strata again

becomes silty and yielded the following;- F4:-

Cyrtograptus lundgreni ? Tullberg.

Monograptus flemingii Salter.

| Pristiograptus pseudodubius (Boucek).

Gothograptus nassa ? (Holm).

Orthoceras sp.

Exposures above this point are poor, and are permanently
covered by water. It is estimated that about 100 feet of

strata are passed over in this way, before fossiliferous
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banded siltstones, (F5, FP6), approximately 120 feet thick
are reached, passing up into fifty feet of s omewhat coarser
‘beds.  Above this the lithology reverts to finer banded
flags and mudstones, which are on the whole unfossiliferous,
apart from several isolated coarser horizons. This
lithology continues through the gorge at Jobs Dub (654788),
but sbove this point becomes increasingly calcareous. The
blueness of the flags becomes somewhat more apparent, due
to the increase in calcium content, and the banding becomes
somewhat intermittent. A few thin silty fossiliferous

horizons remain however, (F7), and yield mainly Monograptus

flemingii, a form typical of the Wenlockian.

The Top of the Wenlock Series

As noted above, the celcium content of the Brathay or
Coniston flags increases above the Jobs Dub gorge. This
development continues until two thin impure limestone beds
are formed. The lower bed has & thickness of 1 foot, and
the upper 2 feet. in the banded siltstone immediately above
the firstklimesfone, the following fauna was obtained; F8:-

Monograptﬁs cdlonus compactﬁs,‘ Wood

Monograptus varians, Wood

Monograptus chimaera, Barrande

Monograptus chimaera salweyi, (Lapworth)

Monograptus scanicus, Tullberg
Pristiograptus dubius, (Suess)
Pristiograptus nilssoni, (Barrande)
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This fauna is typical of the Iudlovian nilssoni-scenicus
Zone. In the Howgill Fells fd the north, the base of the
Iudlow Series is also marked by a bipartite limestone bed,
the lower unit of which reaches a thickness of 9 feet, and
the upper 12-18 feet. In the Howgills, the limestone 1is
often exposed as a brown rottenstone, yielding a rich
Phacopid trilobite fauna of Iudlow age. In Leck Beck,
however, the only exposure is constantly eroded by the
stream, thus preventing the rotted material from
accumulating from which it would be possible to collect
fossils. Although the limestones are much thinner here
than in the Howgills, their bipartite nature, the occurrence

of a nilssoni-scanicus fauna between the two beds, and the

presence of Wenlockian graptolites just below the lower
limestone, all indicate that the limestones do in fact
represent the same horizon. On this evidence, the top of
the Wenlock Series is drawn at the base of the lower
limestone, which also forms a usefﬁl lithological marker
band.

Zoning of the Wenlockian Strata between the fault and

the basal Tudlovian Limestone

Below the 5&3&1 Iudlovian limestone are almost 1070 feet

of Wenlockian strata, consisting essentially of grey (N4),
banded flegstones inwhich slight lithological variations

can be discerned. The fauna is not abundant, but the




assemblage of:-

Monograptus flemingii, Salter

Cyrtograptus lundgreni, Tullberg

Pristiograptus pseudodubius, (Boucek)

Monoclimacis kingi, MS Riékards

Gothograptus nassa, (Holm), has been collected

throughout the section. C.lundgreni appears to be more

abundant in the lower part of the section, whilst G. nassa

is extremely rare. This fauna is indicative of the
C.lundgreni Zone of the Wenlockian, and compares closely
with that obtained by Rickards in the Howgill Fells. The
Leck Beck section however is thicker than the entire Wenlock
Series in the Howgill Fells, which Rickards (1963),
considered to have & total thickness of between 760 and 850 feet.
In Leck Beck, the 1070 feet of strata are entirely withiﬁ‘
the lundgreni zone, of which the base is not seen, whereas

in the Howgills, the lundgreni zone is only 300-400 feet.
Rickards, however, found evidence of thickening towards the
south, in almost all of the divisions of the Wenlock Series.
The Leck Beck section suggests that this effect is very
considerable, and implies a fairly sudden southward deepening
of the geosynclinal trough. Purther evidence in support of
this deepening comes from the Ludlow Series, and from

sedimentological studies, and is discussed in a later chapter.
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Other Exposures of Wenlockian Strata

The only other exposuré of Wenlockian strata is, as was
noted earlier, to the north of the faulted Ordivician
inlier at Gawthrop. Here exposures are very poor. The
few pyritised graptolite fragments obtained resemble
M.flemingii, énd thus suggest that the flags are at least

in the upper half of the Wenlock Series. On Helms

Knott (685895), on the northern side of Dentdale, Coniston
Flags occur again, end here the relationship to the
overlying Coniston Grits suggests that these also represent
the upper part of the series.

Conclusions

(a) ©Slight differences in grain size and the density of
banding make it possible to divide the flagstones

into a number of lithological units, which are of use
in working the section. '

(b) PFossils are almost entirély restricted to the coarser,
more silty beds, and are poorly preserved as pyrite

films.

(é) The faunal assemblages of M.flemingii, C.lundgreni,

P.pseudodubius, Monoclimacis kingi MS Rickards, end

G.nassa, are the same throughout the sucdession, and

are indicative of the Zone of Cyrtograptus lundgreni.

(d) This zone  of which the base is not seen has a total
thickness of 1070 feet, which is more than double the

27



thickness of the same zone in the Howgill Fells to
the north.

(e) This thickening which begins in the southern part of
the Howgill Fells suggests a sudden deepening of the
geosynclinal trough, to the south, in which sediment
accumulated. This is supported by sedimentological

studies which are discussed in & later chapter.

(£) The Wenlockian-Iudlovian boundary can be established
by a change in the faunal assemblage, but is also
marked lithologically by the development of a thin
limestone bed. There is however no evidence of a
break in sedimentation, as the development of the
limestone bed is preceded by a gradual increase in
calcium content in the underlying Wenlockian sediments.

(c) The Tudlovian Strata

Apart from the two small areas of Ordovician and
Wenlqekian strata, the Barbon and Middleton Fells, as
previously mentioned, are formed entirely of rocks belonging
to the Iudlow Series, i.e. The Coniston Grits and Bannisdale
Slates.

Although the divisions of Wenlock and Iudlow Series
have long been recognised, the boundary between the two, was
for a long time drawn just above the base of the Bannisdale

Slates. Thus Sedgwick (1845-46), and Aveline et al (1872),
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considered the Brathay Flags and Coniston Grits under the
same heading of "Wenlock Rocks". The lower part of the
Bannisdale Slates were also placed in the Wenlockian, and
indeed the only Imdlovian rocks were the upper part of the
Bannisdale Slates, described as of Lower Ludlow age, and
the Kirkby Moor Flags, which were placed in the "Upper
Iudlow". (See table 1). '

In 1911,however, Watney and Welch proposed that the
-upper limit of the Wenlockian should be téken at the top of

the Zone of Cyrtograptus lundgreni, (which in this area is

at the top of the Brathay Flags), and that the strata above
~all belonged to the Ludlow Series., In this work, which
was carried out largely in the Howgill Fells, the emphasis
was on the faunal content of the rocks, and the graptolite
zones erected enabled correlations to be made with strata
of equivalent age in the Welsh Borderland and Wales. Three
lithological divisions of the Coniston Grits had previously
been described by Dakyns (1891), in the Mallerstang Sheet
Memoir, but these were not recognised by Watnmey and Welch,
nor by Rickards (1963), who split the Coniston Grits into
only two lithological divisions.

No work of this kind was carried out in the Barbon and
Middleton Fells. In the following pages of this chapter,
however, it is shown that the Coniston Grits can be divided -
into three lithological divisions, and split into a number
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of zones based on the graptolite faunas. The Bannisdale
Slates are separated into two divisions.

The lower limit of the Ludlow Series is as previously
described, taken at the base of the bipartite limestone bed
in Leck Beck, below which a typical Wenlockian fauna is
found. The top of the Series cannot be defined in this
area, as the highest sections end in the middle of the
Bannisdale Slates. The overlying Kirkby Moor Flags do
occur on the western side of the Iune Valley however, but

the junctions with the Bannisdale Slates are always faulted.

(1) The Coniston Grits

The strata overlying the bipartite limestone in Leck
Beck consist of a thick series of unfossiliferous grits
separated at numerous horizons by thin beds of banded
graptolitic siltstone. The Coldwell Beds, a flaggy
division found at the base of the Ludlow Series in some
areas, cannot be recognised in this region. The so called
- Coniston Grits are in fact predominantly rather fine grained
grey (N5), muddy sandstones and coarse siltstones, which are
considered t o have been deposited by turbidity currents.
They have been referred to as greywackes by previous authors.
The term greywacke is used in the present work, but only
lodsely; true greywackes, i.e. coarse poorly sorted rocks

containing many rock fragments, and set in a fine grained
natrix, (Pettijohn 1957, pp. 301-305), are developed only
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at isolated horizons in the succession. The banded
graptolitic siltstbnes are finer grained than the grits,
and darker grey (N4), when weathered, but still fall
within the silt class. Weathered surfaces appear yellowish
brown (10 YR6/2). The chief distinguishing feature of
this lithology is the banding, which gives rock surfaces

a finely striated appearance, similar to that seen in

the Coniston Flags, and which has the same origin. “As
higher levels in the succession are reached, a third type
of lithology becomes mbre predominant for a time. This
can be described essentially, as consisting of interbedded
laminae of banded siltstone, and unbanded mudstone, with
a predominant grey colour (N4), and hereafter referred to
as the banded unit lithology. The thicknesses of the
alternating laminae are variable, but figure35, in which
the silt laminae are 7 wm. thick, and the mudstone 15-20 mm.
in thickness, is fairly typical. The siitstone laminae
are in many cases graptolitic. The upper part of the
Bannisdale Slates are made up almost entirely of this
lithology, but within the Coniston Grits, it is prevalent
only in the middle of the Series. On this basis, the
Coniston Grits may be split into three divisions as

followss-
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Predominantly fine

Upper greywacke and thin
(Beds UCG 1-11) graptolitic siltstone
beds.

Middle Equal proportions of

Coniston Grits <  (Beds MCG 1-8) fine greywacke and

banded units.

Predominantly fine
greywacke and thin
graptolitic siltstone
beds, with a coarser
greywacke at the base.

ILower
(Beds LCG 1-15)

(The numbering of individual beds or units is shown on the

text figures)

(2) The ILower Coniston Grits.

The only complete section in the Lower Coniston Grits
begins immediately above the basal Iudlow beds in Leck Beck,
and continues in crag exposures and stream sections on the
hillsides to fhe north west of the river, for almost a mile,
to Brownthwaite Moss (647805), (Figure3-0). Dips are
constantly to the north or north west, at about 20 degrees
in the river valley, decreasing to about 8 degrees in the
upper part of the section. Another short and pobrly
exposed section occurs to the north of Leck Beck, in Gale
Beck (656805). To the north of these locelities, the
Lower Coniston Grits are overlain by the Middle and Upper
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divisions of thg Series, and are seen again only in Helms
Knott, Dentdale (684896). The localities are shown in
figure3f7.

Above the limestone in Leck Beck are 10 feet of
graptolitic siltstones (F9), which yield a fauna of:-

Pristiograptus dubius, P.nilssoni, Monograptus chimaera

c.f. salﬁez;, M. c.f. colonus, M.leintwardinensis incipiens,

M.scanicus, Monoclimacis haupti, and Pterinea sp., typical

of the nilssoni-scanicus Zone. This is followed by the first
greywacke unit of the Coniston Grits, which is somewhat
coargser than average. This bed (LCGl), has a thickness of
143 feet, and forms the steep sloping hillside up.from the |
river bed. The bedding is massive, with flute markings on
the undersides, where coarse sediment overlies the graded
mudstone top of the preceding bed. Many other sedimentary
structures and features are visible, but these are dealt with
more fully in a succeeding chapter. At the top of this
first greywacke unit is a marked break in slope, produced
by ‘& softer easily weathered banded graptolitic siltstone

bed (LCG2), with a thickness of approximately 28 feet. This
bed which produces rather badly drained ground is poorly
exposed, and the thickness has to be largely estimated from
& few small exposures scattered around the hillside. The

graptolite fauna is poorly preserved (F10), but appears to
be similar to that obtained from the under and overlying beds.

The second greywacke unit of 127 feet (Bed ILCG3), 1is
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marked by a considerable steepening of the hillside, and is
well exposed in crags running along the hill. This bed is
somewhat finer than the preceding greywacke, and is more
representative of the Coniston Grits as a whole. Grading is
present in some of the beds, but is not always obvious. The
mudstone tops to these beds usually grade very quickly down
into the underlying grit, but sometimes have sharply defined
lower limits, suggesting that the coarse sediment was deposited
very quickly, with little or no grading. Flute and groove
casts are again abundant, wherever coarse sediment overlies
the mudstone top of the preceding bed. Above this unit is
another poorly exposed bed of banded graptolitic siltstone,
(I.CG4), (Fll), some 35 feet thick which contains largely.

M.leintwardinensis incipiens, and a few M.chimaera. The

succeeding 100' greywacke unit (LCG5), is salso somewhat
poorly exposed, apart from & few crags, and is rather fine
grained. In several places however, it contains large shale
pellets, which would appear to have beeﬁ derived from the
destruction of pre-existing mudstone partings. The
graptolitic siltstone above this (LCG6) is very thin (15°')
and poorly fossiliferous, and is again succeeded by & thick
greywecke unit (LCG7), (105') containing calcareous nodules
which weather brown. The top of this unit follows
approximately the line of the Fell Roadl(647795), which
crosses the area in a north easterly direction, in a shallow

marshy depression.
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On the north side of the road, the banded unit lithology
is seen for the first time, (Bed LCG8). This is the only
occurrence of this lithology in the Lower Coniston Grits, and
the thickness of 86' is thin in comparison with the units in
the Middle Coniston Grits énd Bannisdale Slates. This
particular unit, although displaying the alternating laminae
of unbanded mudstone and banded siltstone at several
horizons, is somewhat atypical, as it contains a large
proportion of ordinary banded graptolitic siltstone. From
an exposure in Eller Beck, just above the point at which it
crosses the Fell Road (F12),(659797), and from a nearby road
side quarry (Fl3), the following fauna was obtaineds:-

Pristiograptus nilssoni, P.vicinus, Monograptus varians

pumilis, M.chimaera salweyi, M.leintwardinensis incipiens,

Pterinea subfolcata, Slava (Cardiols]} interrupta, and

Orthoceras 8Sp. Shelly fossils are particularly abundant in

the quarry exposure, and graptolites rare. It appears to be
usually the case that wherever shelly fossils are common,
graptolites are less abundant than normal.

Above the Fell Road, the banded unit is overlain by an
extremely thick, rather fine grained greywacke unit, which at
first appears to have an unbroken thickness of approximately
590', up to the summit of Brownthwaite Pike (647805).

Closer examination however, reveals that the unit can in fact
be split into three. The first part, (Bed LCGY9), is well

exposed in the upper part of Eller Beck, and in numerous crag
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exposures to the east of the stream. In one of these
exposures 150 feet above the top of the banded unit, is a
very thin development (8'), of very coarse banded siltstone,
(Bed ICG10). This marks the top of the first division in
this apparently very thick greywacke unit. The banding is
very widely spaced, and appears to be a transition between
greywacke, and the normal banded greaeptolitic siltstone. Its
origin and significance however, is discussed in a later
chapter. The second part of the greywacke unit, (Bed L0611),
has a thickness of 272 feet, and is a.gain rather fine grained,
and dips gently to the northwest at about 8 degrees. The
upper limit of this greywacke is defined by a very thin
development of banded graptolitic siltstone. The thickness
of this siltstone, (Bed LCGl2), is just over 1 foot, but it

has yielded several épecimens of M.leintwardinensis incipiens,

and Slava {Cardiold) interrupta (Fl4). It is followed by

the - third part of the greywacke unit, (LCGl3), which is

160 feet thick, and at the top of which is a somewhat thicker
(20') development of graptolitic‘siltstone, (LCG14), yielding
the following fauna (F15):- P.bohemicus, M.chimaera,
M.leintwardinensis incipiens, Slava Lpardiolaj interrupta, and

Pterinea sp.
The greywacke above this, (LCGl5), has a thickness of

260 feet, and forms the summit and northern slope of

Brownthwaite Pike, and is somewhat coarser than the immediately

Preceding units, This unit is also exposed in the middle part
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of Grove Gill, Whelprigg (638813), half a mile to the north
west, in a faulted strike Section. Two N-S trending faults
bring down higher divisions of the Coniston Grits downstream
of the greywacke, and make it impossible to check accurately
the thickness measured on Brownthweite Pike.

Above this greywacke is the first really thick
development of the banded unit lithology typical of the
Middle Coniston Grits, (Bed MCGl). The junction between
the 260 gieywacka unit, and the overlying banded uﬁit is
taken as the boundary between the Lower and Middle Coniston
Grits.

The only other exposure of the Lower Coniston Grits
is on Helms Knott (684896), along the north eastern edge of
the area. Here, strata very low in the succession crop out.
.The relationships with the overlying divisions are faulted
or poorly exposed, and it is thus not possible to define the
upper limit of the division, or even to measure its approximate
thickness. In 3 or 4 small exposures of graptolitic siltstone
however, the following fauna has been obtained, (Fl6):-
Monoclimacis haupti, P. c¢.f. wandalensis, P.bohemicus,

P.dubius, P. nilssoni, M.colonus, M.chimaera chimaera,

M, leintwardinensis incipiens, M. varians pumilis, M. roemeri,

M.scaniocus, Slava [Cardiola) interrupta, Pterinea subfolcata,

and Orthoceras Sp.
Lithologically, the Lower Coniston Grits may be

sumuerised as consisting of a thick series of fine grained
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greywackes, separated at numerous horizons by thin beds of

graptolitic siltstone, and having a total thickness of 1510 feet.

Zoning of the Iower Coniston Grits.

The graptolite fauna of the Lower Coniston Grits is as

followss - . ‘
M.varisns pumilis Wood. M. roemeri (Barrande).
M. colonus (Barrande). ' P. dubius (Suess).
M. chimaera chimaera (Barrande). P. nilssoni (Barrande).
M. chimaera salweyi  Lapworth. _ P._bohemicus(Barrande).
M. scanicus Tullberg. P. vicinus (Perner).

M. leintwardinensis incipiens  Wood.

This is very similar, with one notable exception, to that of

the combined Zones of P.nilssoni and M.scanicus of Elles and

Wood. It does not seem possible to separate these two Zones

in this area. The occurrence of M.leintwardinensis incipiens

in association with the nilssoni-scanicus fauna, appears to be

a characteristic feature of this area, although according to
Elles and Wood this form is restricted to the tumescens and

leintwardinensis Zones. In addition, the more recently

redescribed species of . Monoclimacis haupti (Kuhne) and

P. wandalensis (Watney and Welch), have been collected from

the Lower Coniston Grits, and these also are typical of the

nilsgoni-scanicus Zone. Slava [Cardiola] interrupta, and

Pterinea subfolcata are shelly fossils occurring throughout

the Ludlow Series. There does not appear to be any marked
change in the assemblages collected at different horizons
within the Lower Coniston Grits, except that Monoclimacis

38




haupti and P. dubius have been found only at the very base
of the Series in Leck Beck, and also on Helms Knott.

The exact stratigraphicel position of the Helms Knott
locality is difficult to place, owing to the poor state of
exposure. The field relationships with adjacent exposures
of Wenlock Flags however, suggest that it is almost at the
base of the Ludlow Series. The similarity between the
asgemblage collected here, and that obtained from the
giltstone immediately above the limestone in Leck Beck, tends
to confirm this impression. On this evidence, Helms Knott
is tentatively correlated with the base of the Iudlow Series
in Leck Beck, &s shown in figure3-].

The vulgaris Zone erected by Elles and Wood at the base
of the Ludlow Series cannot be differentiated, as the faunal
essemblages in Leck Beck change directly from those typical
of the Wenlockian Cyrtograptus lundgreni Zone, to those

characteristic of the nilssoni-scanicus Zone. All the

1510 feet of the Lower Coniston Grits are therefore placed in
this Zone.

Comparison with the Howgill Fells.

In the Howgill Fells Rickards split the Coniston Grits
into Lower and Upper only. His division of Lower Coniston
Grits, however, of just over 1000 feet in thickness, compares
closely with the Lower Coniston Grits division in the Barbon
and Middleton Fells. The faunal assemblages are also very
similar, The correlation between the two areas is
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summarised in figure 3-7,

The significant feature of the comparison of these two
adjacent areas, is that the Lower Cchiston Grits become much
thicker to the s outh. This southward thickening was seen
in the Wenlock Series, and its continuation into the
Iudlovian adds further support to the theory of a marked
deepening of the geosyncline to the south of the Howgill Fells.

(b) The Middle Coniston Grits.

Sections through the Middle Coniston Grits are also
restr;cted to the southern part of the area, and form the
ground from Brownthwaite Moss (650810) northwards down into
Barbondale (645827). Unlike the lower parts of the
succession however, the strata in this area are disrupted by
a number of WNW-ESE trending faults, which in turn are cut
by several more northerly trending faults of later date.

A complete section through the Middle Coniston Grits cannot
thus be seen in any one stream or crag expoéure, and the
succession has to be ﬁiéced together from several faulted
blocks. (See figure373,) |

The Middle Coniston Grits|are characterised by almost
equal proportions of banded units end greywacke units. The
first of the banded units (Bed MCGl), is seen on the north
western side of Brownthwaite Moss, in a small tributary (643819),
of Grove Gill, and &also several hundred yards further to the
north west in Grove Gill itself. The lithology is typically
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one of alternating laminae of banded siltstone and unbanded
mﬁdstone, although in addition this unit contains a few thin
beds of fine greywacke, a variation often found at the lower
levels in the succession. Exposures of this unit are very
poor and unfossiliferous, but from the position of adjacent
greywacke units, a thickness for the banded unit of 110 feet
has been estimated. |
The succeeding greywacke unit (MCG2), is well exposed
in fhe upper part of Grove Gill, where a thickness of 176’
has been measured. -This unif also crops dut to the west of
Bullpot Farm (6626816), about a mile to the east of Grove Gill,
where a similar thickness of strata is thrown down between
two N-S trending faults. Faulted slivers also occur in the
lower part of Grove Gill, but here it is not possible to
estimate the thickness accurately. The greywacke is
succeeded in the upper part of Grove Gill by enother banded
unit (MCGs),_with a thickness of 121 feet. The greywacke
overlying this, (MCG4), is cut off by a NW-SE trending fault
after 15 feet of strata have been passed through. The
remainder of this unit, however, can be measured from exposures
on the open moorlend, a few hundred yards to the north east of
the fault. Here the preceding banded unit is overlain by
243 feet of fine grained micaceous greywacke, displaying
prominent graded bedding and numerous séle markings.

Tne remainder of the Middle Coniston Grits succession is

pieced together from adjacent fault bounded blocks of
1



strata, (See figure3-8), inwhich the 243' greywacke unit

with its graded bedding and sole markings, forms a useful
marker horizon. This distinctive unit is downthrown on the

NE side of the NW trending fault on Nonslope Moss (649815),

and is overlain by a banded unit which is well exposed in

& series of crags dipping to the north east at 25 degrees.

This unit, (Bed MCG5), which has a total thickness of 180°
contains a rather higher proportion of banded graptolitic
siltstone then normal, and yielded the following faunaj; (F17):-

M. chimaera salweyl, M. c.f. varians, M., leintwardinensis

incipiens, P. bohemicus, Slava [Cardiola) interrupta, and

Pterinea SP.

The base of the overlying greywacke uhit, (MCG6), is
exposed in the upper part of the crags, and is massively
bedded with well developed mudstone tops to the graded bveds.
The remainder of this unit is very poorly exposed, but
scattered outcrops of greywacke to the north of the crags,
indicate that there is no change in lithology for a distance
of a ¢ mile. Taking into account the dip, and slope of the
ground, this leaves room for approximately 110 feet of strata.
In the upper reaches of 3 small streams (653820), which rise
to the north west of the crags, and flow down into Barbondale,
this greywacke gives way to a thin bed of banded graptolitic
siltstone, (MCG7), yielding poorly preserved M.leintwardinensis

incipiens (F18), and overlain by a bended unit, (MCG8).
A few yards further downstream, the section is cut off
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by the first of fhree closely spaced WNW trending faults,

which in turn are cut by an ENE trending fracture. The

section is badly shattered by these_disturbanoes; and it is
difficult to determine accurately, the stratigraphic level

of any of the strata between here and the Barbondale

road (650825) several hundred yards to the north. (See figure31)
Only a tentative interpretation of the stratigraphic horizons
represented in this heavily faulted area, is shown on the

6? inset-méps.

In Aygill (660823), however, ¥ of a mile to the north |
east, an ascending succession through the Middle Coniston
Grits is seen, from the 180' banded unit, (MCG5), upwards,
working downstrean. Here, the banded unit, (MCG8), overlying
the 110' greywacke has a total thickness of 300 feet. The
lithology is-rather coarser than nbrmal, gnd thin bands of
greywacke replace-éome of the banded siltstone laminae,

towards the top of the unit., A fauna of M. leintwardinensis

inecipiens, M. chimaera, and M. varians, has been c ollected

low down (F19), inthis unit.
Af the base of this section, the banded unit is overlain
by & thick massive bedded greywacke which is cut by & NE
trending feult. Adjacent stream sections indicate that the
throw of this fault is small, and in the order of 50 feet to
the north. Teking this into accouﬁt, the greywacke would
appear to have a thickness of approximately 200 feet. This

agrees closely with the thickness of a similar unit measured
| 143 |



in nearby Barbon Beck, which is also underlain by & banded
unit. In Barbon Beck, this 200' greywacke is overlain by
& thin bed of banded graptolitic siltstone, followed by a
greywacke unit several hundred feet in thickness,

The strata below the 200' greywacke are characterised
by alternating beds of greywackes and banded units, of
apprdximately equal thickness. From this point upwards,
the éedimentation appears to have reverted to the type
characteristic of the Lower céniston Grits. The chenge to
dominantly coarse sedimentation 1s»quite,marked, and thus
the upper limit of the Middle Coniston Grits is drawn at the
top of the 300* banded unit, (Bed MCGS8). This division of
the series has a total thickness of 1240 feet, and is easily
recognised in the field, especially when the graptolite fauna
is also taken into consideration. Little variation in the
thickness of beds from one stream section to another is seen,

due to the very short distances involved.

The Zoning of the Middle Coniston Grits.

This division is poorly fossiliferous compared with the
strata below, and where graptolites do occur, the
preservation is usually bad. The faune of the Middle Coniston

' Grits is as follows:-

M. chimaera salweyi ZIapworth. Ps_bohemicus (Barrande).
M. cf. varians Wood. Slava (Cardiola

interrupta (Sowerby).
Bterinea 8p.

M. leintwardinensis incipiens Wood.

This is much smaller than that obtained from the Lower
L



Coniston Grits, both in the number of species and individuals.

M. leintwardinensis incipiens is undoubtedly the most common

form, but its association with P. bohemicus, M. varians, and

M. chimaera salweyi, indicates that the strata fall

definitely within the nilssoni-scanicus Zone, even though

the Zone fossils of P. nilssoni and M. scanicus have not been

recorded. This restricted fauna agein makes it impossible
to differentiate between the nilssoni and scanicus Zones,
as all the types recorded are common to both.

The comparative abundance of M. leintwardinensis incipiens

80 low in the succession, is again the only anomalous feature
of the assemblage. It appears that its original restriction
by Elles end Wood, to the leintwardinensis Zone, is only the

case in certain parts of the country. Wood (1900, p.443),

for example, described M. leintwardinensis incipiens from

strata in the Long Mountain District, which would probably
be equivalent to the tumescens Zone elsewhere. In the
Barbon and Middleton Fells (and the Howgills according to
Dr. Rickards), this species is the common fossil throughout

the succession.

Comparison with the Howgill Fells.

A middle division of the Coniston Grits was not

recognised by Rickards in the Howgill Fells, as the
development of the banded unit lithology is not as marked

in this area. In the middle of the Coniston Grit Series
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'in this area,however, are two thick banded units of 250 feet
end 450 feet, separated by a greywacke unit containing
another thin banded unit. | The total thickness from the
base of the 250' unit to the top of the 150' unit is almost
800 feef,’which were placed by Rickards at the base of his
ﬁpper Coniston Grits divisioh.

In the Barbon and Middleton Fells thick banded units
are developed at approximately the same level in the
succession. Here, as in the lower division of the Series,
the thickness of strata inwhich this lithology is prevaleﬁt,
is much greater than in the Howgills. The faunal assemblages
however are similar, and so for these reasons, the first
800 feet of Rickards' Upper Coniston Grits have been
correlated with the Middle Coniston Grits of the Barbon and
Middleton Fells, as shown in figure 3-l°, The amount of
variation from one area to the other, is much more marked
than in the Lower Coniston Grits, and thus correlations
between individual units are only tentative.

Once again the stratea thicken considerably to the south,
indicating that the southward deepening of the geosyncline

was & marked feature over a long period of time.

(c) The Upper Conliston Grits.

This division of the Coniston Grits has a much more

widespread distribution throughout the area than the preceding

divisions, and forms much of the lower ground along the
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south eastern and north eastern margins of the region. The
best sections in the lower part of the division are exposed
in Barbon Beck, just to the east of Barbon Park (652826),
and on the hillside immediately to the north of the river.
The higher parts of the succession are poorly exposed, but
can be pieced together by working along the strike of the
strata, up Barbondale, and from sections on Holme Fell (645905)%
on the northwestern edge of the area. The upper part of this
division 1s also seen in the numerous stream sections running
into the Dent Valley, on the northeastern edge of the area.
The value of these however, is very much reduced by & number
of WNW trending faults, which in many cases make it impossible
to determine the exact horizon. The widespread distribution
of the strata also allows variations in thickness to be
followed from the south to the north of the area.

The first greywacke unit of the Upper Coniston Grits,
(Bed UCGl), is exposed in a strike section in Barbon Beck,
between the two N-S trending faults (647828). It is fine
grained and displays a high proportion of current
lanmination. Working upstream, higher and higher parts of
the unit are gradually brought down to river level, by which
means & total thickness of 204 feet has been measured, before
graptolitig siltstone replaces the greywacke. Farther
upstream, intensive faulting brings down a higher division
of the series, leaving only the upper pert of the unit, and
the overlying banded graptolitic siltstone exposed.
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The overlying banded siltstone, (Bed UCG2), is exposed
in the northern bank of the river for several hundred yards
to the west of the faulted area. It has a total thickness
of 11 feet, and is poorly fossiliferous, but has yielded a
few fragments of ($20):- P. bohemicus and M. varians}pumilis.

This siltstone can be traced for a short distance in the
faulted strata further upstream, where it is overlain by a
greywacke unit. This unit, (UCG3), is massively bedded with
well developed mudstone partings. Grading is developed but
is difficult to follow, owing to the overall fine grained
nature of the strata. The unit can be traced in exposures
upstream from Blindbeck Bridge (655827), where the dip is
generally to the east or north east at fairly low angles.

On the hillside above Barbon Park, the unit is again exposed
in numerous small crags, where some rather coarser beds are
developed. The total thickness of approximately 710 feet,
makes this the thickest individual greywacke unit seen in the
entire succession. Careful examination of all the exposures
and seétions along the strike of this bed reveal no intervening
graptolitic siltstone or banded units.

Towards the top of Whiskey Gill, on the north eastern
corner of Barbon Park (648829), the greywacke is overlain by
an unfossiliferous banded unit (Bed UCG4), of 42 feet in
thickness. Along the strike to the east, a similar thickness
of strata is exposed in Barbon Beck, several hundred yards to
the north east of Blindbeck Bridge.
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The lower part of the overlying greywacke, (UCG5), is
well exposed in Barbon Beck. Herej;however, the strata is
broken and contorted by an adjacent N-S trending fault.
Dips are variable in direction over short distances, axd it
is thus difficult to measure accurately, the thickness
exposed at this point. This unit does appear to have a
considerable thickness, and by piecing together exposures
along the strike from Whiskey Gill to Barbon Beck, an
approximate thickness of 240 feet has been estimated. The
succeeding banded graptolite siltstone, (UCG6), is exposed
on the hillside several hundred yards to the east of Whiskey
Gill. This horizon (F21), which is 23 feet in thickness

has yielded a few specimens of M. varians, and numerous

M. leintwardinensis incipiens. A similar fauna, with

P. bohemicus in addition, was obtained from the same horizon

(F22), on Holme Fell at the northwestern extremity of region.
Here however, the siltstone is only 15 feet thick.

The greywacke above, (UCG7), is well exposed only at
one point in the Whiskey Gill area. In overhanging crags
numerous flute markings are developed. The dip of the strata
however swings round from 31 degrees NE, to 46 degrees SW, in
the space of a hundred yards, as a small NW trending syncline
is crossed. This makes estimation of the thickness rather
difficult, but along the strike, away from the fold, slight
changes in topography indicate that the unit has a thickness
of 250 feet. Along the north eastern edge of the region,
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a thick greywacke unit is exposed in the upper part of Haw
Gill, Dentdale (682880). By working down from the higher
parts of the succession, which are extremely wéll exposed in
Combe Scars (677875) to the south, this greywacke fits in
at the same horizon as that exposed to the east of Whiskey
Gill. The thickness here can be measured accurately, and
is 253 feet. This similarity probably results from these
two localities being along the strike from one another, and
at the same distance from the supposed source of the sediments.
At right angles to the strike however, to the north west, on
Holme Fell (645495), the unit decreases to 240 feet.

The greywacke is succeeded by a thin banded unit, (UCGS8),
which has a thickness of 66 feet in the Whiskey Gill area,
64 feet in Heaw Gill, and 60 feet on Holme Fell. (See figure3)
The Whiskey Gill exposure, where weathered, has yieided, (F23):-

M. varians pumilis, M. leintwardinensis incipiens, and

P. bohemicus. The strata in the Holme Fell locality however

are highly cleaved, and have yielded only fragmentary
unidentifiable specimens. The Haw Gill exposure is

unweathered, and has not yielded any graptolites.
The greywacke unit overlying,(UCG9), has a thickness of

50 feet in the Whiskey Gill area, approximately 50 feet to the
south of Calf Top, Barbondale (668850), where it is poorly
exposed, decreasing to 44 feet on Holme Fell. In all these
localities it is rather thinly bedded, with well developed
mudstone partings.

50



The succeeding graptolitic siltstone, (UCGl0), is

" well exposed and richly fossiliferous in the following
localities:- 600 yards SSE of Calf Top (668850), (F24);

the middle part of Brackensgill, Dentdale (665890), (F25);
the lower part of Ruddles Gill, Dentdale (662895), (F26);

and in the old quarries on Holme Fell (645493), (F27). The
unit decreases slightly in thickness from 25 feet in the Calf
Top area, to 23 feet on Holme Fell, and at the top approaches
a banded unit in its lithology. The fauna although

abundant, consists entirely of M. leintwardinensis incipiens,

apart from the Ruddles Gill locality (¥26), where two
specimens have been tentatively identified by Dr. Rickards

as P. c.f. tumescens.

Although showing signs of grading into a banded unit
towards the top, the graptolitic siltstone is suddenly
replaced by a rather micaceous greywacke unit (UCGll), in
all the above mentioned localities. The thickness of this
is 59 feet at Calf Top and near Combe Scars, and 51 feet in
Ruddles Gill. The upper part of the Holme Fell locality
is unexposed, but there is room for 45 feet of strata
between the top of the underlying graptolitic siltstone, end
the succeeding banded unit.

In every part of the region, this greywacke unit is
overlain by a great thickness of the banded unit lithology,

which thus again becomes much more dominant. The top of

the greywacke appears to mark the end of a dominantly
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arenaceous phase in the sedimentation. On lithological
grounds, the upper limit to the Upper Coniston Grits is

.drawn at the top of this unit. The meximum thiclmess 1is

seen in the southernmost exposures, in the Barbondale ares,
where the total thickness is 1680 feet. Unfortunately the
lower part of this division is exposed only in Barbondale, with
the result thet it is not possible to compare changes in
thickness right through the Series. The upper part of the
division however shows a consistent decrease in thickness

towards the ndrthwest,

Zoning of the Upper Coniston Grits.

Although more fossiliferous than the Middle division of
the Series, the Upper Coniston Grits yleld a slightly smaller
nunber of species. The Series up to and including the 661

banded unit, yields a fauna of M. varians pumilis, P. bohemicus,

and M. leintwardinensis incipiens, again indicative of the

nilssoni-scanicus Zone. Above this horizon however, the

forms typical'of the nilssoni-scanicus Zone are completely

absent.  Intensive collecting in four richly fossiliferous
horizons at this level yielded only M.‘leintwardinensis

incipiens, and a few doubtful specimens of P. tumescens.

On these grounds, the upper limit of the nilssoni-scanicus

Zone is drawn at the top of the 50' greywacke unit. The strats
above this level are considered to be eéuivalent to the

leintwardinensis incipiens Zone in the Howgill Fells, which

Dr. Rickards considers is probably equivalent to the tumescens
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Zone of Elles and Wood.

Comparison with the Howgill Fells.

The uppermost 800 feet of the Coniston Grits in the
Howgill Fells consist predominantly of thick greyWacke units,
with only a few thin beds of graptolitic siltstone and banded
units. This indicates a return to predominantly coarse
sedimentation, following the finer grained phase lower down
in the series. This is similar to the position in the
Barbon and Middleton Fells, where, however, the thickness at
first appears to be double that seen in the Howgills. When
the extent of the graptolite Zones is taken into consideration,
however, it becomes apparent that coarse sedimentation
carried on- for a longer period in the south.

Deposition of sediments from turbidity currents is
characteristically very variable over comparatively short
distances, and this feature appears to become more predominant
at these higher levels in the succession. The result is that
the correlation of individual units in the two areas is

difficult.
Consideration of the graptolite Zones shows that in the
Howgill Fells, the corresponding strata fall well within the

nilssoni-scanicus Zone. In the Barbon and Middleton Fellé

however, the uppermost 80 feet of strata extend into the

P. tumescens or M. leintwardinensis incipiens Zone, which

is represented by Bannisdale Slates in the Howgills; This
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suggests that either the nilssoni-scanicus fauna died out

slightly earlier in the Barbon and Middleton Fells, or that
the‘Bannisdale Slate 1lithology developed somewhat earlier in
the Howgills. The latter explanation would appear to be
more likely, as both the Survey Memoirs, and Rickards (1963),
noted that the base of the Bannisdale Slates occurred at
varying horizoné, from one area to another. This would mean
that much of the Uﬁper Coniston Grits, are in fact really
equivalent to the lower part of the Bannisdale Slates, in the
Howgill Fells. A certain amount of coarse sedimentation

continues in higher divisions of the leintwardinensis

incipiens Zone, in the Barbon and Middleton Fells, and is
described below. |

Taking these factors into consideration, it appears
that the 1680 feet of Upper Coniston Grits in this area, are
equivalent to the uppermost 800 feet of the Upper Coniston
Grifs, and first 350 feet of the Bannisdale Slates, in the
Howgill Fells. This correlatién is summarised in figure 3-12,
and shows that there is s till a considerable thickening of
strata to the south of the Howgill Fells.

(2) The Bannisdale Slates.

In the Howgill Fells, the strata at this level in the
Iudlow Series are formed almost entirely of the banded unit
lithology. In the Barbon and Middleton Pells, however, (as

mentioned above), coarse greywacke sedimentation continues
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to be rather more prevalent for a time. This gives rise to
alternating beds of greywackes and banded units, in
proportions similar to those seen in the Middle Coniston
Grits. Only at a& much higher level does the true

Bannisdale Slate lithology become continuous. On this basis,
the Bannisdale Slates in the Barbon and Middleton Fells have
been split into two divisions as follows:-

Formed almost entirely of

Upper
the banded unit lithology.

Bannisdale Slates
Approximately equal

proportions of greywackes
and banded units.

Lower
(Beds LBS 1-6)

(a) The Lower Bannisdale Slates.

This lower division of the Bannisdale Slates has a
widespread distribution throughout the eastern and northeastern
parts of the area. It forms the higher slopes of the fells
bordering Barbondale and the Dent Valley, and extends over
and into the upper reaches of the western river valleys.
Exposures are good, especially in the lower part of the
difision, allowing changes in the thickness of individual
units to be compared from south east to north west.

The most southerly exposure of the first banded unit,

. (LBB1), is high up on the southern slopes of Castle
Knott.(658837). The typical banded unit lithology, with
alternating laminae of banded siltstone and unbanded mudstone,

is well developed, apart from a few thin greywacke beds in
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the middle. The grain size is somewhat finer then at
lower levels in the succession, resulting in a much greater
development of cleavage than previously seen. The unit is
fossiliferous, but the graptolites occur only along very
thin horizons in the banded siltstone, and not distributed
throughout the bed. Two main fossiliferous horizons, one
near the base (F28), and the other near the top of the

unit (F29), yielded numerous M. leintwardinensis incipiens,

along with s everal specimens of Slava [Cardiola) interrupta,

and Orthoceras sp. The thickness of the unit in this

locality is Just under 200 feet. It is also exposed in
numerous crag sections along the length of Barbondale, and
can be followed easily across the 3 N-S trending faults
which cut the hillside. A large number of specimens of

M. leintwardinensis incipiens have been collected at several

localities (F30-36), in this area. A perfect cliff section
through the unit is seen at Combe Scars (677875), (See figuredil),
where a thickness of 200 feet has been measured. A fauna

restricted to M. leintwardinensis incipiens only, has also

been collected at this locality (F37). FPurther to the
northwest, along the southern slopes of Dentdale, the unit

is exposed in a number of stream sections, and begins to
thicken considerably, and in Brackensgill (665889), has
reached a thickness of 276 feet. This is a remarkable
increase in a distance of 1% miles, and would at first appear

to indicate that a mistake in the horizon has been made,
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FIG. 3-3.The Lower Bannisdale Slates
at Combe Scars, Dentdale.
From the east (above) and

the north (below)
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perhaps due to unexposed faults. Exposures along the
valley side from Combe Scars are very good, however, amd

the displacement of the unit by 3 N-S trending faults can

be followed easily. There is no doubt that this is the
same unit. On Holme Fell, a mile further to the north west,
the unit reaches a thickness of 285 feet.

The succeeding greywacke, (LBS2), is massively bedded,
with well developed mudstone partings, inwhich sole
markings are abundant. The most southerly exposure is
just to the southwest of Castle Knott (658837), where in
almost_horizontal strata, a thickness of 165 feet has been
measured. This unit can also be traced northeastwards
up Barbondale, and is well exposed in crag sections just
below the summit of the fell. In Combe Scars (677875),
there is a complete section through the unit, which at this
point has a thickness of 168 feet. The greywacke is then
followed easily down the southern side of Deﬁtdale, across
three faults, by a series of crag sections. In a few
places exposures‘do become poor, but the scarp produced by
the more resistant nature of the unit sefves as a useful
guide. Beyond Combe Scars the thickness decreases rapidly,
until in Brackensgill, it has dropped to 120 feet. On
Holme Fell however, it shows a marginal increase to
125 feet.

At the top of the greywacke there is a sharp junction
with the overlying banded unit, (IBS3). Expdsures are poor
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to the south west of Castle Knott, but in the upper reaches
of Southdale Gill (655846), however, the unit crops out, and
dips downstream. The dip, and the slope of the valley are
gimilar, resulting in large bedding plane exposures. The
lithology 1s rather more flaggy then usual, and within the
unit there are several thin beds of greywacke, 2 to 3 feet
thick. The stream section is cut off by a N-S trending
fault, but scattered exposures on the north eastern side of
thé valley, leave room for approximately 170 feet of strata.
The cleavage which 1is prevalent at this level in the
succession destroys the graptolites, and e&.s a result only

a few poorly preserved specimens of M. leintwardinensis

incipiens, Slavae (Cardiola] interrupta, and Orthoceras sp.

were obtained at 2 horizons (F38, F39). To the north,
exposures are poor until Combe Scars are reached. Here,

a complete section'through the unit is exposed in the upper
part of the cliff, The 1ithblogy is similar to Southdale
Gill, with a few thin beds of greywacke. The.degree of
cleavage is much less however, and localities F40, and F4l

have yielded large numbers of M. leintwardinensis incipiens.

The thickness of the unit in Combe Scars is 163 feet, but
working northwestwards, it increases rapidly, and in
Brackensgill has reached 238 feet, and on Holme Fell, 245 feet.
Once again the high degree of exposure ensures that this is
the same unit, as seen in Combe Scars.

The succeeding greywacke, (Bed LBS4), is poorly exposed
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throughout the area, as it usually forms the poorly drained
summit to the fells. Scattered exposures above Combe Scears
reveal & rather fine grained thinly bedded greywacke, with
e thickness of a pproximately 170 feet. Al though the degree
of expdsure is poor, the greywacke forms a small but steep
scarp at the summit of the fells. This can be traced to the
northwest, and decreases in thickness to 130 feet above
Brackensgill, and 88 feet on the summit of Holme Fell.

A bended unit, (LBS5), overlies the greywacke, but is
not exposed on the slopes of Barbondale south of Combe Scars.
A slackéning in the hillslope at the level the unit could be
expected to occur, however, suggests that at this locality
its thickness is probably about 75 feet. To the northwest
it is exbosed intermittently in the upper parts of the rivers
which drain west into the TLune Valley. In all these sections
the strata dip downstream at a similar degree to the hillslope,
making the thickness of the unit deceptive. Careful
measurement in the upper part of Iuge Gill (659879), directly
south of Brackensgill, indicates a thickness of 85 feet. The
strata here are highly cleaved, but yielded several good

specimens of M. leintwardinensis incipiens, and P. cf.tumescens,

along with the usual shelly forms of Orthoceras sp., end

Slava [Cardiols) interrupta. On Holme Fell, the strata are

again highly cleaved, and did not yield eny fossils. Here
the thickness has increased further to 100 feet.
This banded unit is followed by the last thick greywacke
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unit in the ILudlow Series, (Bed LBS6). The most southerly
exposure of this unit is in Southdale Gill (652848), where,
however, the section is cut off in the east and west by two
N-S trending faults. The section exposed has a thiclkness
of 180 feet. A total thickness of approximately 260 feet
has been estimated by working up the hillsides from the
underlying banded unit, which is exposed near Castle Knott,
and in Northdale Gill (653854). A similar thickness has
been est;mated between the upper parts of Wrestle and Luge
Gills (665865). Purther to the northwest, the greywacke
is well exposed in a tributary of ILuge Gill, in a section
dipping downstrean. The lithology here is rather flaggy,
and finer grained than hormal, and the thickness has fallen
to 180 feet. A mile further to the northwest, it has fallen
8till more to 135 feet.

Above this level, in ali sections, the banded unit
lithology becomes almost continuous, and coarse strata are
restricted to beds of only 1 or 2 feet in thickmess, within
the finer sediment. The upper limit of the Lower Bannisdale
Slates is thus drawn at the top of this last thick greywacke
unit. The thickness of strata within this division varies
from 1042 feet in the south east, on the hillsides above
Barbondale, down to 978 feet on Holme Fell, in the northwest.
This variation itself is not very great. The variation in
individual units from north to south, however, is both marked

and unusual. The greywacke units all thin very considerably
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to the northwest, whereas the banded units thicken to a

certain extent in this direction.

Zoning of the Lower Bannisdale Slates.

The banded units within the Ioower Bannisdale Slates are
richly fossiliferous, but preservation is often bad, due to
cleavage. The graptolite species are restricted entirely

to M. leintwardinensis incipiens, and a few doubtful specimens

of P. tumescens. The usual shelly types such as QOrthoceras sp.

and Slava [Cardiola] interrupta, also occur. This fauna is

gimilar throughout the division, and is indicative of the

M. leintwardinensis inecipiens Zone of Rickards, (= P.tumescens

Zone of Elles and Wood?), in which it is thus placed.

Comparison with the Howgill IFells.

In the Howgill Fells, the strata within the

M. leintwardinensis incipiens Zone consist entirely of thick

banded units, apart from a greywacke unit of 140 feet near
the top of the Zone, In the south of the Barbon and
Middleton Fells however, coarse sediment is much more
abundant, and forms over half of the succession. Moving
northwestwards towards the Howgill Fells, the proportion of
greywacke drops sharply, whereas the amount of the banded
unit lithology increases, indicating a transition to the

Howgill type of sedimentation. _
In the Barbon and Middleton Fells, a thick greywacke
unit marks the upper limit of the TLower Bannisdale Slates,
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Fig. 3-15. Sections through the Lower Bannisdale Slates,
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west and the correlation with the Howgill Fells.




and has a considerable thickness, even at the northwestern
edge of the area. At approximately the same horizon in the
Howgill Fells is a 140' greywacke unit. These two greywackes
are thought to be equivalent. The correlation is summarised
in figure3-i5. This shows that in the Howgills, the 700 feet

of strata, from just above the base of the M. leintwardinensis

incipiens Zone, up to the top of the 140' greywacke unit, are
equivalent to between 978 feet and'1042 feet of strata in the
Barbon and Middleton Fells. The increase in thickness of
the greywacke units to the south outweighs the thinning of
the banded units, and thus there is once again an overall

thickening from north to south.

(b) The Upper Bannisdale Slates.

The upper division of the Bannisdale Slates is
distributed widely down the western side of the area, in two
large synclines. The more northerly outcrop is centred |
around Iuge Gill (640877), and the southerly one around
Ashdale Gill (640840). The area of outcrop of the Upper
Bannisdale Slates is in fact similar ﬁo the Bannisdale Slates
division shown on the Geological Survey map of 1869.

The extent of the areas occupied by these two outcrops,
is defined easily on most sides, by faults, or by the
underlying thick greywacke unit. .Between the two areas of
Bannisdale Slates however, exposures are very poor, apert from

the Millhouse Beck section (640854). This section itself is
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rather problematical, as it is cut by faults, and isolated
from all other exposures. No graptolites have been obtained
from the section, but the banded unit exposed on the southern
side of the stream has a thickness of 70 feet, and is under
and overlain by well bedded greywacke units. This Suggests
that this may be the 75' banded unit near the top of the
Lower Bannisdale Slates. The dip of the strata away from
the E-W fault which runs down the valley, is to the north.
Half a mile to the south, however, on the northern side of
the Ashdale Gill outcrop of Bannisdale Slates, the dip is
everywhere to the south. This indicates an anticlinal axis
running through the unexposed ground between the two sections.
When this is taken into account, the strata below the
Bannisdale Slates fall into position, end the 70' banded
unit comes in at the expected position in Millhouse Beck.‘

The problem of the succession to the north of Millhouse
Beck cannot be solved as easily. The E-W fault downthrows
to the'south, but it is not possible to say precisely, by
how much, as there is no means of defining the horizon of the
few scattered outcrops of greywacke on its northern side.
It has been assumed that these probably represent part of the
250' unit at the top of the Lower Bannisdele Slates. On this
assumption, the southern limit of the Upper Bannisdale Slates
has been drawn in tentatively.

The strata within the Upper Bannisdale Slates are

extremely monotonous, end are formed entirely of the banded
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unit lithology. In the higher parts of the succession,
however, the differentiation into alternating laminae of
bended siltstone, and unbanded mudstone is less apparent.
The strata become more uniformly,f;ne grained, and the
alternating laminae are more difficult to pick out.
Exposures are good, especially in the northern and
larger of the two synclines, where the series is exposed in
crags in addition to stream sections. The most complete
section is followed by working southeastwards from the
northern side of Holme Knott (646896), down into Ridding
Beck (645892), and then following the stream down to
Beckside Hall (634885). The first part of the section from
north of Holme Knott is along the strike, but as this is up
the hillside, it passes through approximately 350 feet of
banded rocks. The strata appear to be poorly fossiliferous
due to the cleavage, but 35 feet above the top of the
underlying greywacke unit, a slightly more weathered horizon
yielded several M. leintwardinensis incipiens, along with

& large number of Pterinea sp. Just to the south of Holme

Enott, however, 150 feet from the base of the series, a small

nunber of M. leintwardinensis leintwardinensis, and

M. leintwardinensis incipiens were obtained, (F44). Passing

down from Holme Knott into the upper part of Ridding Beck,
part of the succession is repeated, but working downstream
a slowly escending succession is passed through. The

typical banded unit lithology continues, but appears to
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become very poorly fossiliferous. Exact thicknesses are
difficult to estimate in this very long section, but
approximately 450 feet from'the base of the series, the
highest fossiliferous horizon discovered in the Bannisdale
Slates, (FP45), yielded a few poorly preserved specimens of

M. leintwardinensis leintwardinensis. Above this level, no
fossils of eny type have been collected. '

Altogether, approximately 700 feet of the typical banded
strata are passed through between Holme Knott, and the lower
part of Ridding Beck. The section is cut off at the Barbon
Fault, but the uppermost 170 feet of strata exposed become
more uniformly fine grained and micaceous. The banding is
still present, but is much more difficult to discern.

The top of the Upper Bannisdale Slates is not reached
in this; or any of the other sections, due to the Barbon
Pault cutting off the upper part, along the western edge of
the area. The Holme Knott-Ridding Beck section, however,
shows that the series has a thickness of at least 870 feet
in this area.

In Luge Gill (637877), end Brow Gill (635868), further
to the south, less complete sections are exposed, and are
complicated by faulting. Both of these sections show. the
more typical banded unit lithology, and in their upper parts

have yielded a few specimens of M. leintwardinensis

leintwardinensis end M. leintwardinensis incipiens, (F46, F47).

This indicates thet they probably represent the middle part
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of the Upper Bannisdale Slates.

. The area of Upper Bannisdale Slates around Ashdale Gill,
is rather thinner. The stream itself runs almost along the
axis of the fold, and thus forms a strike section. Exposures
from the northern edge of the outcrop, down into Ashdale Gill,
however, are good, and a maximum thickness of approximately
620 feet has been estimated. The banded unit lithology is
extremely well developed, and, even in the higher parts of
the succession, there is no suggestion 6f the more uniform
fine grained lithology developing. Cleavage is very
dominant, and almost at riéht angles to the bedding, but the
gstrata do not form good slates. It has the effect, however,
of destroying the fossils, as the bedding planes are fractured
into irregular slivers. '

On the south side of the syncline, 40 feet above the base
of the division, at Eskholme Pike (639833), a banded siltstone
horizon (F48), ylelded a large number of fragmentary

M. leintwardinensis incipiens, plus several shelly fragments.

The stream section has not yielded fossils at all, even though
a very careful search was made, anl this suggests that it is
probably just a little too high in the succession. Two
adjacent localities, (F49, F50) in the crage on the northern
side of the stream, however, which are about 400 feet from the
base of the division, have yielded 4 poorl& preserved4specimeps

of M. leintwardinensis leintwardinensis and a few

M. leintwardinensis incipiens.
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The meximum thickness of the Upper Bannisdale Slates,
in the Barbon and Middleton Fells, is never seen, as the
upper parts of the succession are faulted out. The thickness,
however, is at least 870 feet, and is seen in the more
northerly of the two outcrops. The southern exposure has
the appearance of being rather thinner, but this is due to
the section being faulted out at a lower level in the
succession. It is thus not possible to determine definitely,
changes in thickness from north to south, in this division of
the Iudlow Series, slthough there may in fact be a little
thickening in this direction.

zoning of the Upper Bannisdale Slates.

Both on Holme Fell, and in Ashdale Gill, the strata
at 35 and 40 feet from the base of the division, yielded
only M. leintwerdinensis incipiens. This is identicsl to
that collected from the underlying Lower Bannisdale Slates,
and indicates that these lower beds also fall within the

Zone of M. leintwardinensis incipiens. Above this level,

the strata appear tobe very poorly fossiliferous, and on
Holme Fell the next graptolite horizon is some 115 feet above

the M. leintwerdinensis incipiens locality. Here however,

this form occurs in association with M. leintwardinensis
leintwardinensis. Similarly in Ashdale Gill, & large

thickness of apparently barren strate is passed through,
until some 400 feet from the base of the series,

M. leintwardinensis incipiens, and M. leintwardinensis
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leintwardinensis are recorded together. The upper part of

the series appears to be completely unfossiliferous.

The leintwardinensis Zone as defined by Elles and

Wood (1901-18), contained almost only M. leintwardinensis

var. inc;piens, and M. leintwardinensis. This is similar

to the position in the Barbon and Middleton Fells. Thus
the strata above the lowest locality on Holme Fell, which
yields both of these forms, (i.e. 150 feet from the base of
the division), are placed in the leintwardinensis Zone.

In the Ashdale Gill area, the first record of M.leintwardinensis

leintwardinensis, is rather higher. This suggests either

a slight thickening of the strata from north to south, or
that the strong cleavage has obscured the first occurrence of
this species. |
Figure'?ﬂ:summarises the succession and zoning of the
Upper Bennisdale Slates, and shows that although the
lithological and zonal boundaries do not quite coincide, most

of the Upper Bannisdale Slates fall within the leintwardinensis

Zone.

Comparison with the Howgill Fells.

The Upper Bannisdele Slates in the Barbon and Middleton
Fells, are correlated with the strata above the 140' greywacke
unit, (in the middle of the Bannisdale Slates), in the Howgill
Fells. The lithologies of thick banded units are identical
in both areas. In the Howgills, only 440 feet of strata

have been measured above the greywacke. Dr. Rickards
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indicates, however, that the thickness'of strata to the top
of the leintwardinensis Zone is probably about 700 feet, and

that above this level there are further unfossiliferous
divisions of Bannisdale Slates. In the Barbon and Middleton
Pells, a total thickness of 870 feet, including
unfossiliferous strata has been measured. Unfortunately,
Dr. Rickards does not estimate the probable thickness of
unfossiliferous beds in his area, but one would assume that
it is in the order ofa few hundred feet, giving a total
thickness for the upper part of the Bannisdales, of at least
900 feet. This is greater than the total thickness measured
in the area to the south. Here however, the upper part of
A-the sections are faulted out. Whether this is near fhe top
of the succession, it is difficult to say. The only
conclusion that can be drawn is that the Bannisdale Slates,
above the greywacke unit in the Howgill Fells; and the
Upper Bannisdale Slates division in the Barbon and Middleton
Fells, have apparently similar thicknesses of about 900 feet.

The zoning of the strata in both areas is similar. In
the Barbon and Middleton Fells, the first 150 feet of the
division, up to the first recorded occurrence of

M. leintwardinensis leintwardinensis, are placed in the

leintwardinensis incipiens Zone, and the remainder in the

leintwardinensis Zone. The leintwardinensis Zone appears

to come in at a slightly higher level in the Howgills, but
this may be due to the poorly fossiliferous nature of the'

strata at this level. 69



The Imdlovian Strata - Conclusions.

(1) The Iudlow Series can be split on a lithological basis

into the Coniston Grits below, and the Bennisdale

Slates above.

(2) The Coniston Grits themselves are split into

3 lithological divisions, and the Bannisdale Slates

into two.

These divisions and their thicknesses

are summarised in the table below: -

Bannisdale <

Slates

-

Coniston 4

Grits

Upper

Lower

Upper

Middle

Lower

870' min.

978* in

the north

1042 in
the south

1680

1240

1510

Formed almost entirely of
the banded unit lithology.

Approximately equal
proportions of greywacke
units and banded units.
Banded units form a
larger proportion in the
north of the area, and
greywacke units a larger
proportion in the south.

Predominaently fine greywacke
and thin graptolitic
siltstone beds.

Equal proportions of fine
greywackes and banded
units.

Predominantly fine greywacke
units, end thin banded
graptolitic siltstone beds,
with a coarser greywacke

at the base. ‘ '

(3) There is a definite thickening of the strata from the

north to the south of the area, which can be followed

in the higher divisions of the Series.
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(4) Compared with the Howgill Fells, this thickening
is even more marked. The 4500 feet of Tumdlovian
strata in the Howgills, are represented by approximately

6300 feet of strata in the Barbon and Middleton Fells.

(5) This suggests that the deepening of the geosyncline
to the south, seen in the Wenlockian, is continued
into the Iumdlovian.

(6) The Tumdlow Series is divisible into three Zones based
on the graptolite faunas:-

(3) M. leintwardinensis.

Zone of
(2) M. leintwardinensis incipiens (= P. tumescens ?

(1) B nilssoni - M. scanicus.

The vulgaris Zone has not been recognised, and it is not
possible to separate the nilssoni and scanicus Zones.
The succession, its zonation and correlation with the

Howgill Fells is summarised in figure3-n.
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Fig.3-17 A Summary of the Ludlovian Succession in the
Barbon and Middleton Fells and its correlation with

the Howgill
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P
P
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P. cf. tumescens
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ﬁ

m
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NB Localities bracketed together occur within the same lithological unit ond thus represent approximately the same horizon.

Fig 3-18. Range chart of the graptolite species in the Silurian strata of the

Barbon and Middleton Fells.




CHAPTER 4

THE CORRELATION OF THE BARBON AND MIDDLETON FELLS WITH

OTHER PARTS OF THE COUNTRY.

The Silurian lithological succession established in
the Barbon and Middleton Fells is of value in comparisons
between this area and other parts of north-west England.
Further afield however, the development of an identical
lithology cannot be taken alone, as evidence that the strata
are of the same age. Changes of facies also produce
difficulties. In the Welsh Borderland for example, limestone
deposition is much more prevalent, and turbidity current
deposits are absent.

The sequence of graptolite zones established in tﬁe
Barbon and Middleton Pells, however, enables correlations to
be made with»these parts of the country. This enables
comparisons to be made with the types of sediment being
deposited simultaneously in the Silurian geosyncline, end
its surrounding shelf seas.

In the following pages of this chapter, the Silurian
strata of the Barbon and Middleton Fells are compared with
‘strata of the same age in other parts of the country. In

addition, the Iudlovian greywackes are compared with the
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Llandoverian and Wenlockian greywackes in the Southern
Uplands, and the Wenlockian Denbigh Grits in North Wales.
Although somewhat older than the Coniston Grits, the coarse
sediments in these areas show the same sedimentary features
and mode of deposition, amd indicate that deposition from
turbidity currents was a widespread feature throughout the
Silurian. The close similarity between the Wenlockian
greywackes of the Southern Uplands, and the Ludlovian
greywackes of the Lake District, is discussed further in the

subsequent chapters, on the petrography of the sediments.

(a) Comparison with the Iake District.

The Barbon eand Middleton Fells form the southeastern
margins of the main Leke District outcrop of Silurien strata,
which thus extends for a distance of some 25 miles from east
to west. As a result of the highly faulted nature of the
strata, however, it is not possible to follow the various
divisions continuously across the region. The Fells are thus
compared with the standard Lake Distriet succession, which is
best seen in the Windermere area (Marr 1916), and also with
the successions established by Llewellyn (1960), in the
Longsleddale area, and Norman (1961), in the Blawith area.

The succession adopted by Marr, for the Ambleside-

Windermere District is as follows:-
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Kirkby Moor Flags 1500° ]“Upper Ludlow

C Y

‘Bannisdale Slates 5000

Coniston Grits ‘

Sheerbate Flags 4000

Coniston Grits ‘Lower Indlow

Upper " Upper Coldwell Beds 1500
Coniston { Middle Coldwell Beds 400!
Flags; Lower Coldwell Beds 400"

Lower Coniston Flags 1000 }'Wenlock
Stockdale Shales 250*  }Ilandovery

The lithologies in this area are similar to those in the
Barbon and Middleton Fells. Comparison of the thickness
however, presents some difficulties. The Coldwell Beds -

a division not recognised in the Barbon area - have a total
thickness of approximately 2300 feet (according to Marr),
and consist essentially of greyish flaggy siltstbne and fine
greywackes. The fauna obtained from them indicates a
Iundlovian age. In the Barbon and Middleton Fells, however,
the strata between the top of the Wenlock Series, and the
base of the Bannisdale Slates, are all placed within the
Coniston Grits, and have a thickness of 4400 feet. In the
Ambleside area, the Coniston Grits reach only 4000 feet in
thickness. Thus a correlation based on lithology alone,
shows a slight thickening from northwest to southeast, whereas
one based on the graptolite zones, shows a thinning from

6300 feet at Ambleside, to 4400 feet in the southeast.

7L



Comparison with the Howgill Fells showed that even over
short distanceé, changes in lithology occurred in strata of
the same age. The Coldwell Beds of the Ambleside area are
probably best considered as a continuation of somewhat finer
sedimentation, at a time when coarser sediment was being
deposited elsewhere. Thus there is in fact a reduction in
thickness from northwest to southeast. Marr also recognised
a flaggy somewhat more argillaceous division in the middle of
the Coniston Grits - the Sheerbate Flags, - which it is
proposed to correlate with the Middle Coniston Grits of the
Barbon and Middleton Pells. (See figurel-l.)

. More recently, the work of ILlewellyn (1960), and
Norman (1961), has extended the classification proposed by
Merr, to other parts of the Lake District. Llewellyn, in
the Longsleddale area recognised all of Marr's divisions,
and also found that the thicknesses were similar. Norman
in the Blawith area, south of Coniston, also split the
Indlow Series into a similar number of lithological divisions,
but gave them local names. Thus his Salthouse Mudstone
Formation is equivalent to the Sheerbate Flags, and the
Yewbank Sendstone Formation equals the Upper Coniston Grits
and so on. In addition, he recognised a tramnsition group -
the Tottlebank Transition Formation - between the Upper
Coniston Grits and Bannisdale Slates. This appears to be

equivalent to the Lower Bannisdale Slates division of the
Barbon and Middleton Fells. The total thickness of the
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— _ Fig.4-1 The correiation of the Silurian Succession in the Barbon and
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~ Middleton Fells,with those of Marr, Liewellyn and Norman, in the
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Iudlow Séries in his area appears to be somewhat thicker than
in the Barbon Fells. |

Neither of these two authors carried out detailed zonal
work on the strata, &s both considered the Series to be almost
unfossiliferous.

Comparison between the Barbon and Middleton PFells, however,
end these 3 areas of the Lake District, shows many close
similarities. The broad lithological divisions can be
recognised in all regions. Correlation of individual units
cannot be attempted, owing to the local variations within
the general succession - a feature characteristic of deposition
from turbidity currents. It is epparent however, thét despite
these local variations in thickness and lithology,
sedimentation throughout the Lake District followed the same
general pattern. Periods of fine sedimentation followed
phases of coarse deposition at approximately the seme tine,
over a distance of 30 miles. This would perhaps indicate
that sedimentation was controlled not by the fortuitous release
of local turbidity currents, but by some large scale external
factor.

Pigure 4| summarises the correlation between the Barbon
and Middleton Fells, and the successions proposed by Marr,
Llewellyn, and Norman in the Lake District. The correlation
with other parts of the country is shown in table 3 .

(b) Comparison with the Horton-in-Ribblesdale area.

Some 10 miles southeast of the Barbon and Middleton Fells,
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is the inlier of Lower Palaezoic rocks in the Horton-in-
Ribblesdale and Austwick areas. In addition to Silurian

rocks, Pre-Cambrian and Ordovician strata are exposed.

Most of the Silurian succession falls within the Wenlockian,

and the lithologies are again very similar to those seen in

the main Leke District outcrop. King and Wilcockson (1934 p.28),

- give the following succession, and correlation with the ILake

R RN

District:- .
Horton-in- TLake
zones . Ribblesdale District
( Studfold 200"+ .}Coniston
‘ Sandstone Grits
Lu 4
M.nilssoni Horton Flags ]
1300*-1400" 3 Coldwell

C.lundgreni Base of Beds
Horton Flags

Middle Austwick , Brathay
Grits and Flags Flags
{ T-800"*

W M.riccartonensis

Lower Austwick
Grits and Flags

C.murchisoni

LJ_{ {_Shales and Iimestones

The succession ends in the Studfold Sandstone, (a fine greywacke
very similar to the greywacke units in the Coniston Grits),

after 200 feet of strata have been passed through. The
underlying Horton Flags, with a total thickness of 1300-1400 feet,
are placed almost entirely within the nilssoni Zone. The
lithology is something of a transition between the Brathay

Flegs and the Coniston Grits, which King and Wilcockson

equated with the Coldwell Beds. The nilssoni Zone thus has

a thickness of at least 1500 feet, which would appear to be
17



equivaient to the Lower Coniston Grits in the Barbon and
Middleton Fells. This is only & very tentative correlation
however, as the top of the succéssion is never seen, and the
Series as a whole could in fact be much thinner in this area.
The base of the Horton Flags, which are represented by the
Moughton Whetstone, yield a fauna indicative of the
Wenlockian C. lundgreni Zone. The exact thickness is not

given by King and Wilcockson, but they indicate that it is

a thin division. If this is so, the lundgreni Zone has
thinned considerably from the southern end of the Barbon and
Middleton Fells, where a thickness of just over 1000 feet was
measured. This suggeats that the Ludlow Series may also be
much thinnér in this area, and that the Horton Flags and
Studfold Sandstone, may be equivalent to the entire Coniston
Grit Series, and not just the lower division.

Even though changes in thickness prevent exact
correlation with the Barbon and Middleton Fells, it is
apparent that this area was affected by the same type of

sedimentation, throughout the Silurian. There is the
suggestion of a thinning of the strata in this area, which
would indicate a shallowing of the trough. The significance
of this however, is discussed in chapter |0, which deals with

the palaeogeography of the region.

(c) Comparison with the Welsh Borderland and North Wales.

In the Welsh Borderland, the turbidite type of

sedimentation is absent, and the succession is considered to
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be typical of deposition in a shelf sea, at the eastern
margin of the Welsh geosyncline. Here, the Wenlock and
Tudlow Series consist largely of calcareous shales and
limestones. Graptolites vary considerably in their
abundance, and are even absent from s ome of the beds, but
are generally sufficient to allow correlation with the basin
faclies to the west. Recent work by Holland, Lawson and
Walmsley (1963), in this area, has established a new
classification of the Imdlovian strata, based on shelly
faunal assemblages, and fo a lesser extent on lithological
characteristics. On the basis of the graptolite zones, most
of which can be proved in this area, the Silurian strata of
the Lake District, and the Barbon and Middleton Fells, are
here correlated with those of the Welsh Borderland. This
is shown in the composite correlation table (table 3 ), at
the end of the chapter.

In the basin facies to the west of the Welsh Borderland,
i.e. in Central and North Wales, graptolitic shales and
greywackes predominate in the Wenlock and Imdlow Series.
Greywackes are especially well developed in the west of the
regiqn, in a line running from Central Wales up to the North
Wales coast. To the east, they give way largely to shales.
The succession and its graptolite zones may be summarised

as follows, (Boswell 1949, Cummins 1957, 1959):-
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Formation . Zone Series

[ M. leintwardinensis

Lower Imdlow or
Wilsonia Grits { M. tumescens
1500'- 3000!

i M. scanicus ) Imdlow
I M. nilssoni
Nantglyn Flags .
2000 -3000" ] M. vulgaris 4
| ‘L C. lundgreni
[ ¢. rigidus
Coe linnarssoni
Denbigh Grits \ Wenlock
ngeveral thousand" { C. symmetricus
feet thick _ ~

M. riccartonensis

C. murchisoni

- -’

The lithology of the grits, especially the Lower Iudlow Grits,
is very similar to the Coniston Grits. The Nantglyn Flags
show a very close resemblance to the banded graptolitic
siltstones, and the banded units, in the Coniston Grits and
Bannisdale Slates.  Although these sediments were derived
from a different pert of the country, (Cummins 1957 pp.442-443),
and in part are older, the sequence of lithologies indicates
that they were deposited under identical conditions to the
Ludlovian rocks of_the Lake District. Deposition from
turbidity currents appears to have been a feature of
sedimentation in the Silurian geosyncline(s) in many parts

of the country. The correlation of the Barbon and

Middleton Fells with the Welsh Borderland and North Weles

is also shown in table 3 .
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(d) Comparison with Ireland

Silurian strata occur widely in northeast and Central
Irelend. In the Devilsbit Mountains of County Tipperary,
south-west of Dublin, the strata exposed are typical of
much of the Irish Silurian. The greywackes, siltstones,
end leminated flagstones present in this area, were described
by Cope (1955). Although he was not able to map the strata
on a 1ithologica; basis, owing to the absence of good marker
horizons, zoning of the strata by means of the graptolite
faunas was carried out. This proved that much of the area

was formed of Weniockian rocks belonging to the C.lundgreni

Zone, which has a thickness of at least 5000 feet. The
Imdlow Series is approximately 3000 feet thick, 2500 feet
of which Cope considered to be in the tumescens Zone, but

which may in fact represent the nilssoni-scenicus Zone

elsewhere. Approximately 50% of the succession is made up

of grits and greywackes, and4the other 50% of laminated
flagstones, siltstones and midstones, The laminated
flagstones appear to be very similar to the banded graptolitic
siltstones of the Barbon and Middleton Fells.

The lithologies in this area of Ireland thus show close
similarities to the Barbon and Middleton Fells, indicating
that the sediments were probably deposited under similar
conditions. Deposition seems to have been more uniform
in Central Ireland however, as the graptolite zoning shows

coarse and fine sediment to be of almost equal importance,
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in both the Wenlock and Imdlow Series. The only change

seen is a slight decrease in grain size in the higher parts
of the Iudlow Series. This may pefhaps be compared with the
development of the'Bannisdale Slate lithology in the ILake
bistrict, end shows that increasingly fine grained
sedimentation, (although better developed in some areas than
others), is a widespread feature of the later stages of the
Silurian. Cope considered that the area had closer
affinities to the Lake District than North Wales. The

correlation may be summarised as followss-

Zones Devilsbit Mountains, Barbon and
Eire. Middleton Fells.
leintwardinensis ? ? U.Bannisdale Slates
900"' +
(Greywackes and L.Bannisdale Slates
tumescens ﬁassociated Flag- 1000* approx.
(=leint.ineiplens?lsyones & Siltstones Upper Coniston Grits
?
becoming slightly 1680 ’
nilssoni- [finer towards the Middle Coniston Grits
scanicus ttop of the 1250°
isuccession 3000 Lower Coniston Grits
. 1500
Greywackes and
' agssociated Fleg- ~  Brathay or Coniston
lundgreni ) .
stones & Siltstones ‘Flags 1000°
5000

See also table 3 in which the correlation with other parts
of the country is shown.
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(e) Comparison with Scotland.

In the Southern Uplands, Silurian strata are restricted
to the Llandovery and Wenlock Series. Iudlovian strata are
absent, due either to non-deposition,‘or to later erosion.
In the Midland Valley of Scdtland however, Wenlockian, and
possibly Ludlovian rocks are exposed in a series bf inliers,
along the southern margin of the Valley. These are:-
Leémahagow, the Hagshaw Hills, the Tinto District, and the
Pentland Hills.
| In all of these inliers, the Silurian strata consist of
shales, siltstones and greywackes, similar to those qf the
Leke District. In meny cases it is difficult to prove fhe
exact age of these sediments, as except for the Pentland
" Hills, and Tinto District, graptolites are absent,

(Lamont 1952, Rolfe 1961). The eurypterid and fish fauna
however, is considered to be indicative of a Wenlock and
possibly Ludlow age. At the top of the succession in the

' Lesmahagow inlier, there is a transition through green and
yellow beds, into red mudstones and sandstones yielding

& typical Downtonian fauna. The faunas of this area have
perhaps closer affinities to the Devonian, but the lithologies
and sedimentary structures compare with the Silurian strata of
the Lake District. Thus it may be concluded that
sedimentation was probably of the same type, deposition

having taken place from turbidity currents. The position
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of these inliers is given further consideration in chapter fo ’
' dealing with the palaeogeography of the Silurian.

In the Southern Uplands, as mentioned'ébove, only
ILlandoverian and Wenlockian strata occur. The Llandovery
rocks have been described by Walton (1955), who considered
that the predominantly medium, and coarse grained greywackes,
were derived from a land area to the north-west.

The Wenlockian strata of the Hawick area are also of
the greywacke type. ‘ Although thé graptolite faunas show
these rocks to be older than the Coniston Grits, comparisons
with the Lake District, based on lithology and sedimentary
structures, show many similarities, indicating that deposition
took place from turbidity currents. The Wenlockian strata
of this area are of great importance in the discussion of
the petrography and provenance of the Coniston Grits, in the
following chapters. For this reason the succession described
by Warren (1964), is given ﬁélow.

Divisions \ Lithologies Zones
Caddroun Burn(Upper) | Greywackes, siltstones' {C.lundgreni

and Graptolitic . LCerigidus
Beds (Lower) Shales 5000" {G.Iinnarssoni

u——

C.symmetricus

Greywackes, siltstones )

gﬁgliﬁaptiéég?° . M.riccartonensis
Greywackes, mudstones |
and graptolitie . N
shales 2000

Greywackes, mudstones, }
redxgudszoﬁes and ' | C.murchisoni
graptolitic shales
4500°' 7
Flaggy greywackes and red Wenlock?
muds%gnes, shales 12000' (No fossils)

Penchrise Burn Reds

Shankend Beds

Stobs Castle Beds

Hawick Rocks
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This shows that (apart from the Hawick Rocks, whose position
is uncertain), there are 13000 feet of Wenlockian strata in
this area. The infilling effect of such a thickness of
sediment, and its significance in the Silurian palaeogeography,
is considered in chapter 10 , The only direct correlation
possible between this area and the Barbon and Middleton Fells,
is between the Upper Caddroun Burn Beds, and the Brathay Flags,
which both fall within the C. lundgreni Zone. This

correlation which shows a contrast between coarse
sedimentation in the Southern Uplands, and fine sedimentation

in the Lake District, is summarised in table 3 .

Conclusions.

Correlation of thé Silurian strata of the Barbon and
Middleton Fells with other parts of the country, by means of
the graptolite zones, shows many close similarities. The
lithological types of the same age, developed in the ILake
District, Horton-in-Ribblesdale, North Wales, Central Ireland,
and the Midland Valley of Scotland, are elmost identical.
The sediments deposited in these areas are, in some cases,
derived from different land masses, but the similarity of
the rock types produced, indicates that the manner of
deposition must have been similar, Only in the Welsh
Borderland is there any contrast, where the calcareous
sediments are considered to indicate deposition in shallower

water. The remainder of the Silurien strata are considered
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to have been deposited from turbidity currents, which were
thus an extremely widespread feature of Silurian sedimentation.
In the Southern Uplands, the development of coarse
sedimentation in the ILlandovery and Wenlock Séries, at a time
when fine sediment was being deposited in the nearby Lake
District, is important from the palaeogeographical aspect.
This is considered further in chapter I0.
Table 3 summarises the correlation of the Wenlockian

and Ludlovian strata in the areas considered above.
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Graptolite Zones Barbon and Middieton Fells Howgill Fells Lake District Weish Borderiand North Wales Central Ireland Southern Uplands Graptolite Zones
§ | 8| (Rickards 1963
-~ J
:’>). ¢§ and this study) Present Study Rickards (1963) Marr(1916) Llewellyn(1960)Norman Holland et al (1963) Boswel(1949) Cummins Cope (1955) Warren(1963) LEWS IS Wees ot-W)
: (1961) (1957,1959) :
Kirkby Moor Flags Whitcliffe Beds
M. leintwardinensis , . " " '
ieintwardinensis Upper Bannisdaie Siates Bannisdale  Slates Leintwardine Beds ower Ludiow M. leintwardinensis
or
M leint. Bannisdale Slates Lower portzTottlcborjlf Bringewood  Beds Witsonia - Briits e PR
2 incipiens Lower Bannisdale Slates Transition Formation of Norman M. tumescens
5 . Upper Elton Beds
S Upper Coniston Grits Greywackes,
< g Upper Coniston Grits = Yewbank Sandstone Formation
9 of Norman Flagstones and M. scanicus
- P. nilssoni - Upper Coniston Grits Sheerbate Flags Lower and Middie
. Middle Coniston Grits =Salthouse Mudstone Formation Siltstones M.nilssoni
-M. scanicus of Norman Elton Beds Nantgiyn
, Lower Coniston Grits
. : =Poolscar Sandstone Formation K M. vulaorts
o Lower Coniston Grits Lower Coniston Grits o - NOFTREn Flags 9
pMickic & Upperstoldweall. Bedg” - . | .o - 0 a1 bt e LY e Rl o e s
Lower Coldwell Beds :
C. lundgreni Brathay Flags Wenlock Series Stage 4 Wenlock  Limestone Greywackes,Flagstones,etc C. lundgreni
- - : Caddroun Burn
e ellesi o r‘igidus
C rigidus Beds C i ;
; . linnarssoni
_ M. flexilis belophorus Wenlock Series Stage 3
C. symmetricus
M. antennulatus :
Brathay Flags Denbigh Grits -
c [M. riccartonensis Penchrise Burn Beds
5 Shankend Beds M. riccartonenis
S Wenlock Series Sta 2
é N Stobs Castle Beds
g C. murchisoni R S c. NeG
w) C. centrifugus
Wenlock Series Stage 1
—C. insectus
5
§ Stockdale Shales Stockdale Shales
d

Table 3. The

correlation of Silurian strata between North-west England, North Wales, Ireland and Scotland.




CHAPTER 5

THE PETROGRAPHY OF THE COARSE GRAINED SEDIMENTS

(1) Introductory Statement

In chapter 3, page 31 , the main lithological types
present in the Barbon and Middleton Fells were briefly
mentioned, before the description of the Stratigraphical
Succession. These are the greywackes, banded graptolitic
giltstones, banded units, and, in addition, the mudstone
partings to the graded greywacke beds. In this chepter,
the petrography of the greywackes is described in detail.
The other finer sediments are considered together in

chapter T .

(2) The Definition and History of the term "Greywacke"

The term 'greywacke' has long been a source of confusion,
so much so‘in fact, that many suthors have advocated the
abandonment of the term. Originally, the word GRAUWACKE was
coined by Werner to describe a group of dark, rather coarse
grained rocks, derived essentially from the breakdown of basic
igneous material, (Boswell, 1960, p.154). This word was
imported and anglicised by Jameson (1808), in order to}give
a name.to some of the British Lower Palaeozoic rocks, which |

were poorly sorted and cq?tained a variety of dark coloured
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constituents. In many cases the word appeared to be used
in a éfratigraphical, rather than petrological sense, and
many of these greywackes had little resemblance to the
German types from which the word wés'borrowed.

In 1936, the American Committee on Sedimentation
proposed the following definition:- "A sandstone composed
of 33% or more of easily destroyed minerals and rock fragments
derived by rapid disintegration of basic igneous rocks,
slates and dark coloured rocks. It may or may not be
intensely indurated or metamorphosed"”. This definition was
still rather vague, and further confusion has arisen. In
some cases there has been a tendency to define greywackes
merely from the fact that they contain grgded bedding, or
gole markings. Boswell (1960), however, considers that
greywackes should be defined from the following criteria:-

(1) Grain size renging through conglomerate and
breccia to sandstone.

(2) Poor sorting of the grains, with much fine matrix.
(3) A remarkable variety of rock and mineral fragments.

(4) Shape of the grains predominantly angular to
sub-angular.

This is similar to the definition proposed by Pettijohn (1957),
which may be summarised as a coarse poorly sorted rock
containing many rock fragments, and set in a fine grained
matrix. A further paper by Pettijohn (1960), on the definition
of the term, points out that Mattiat (1960), who worked on the

Kulm greywackes of the Harz Mountains, where the term was first
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used 160 years ago, defines the average greywacke as having

the folloﬁing composition: -

Quartz 27%
Felspar 19%
Interstitial Material 21%
Rock Fragments 30%
Heavy Minerals 2%
Rare Minerals 1%

As will be shown in the following descriptions, the
Coniston Grits, especially in terms of grain size, are, with
only a few exceptions, somewhat atypical of the above
definitions. The percentage of rock fragments and felspar
is also smaller, and the proportion of quértz greater.

There is, however, no other simple term which gives an
indication of the general nature of the Coniston Grits in
the field. For this reason the word greywacke is used as
a general descriptive term. Although the word is used
somewhat loosely, it is also useful in that it retains the

- terminology used by previous authors to describe these rocks.
The exact classification of the Coniston Grits in terms of
mineralogy, and the origin of the matrix - ﬁhether primery
or secondary, - is discussed later in this chapter, after the

description of the constituent minerals.

(3) The Petrography of the greywacke units in the Coniston
Grits and Bannisdale Slates.

The petrographical descriptions of the greywackes
following, are based on the modal analysis of 26 thin sections.
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These have been made from specimens collected at, (or as near
to as possible), the base of each greywacke unit, as the
coarsest sediment in each unit is usually found at7this level.
In the case of the very thick units, of over 200 fee}, two and
sometimes three specimens have been analysed. The second and
third specimens héve been collected at suitably coarse horizons
within the greywacke unit, wherever this was possible.
Figure54 shows the horizon and distribution of the localitieé
from which the rock slide specimens have been collected, and
which are numbered from 1 to '26, starting at the base of
the Lower Coniston Grits. (The full list of the 125 sampling
localities, from which the 26 thin sections were selected, is
shown in Appendix I .) In addition, 12 greywacke specimens
from the Coniston Grits of the Howgill Pells (S/H. 1-12),
10 from the Blawith area (S/B. 1-10), and 4 from the Horton
Flags and Studfold Sandstone, (S/A. 1-4), have been analysed
for comparative purposes.

Analysis was carried out by means of a Swift Point Counter.
For the purpose of checking the accuracy of the results, each
slide was divided into two, and 1000 points at) mm intervals,
in traverses 1 mm apart were counted in each half. The
figure of 1000 points in each analysis is considered to be
adequate enough to give a fair indication of the true
couposition of the sediment. It is also a convenient number
for the easy calculation of the results. The grouping of

components adopted for analysis is as follows:- Quartz,
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TABLE Q— . The mean percentages of the important
constituent minerals in the 26 greywackes analysed

from the Barbon and Middleton Fells.

% % % % o 4
Quartz Felspar Rock Carbon~- Matrix Others
frag- ate inecl
ments Mica
26 47.5 10.7 5.7 6.7 28.6 0.8

Analyses

Felspar includes k-felspar and plagioclase, "others" includes

heavy and opaque minerals. See text for full description.

91

T



FIG. 5-2. Quartz Grains. All Crossed Nicols, x50.
(A) Slide No. 2.
(B) Slide No. 14.
(C) Slide No. 18.




orthoclase, plagioclase, heavy and opaque minerals, rock
fragments, and matrix, which is sub-divided into muscovite,
chlorite-sericite, and carbonate. The results and accuracy
of the analyses are summarised in table 4 , end are calculated
to only 1 decimal place, to avoid giving a false iﬁpression
of the accuracy. The full analysis of each thin section is
‘shown in AppendixTIA, along with re-analyses of some
specimens, in order to check the statistical significance of
the results. '

The composition of the sediments wvaries little throughout
the succession. Rock fragments in appreciable quantity,
however, are found 6nly in the coarser sediments low down in
the Series. In the Howgill Fells, a thin development of
coarse greywacke, known as the Winder Grit, is also found near
the top of Rickard's division of Upper Coniston Grits. It is
these coarse rocks which are of value in deducing the
provenance of the sediments, and on which attention has been
concentrated. As the mineralogy shows little change throughout
the succession, the petrography is considered as a whole,
except for the descriptions of the rock fragments, which are

based on the coarser specimens.

(a) Quartz (See figure 52)

This is the most abundant mineral. . The percentage
varies from 25% in the coarser sediments which contain a
high proportioh of rock fragments, up to about 58% in the
silts, where rock fragments are few. Inclusions‘in quartz

are common,and it is rare to find completely clear grains.
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FIG.5-3. Felspar Grains, All Crossed Nicols, X 50

(A) Oligoclase fragment. Slide No.1
(B) Albite fragment. Slide No.1
(C) Orthoclase fragment. Slide No.9
(D) Microcline fragment. Slide No.3
(E) Altered orthoclase fragment. Slide No.15




' The most common included minerals are zircon, apatite,
tourmaline end rutile. The most abundant typé of quartz
grains are those containing lines of minute unidentifiable
fragments, giving the mineral a finely pepperedvappearance.
The shape of the grains is generally irregular, but roughly
equi-dimensional, although a number of grains with a marked

- longitudinal outline also occur. Meny of the latter show
undulose extinction, which may perhaps indicate a metamorphic
origin, but as Blatt end Christie (1963), point out, this is
of very limited value in determining the origin of queartz.
Another variety of elongated grain extinguishes in distinct
patches, showing the grains to be made up of several crystals
with varying opticel orientations. These are considered to
represent vein quartz. Mackie (1896), Gilligan (1919) and
Bokman (1952), described how the inclusions and shape of the
grains could be used to distinguish other varieties of quartsz.

These methods indicate that much of the quartz is of igneous

}origin.
(b) PFelspar

Felspar is common, and can form up to 16% of the rock,
though generally around the 10% level. Orthoclase is by far
the most abundant variety, (see figures5-3), and is generally
seri‘citised or kaolinised to a greéter or lesser degree.
Replacement of orthoclase by calcite is common. Microcline
occurs throughout the stratigraphic succession (see figure$3),
but is very rare, each thin section containing usually only
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one or two grains. Plagioclase is rare compared with
orthoclase, and is usually less than 1% of the rock. The
composition is generally in the oligoclase range, although a

few grains of more sodic and calcic composition do oceur.

(¢) Micas |

Muscovite, which is included in the matrix in table ’
is abundant in the fine sediments (see figure 5 ), where it
may form up to 20% of the rock. In the coarse greywackes,
however, it is less than 3%. The length of the muscovite
flakes is extremely variable, but there appear to be two main
types, some are long and thin, and others short and thick.
Many of the long thin micas are bent by post depositional
compression, which indicates that at least some of the mica
has a detrital origin. By comparison, biotite is very rare,
each thin section containing perhaps only 3 or 4 flakes. It
is apparent, howéver, that some has been bleached or reduced
to chlorite by secondary alteration. Chlorites form much of
the interstitial matrix in the sediments, but are also found
rarely as larger bladed flakes of penninite, probably of

secondary origin.

(d) Heavy Minerals

Heavy Minerals are seen only occasionally in thin sections,
only 3 or 4 grains being seen in each modal analysis. The
most common types are zircon, garnet apatite and the opaque
minerals, which consist largely of pyrite, magnetite, ilmenite

and leucoxene. Complete heavy mineral analyses carried out
9L



o X * wﬁ

;%& .\’. o
N A =

Nihaey o
(\%{ : %ﬁ !‘.\ B

(B) 3
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MATRIX
MATERIAL

CARBONATE

FIG.5-5. The interstitial Matrix. All crossed Nicols, X35
(A) Rim of chloritic material around a chert fragment.
(B) The general "muddy” nature of the greywackes.

(C) Carbonate, a common constituent of the matrix.

All from the Lower and Middle Coniston Grits.




by bromoform separations are described below, paragraph 3g.

(e) Matrix, (Sée figure 5-5.)

Including mica and carbonate, the matrix forms about
35% of the rock. Apart from these minerals it is made up of
highly altered felspathic fragments, along with chlorite
sericite, and much unidentifiable clayey material. Silica
is intergrown with the matrix to form a hard non-porous rook;
| Also included within the matrix are finely divided fragments
of quartz, end other unaltered minerals with a grain size of
0.004 mm or less. Some of the matrix is thus depositional.
The origin of the matrix as a whole in greywackes has, however,
been the subject of much controversy in recent years, and
this is discussed further in this chapter, on page Io2.
Calcite is very common, especially in the finer rocks, where
it forms an important proportion of the matrix, and can
replace almost évery mineral in the rock. Dolomite may also
occur, but cannot be distinguished with certainty from the
calcite. Much of the carbonate 1s of secondary origin, but
the development of thin limestone beds at certain horizons,
as for example at the base of the Coniston Grits, suggests

that some of the calcite is probably primary.

(£) Rock Fregments

Rock fragments in appreciable quantity are restricted to

the beds with a mean grain size of over 0.05 mm, (see chapter 6

The percentage rises with increasing grain size, to a maximum
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FIG. 5-6. Chert fragments from the Winder Grit.

(A),(B)(C), with Radiolarian remains X50,plane polarised light.
(D) Chert fragment under crossed nicols X 50.




of about 46%, although over the whole succession the average
is only 5.7%. Volcanic fregments are by far the most
abundant, and include spilite, soda trachyte and rhyolite.
Plutonic igneous rocks are représehted sparingly by granite
and granophyre fragments. Metamorphic fragments are
extremely rare, but occasional fragments of quartzite and
mica schist are found in some of the coarser beds. |
Sedimentary fragments are commonly represented by chert and
siltstone. Fragments of shale and siltstone derived from
within the sediments also occur. The rock types occur in
the proportions of a pproximately 50% basic volcanic fragments,
and 50% siliceous fragments. The siliceous fragments are
maede up of approximately 60% chert and siltstone, and
40% rhyolite. Only an approximate figure can be given, as
the chert and finer grained varieties of rhyolite are easily
confused, and thus the proportions may vary slightly either
way.
(i) Cherts (See figuresb)

Cherts are the most important sedimentary fragments,
and are very fine grained, almost cryptocrystalline and dark
coloured under crossed nicols. Occasional fragments contain
radiolariaa remains, usually in a poor state of preservation,
but in some the central capsules éan'be.distinguished
(see figurebb). These fragments are important in deducing

the provenance of the sediments, as some of the forms compare

closely with those described by Hinde (1890), from the
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Scottish Ordovicien.

(i1) Siltstones (See figure $77)

Calcareous siltstone fragments are common in the coarser
grained sediments, in addition to indigenous fragments of
shale andbfine greywacke.

(11ii) Spilites (See figures5-%8) |

Spilite fraegments are the most important basic volcanic
group. Two main varieties can be distinguished, one‘in
which the albite laths show a spherulitic texture, and the
other in which the felspar is‘flow orientated. The
interstitial ground mass is formed largely of chlorite and
magnetite. The fragments are usually large in size, (up to
2 mm across), and are angular and elongate in outline.

(iv) Soda-trachytes (See figureb5-1)

Soda-trachytes are also common, and are made up of
phenocrysts of sanidine and albite set in a fine grained
chloritic ground mass. Some fragments with a similar texture |
to the soda-trachyte contain plagioclase with a rather higher
calcium content, in the andesine range, and these are referred
to as andesites. They are not common, however, and such
fragments are much more variable in size, and generally have
a somewhat square or equi-dimensional outline. ‘

(v) Granites and Granophyres (See figureS5-10)

Acid igneous rocks are also represented in the Coniston
Grits. Coarse grained material is, however, rare, and is

usually restricted in each slide to one or two fragments of
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_ (B)
FIG. 5-7. Siltstone fragments.Crossed Nicols X40

(A) From the Winder Grit.
(B) From the Lower Coniston Grits. Slide 1.




FIG. 5-8. Spilite fragments from the Coniston Grits.

(A) X50 Plane Polarised light, Winder Grit.
(B) x50 Crossed Nicols, " wi
(C) x30 Plane Polarised light, 1st. greywacke L.Con. Grits.




®)
Fig.5-9. (A) Soda trachyte fragment from the Winder Grit.
Crossed nicols, x 50

(B) Soda trachyte fragment from the Lower

~ Coniston Grits displaying marked porphyritic and
trachytic textures.
Slide No.1, crossed nicols, x 50




(B)
Fig. 5-10.(A) Granitic fragment, Winder Grit, X 40

(B) Granophyre fragment.L Coniston Grits,
Slide 2. X50




intergrown qﬁartz and orthoclase, f orming a granophyric
texture. | N
(vi) Rhyolites (See figure 5-W)

Rhyolites on the other hand are quite abundant, and
usually pinkish in colour, and form a series ranging from
cryptqcrystalline up to microgranitic. - The rhyolite lavas
are coarsely crystalline and contain quartz, orthoclase, and
minute plagioclase crystals, along with eericite formed from
the alteration of orthoclase. Ferro—magnesian minerals are
almost absent. At the fine grained end of the series are
devitrified glassy fragments derived from the ground mass of
the rhyolites. They are typically composed of a mosaic
felsitic ground mass, and grade into the 6oarser varieties.
The glasses often contain pools and micro-veins of quartz.
The very fine grained dark coloured types are easily confused
with the chert fragments, some of which also contain pools of
quartz. Careful examination hoWever, shows theat most of the
glasses can be distinguished by the minute laths of
plagioclase which they contain.

(vii) Metamorphic Fragments (See figure$5-i2)

The very rare metamorphié fragments include several
elongated pieces of brown mica-schist, rich in garnet, chlorite
and quartél These appear to be restricted mainly to the
coarsest beds, where a fine grained variety of quartzite, in

which the individual grains are completely welded together,

also occurs sparingly.
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Fig. 5-11 Rhyolite fragments. All crossed nicols x30.
(A) Winder Grit.
(B) Lower Coniston Grits. Slide No. 2.
(C) Winder Grit.
(D) Lower Coniston Grits. Slide No. 1.




(B)
Fig. 5-12.(A) Schist fragment,crossed nicols, X40.

(B) Quartzite fragment,crossed nicols, X 40.
from the Winder Grit.




(8) Heavy Mineral Separations (See also paragraph 3d, paged )

The heavy minerals have been examined only qualitatively.
Originally it was hoped to carry out a quantitative study,
with a separation on every lithological unit throughout the
succession. Difficulties however, in the crushing of the
specimens, and the clearing of the grains after separation,
seriously~delayedvthe work. The heavy mineral analysis has
thus been restricted to 15 separations spaced over the entire
succession. Warren (1964, personal communication), suggests
that a survey of this kind isvprobably quite adequate, as |
quantitative heavy mineral énalyses carried out by him in the
Southern Uplands, provided very little additional information
over preliminary qualitative surveys. The crushing
techniques which have to be used on greywackes, also introduce
inaccuracies which would tend to reduce the value of
quantitative analyses., Soft minerals for example may be
destroyed.

The technique used in the present work was largely that
described by Doeglas (1940). Specimens of about 500 gms.
in weight were crushed to pass through a 60 mesh sieve,
sieving the sample frequently‘to avold undue crushing. (Due
to the silicifieq nature of the rock, disintegration
techniqueé‘proved useless.) The fraction held on a 120 mesh
sieve was treated with warm 25% hydrochloric acid. After
washing, the sample was panned to remove the excess of light

- fragments, and then placed in a separating funnel with
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bromoform (S.G. 2.89). The heavy minerals obtained, which
represented between 3% and 1% of the original rock by weight,
were then dried and mounted in Canada balsam. The results
which are summarised in Appendix I¥ -, revealed no significant
change in fhe_heavy mineralogy throughout the succession.
Apatite, zircon, rutile, garnet, biotite, tourmaline,

end opaque iron minerals were obtained from almost all of the
'samples. (See figure5-13.). Of the non-opaQue minerals,
pinkish zircons and garnets are fhe most abundant. Tourmaline
is rare. Oraque minerals are very common, énd consist
largely of pyrite, magnetite, ilmenite and leucoxene.

(i) Zircon

| Two varieties of zircon have been'récognised. The first
and most common type consists of purple, rounded or spherical
grains, which are usually clear. The second type is
colourless or pink, and generally angular or sub-hedral in
outline. This type is often clouded by minute opaque
inclusions, which cannot be positively identified.

(ii) Apatite

This mineral occurs usually as smell rounded grains
which are often corroded around the edges, and which display
cleavage partings.on some of the faces. Corrosion is

probably due to the treatment with.acid during processing.

(iii) Rutile
Rutile is fairly common, and occurs in small rounded

to angular grains which very in colour from yellowish to
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‘dusky red. These may in fact represent two types, as the
yellow grains are more frequently angular in outline, whereas
the red grains are often roun@ed.
(iv) Garnet

Garnet is common, and some of the grains reach a size
of * mm across. The grains are usually pink in colour, but
some solourless and yellowish varieties have been observed.
A rounded or corroded outline with replacement by calcite

is the most common appearance of this mineral.

(v) Biotite

Most of the separations contain numerous flakes of
biotite. The mineral is usually deep brown in colour, but
is often colourless around the edges, or replaced by
chlorite. Some flakes of white mica have also been
observed, and have probably heen brought down by a slight
increase in Spécific Gravity, caused by impurities within

the mineral.

(vi) Tourmaline

Tourmaline is rare; but occurs usually as bluey green
or yellowish euhedral grains. In some cases minute needle
like inclusions with a parallel arrangement are developed

within the grains.

(vii) Qpegue Minerals
(a) ZPyrite

This is the most common opaque mineral, and occurs

usually as small cubic grains with a yellowish lustre under
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Zircon,(X200).  Apatite, (X 200).

Rutile, (X200).

Garnet, (X130).

FIG. 5-13. Some of the more common
Heavy Minerals.




reflected light. Rounded spherulitic aggregate also occur,
and appear to’be rather more common in the finer sediments.
It is probably of authigenic origin.

(b) Megnetite o

Magnetite is also common, and occurs &s both irregular
grains, and almost euhedral crystals, all of which display
a black metallic lusfre under reflected light.

(¢) Ilmenite and leucoxene

Unaltered ilmenite‘displaying a brownish lustre is rare.
In most cases the mineral has been altered to leucoxene, and

thus shows a brown core surrounded by a white rim.

The mineralogy 5f the greywackes thus indicates
derivation of the sediments from an area formed largely of
volcanic rocks, invhich beds of chert, and plutonic igneous
intrusions also occurred. The probable position of this
land mass, as indicated by the’petrology of the rock
fragments, is discussed on page 11§, of this chapter, and
also in chapter lo, dealing with the palqeogeography of the

region.

(4) The Texture and Origin of the Matrix

Figure S-l+shows the general appearance of thin sections
of greywacke units in the Coniston Grits and Bannisdale
Slates. In the coarser grained units, the size of
individual grains is very variable, (See chapter & ), and

the grains themselves are surrounded by a matrix of fine
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(A)

?enerol appearance of greywacke
rom the Lower Coniston Grits(X3Q)

G The

thin sections

FIG 5-14, A,B




grained and altered material. The finer grained sediments
are somewhat mdre wniform in size, but the matrix inwhich
the grains are set, is still apparent. The grains are
‘anguler to sub-angular in shape, and often display corroded
edges and replacement by calcite, sericite or chlorite.

Many authors have considered,that the matrix is an.
original depositional’feature of the greywackes, and is
indeed an eésential feature of this type of deposition.
Bailey (1930), concluded thet greywackes represent the
intermittent delivery of a mixture of grit, sand and mud
onto the sea floor, thus implying that the matrix is original.
Boswell, also in 1930, showed experimentally that silt and
| clay could be deposited along with sand, but using an
electrolyte such as salt as a flocculating agent. Whether
or not this would work in the sea, where the salts were
extremely dilute, was very much open to doubt. Woodland (1938)
after studying the greywackes of the Cémbrian Hariech dome,
also came out in favour of a detrital origin for the clay.
Although Boswell (op cit), had suggested a means by which
gsand and clay could be deposited together, no really
satisfactory explanation had been given. Greywackes were
still con§idered to represent deposition in shallow water.

Kuen;n énd Migliorini (1950), however, suggested that
greywackes were deposited by turbidity currents. These were
described as currents of water carrying a mixture of sand

silt and clay in suspension, and which because of their
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gréater density, are able to flow uhder clear water, and
deposit sediment rapidly in the deeper parts of the oceans,
far from land. These authors considered that this theory
explained the muddy matrix of greywackes, and also their
extremely”widespread occurrence. This view was shared by
Pettijohn (1950, p.169), in.which he states that:- "Greywackes
are marked by a pfimary mud matrix, and are graded by reason
of their deposition from turbidity currents".

In 1951, however, Ericson et al., found that samples of
sand obtained from the deeper parts of the ocean, end from
submarine canyons were well sorted. More so even than some
of the samples obtained from adjacent continental shelves.

Cummins (1962), considers that experimental greywackes
produced by Kuenen were atypical in that when poorly sorted
they were not graded, and when they were graded they weré well
sorted. He did not, in fact, produce a poorly sorted and
graded sediment, and thus did not prove the matrix to be
primary. Cummins also shows that greywackes are abundant
only in the Palaeozoic geosynclines. Turbidite deposits from
Mesozoic and Tertiary geosynclines consist largely of ordinary
well sorted sands, containing}a.high proportion of felspar and
other unstable m;nerals. The conclusion is that the so called
muddy matfix of greywackes is in fact of secondary origin, and
is produced by slow post-depositional alteration of unstable
minerals such as felspar, and the ferro-magnesian minerals in

the rock fregments.
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The matrix is usually defined'as consisting largely of
chlorite, sericite, clay minerals, carbonate and finely
divided quartz and felspar. Difficulties arise at this point,
however,_as the grain size below which quartz and felspar are
includedfin the matrix, varies from one aufhor to another.
Cummins (1962, p.57, figure 2), for example, includes all
grains of less then 0.05 mm within the matrix, whereas
Walton (1955, p.339), and Warren (1962, P.229), bonsider
that only grains below 0.02 mm, should be placed in the matrix.
In the present work, matrix is considered t o include chlorite,
sericite, mica, carbonate, and grains of quartz and felspar
of less than 0.004 mm in diameter. Whatever size limits
are placed on the definition of matrix, however, it should
be possible to say whether or not it is of primary or secondary
origin, and whether or not the finely divided quartz and
felspar has been corroded to this size by secondary alteration.

Examination of the texture of the greywacke units within
the Coniston Grits, as described on page 45, shows that much
of the material classified as "matrix", must in fact be of
secondary origin. Thé grains of quartz and felspar'with
corroded edges replaced by chlorité, sericite and calcite,

have obviously peen altered after deposition, (see figure 5-157},
The finel; fretted nafure of many grains could not have
survived transport, even in the comparatively abrasion free
medium of a turbidity current. Many large felspar fregments

are sericitised or kaolinised to such a degree, as to be
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almost indistinguishable from the sﬁrrounding matrix, and
could not have withstood transport in this condition.

On the other hand, the Coniston Grits contain much finely
divided, fresh, completely unaltered quartz and felspar, the
grain sizeé of which are fine enough (less than 0.004 mm),
0 be classified as matrix. Also, some of the clayey
material does not éppear to be associated with the
alteration of any quartz, felspar or rock fragment grains.
This fine material has apparently been deposited along with
the coarse grained fraction, and has not been produced by
secondary alteration. Thus some of the matrix is in fact
primary in origin. It is concluded that the original
sediments were deposited as fairly clean sands, with only a
comparatively small proportion of muddy or clayey material;
The grain size within the coarser fraction, however, was
variable between coarse sand and very fine silt. Later
diagenetic changes resulted in the corrosion and alteration
of the more unstable minerals, especially the felspars and
rock fragments, along with the primary mud, to give the coarse
fraction the a ppearance of having been deposited along with
a large amount of clay. Silicification also probably took
place at this stage to give the sediments their present
durable na%ure. The origin of the matrix in this case is
‘thus partly primary, but is augmented to a large extent by

later alteration and recrystallisation.
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(5) The Classification of the Grerackes, based on Mineralogy
| The definition of the so called average greywacke was
discussed briefly at the beginning of this chapter. This
showed that no really satisfactory definition exists, and that
the compdéition ranges widely. "Average" greywackes have
been d escribed by Edwards (1947 a,b), Krynine (1948),
Helmbold (1952), Pettijohn (1957), and Mattiat (1960). These
are plotted on the triangular diagram (figure5-bb%), which
shows that none of them falls near the centre of the field,
This is itself a reflection of the loose definition, and
indicates that there is probably no such thing as an average
greywacke., The constituents are split into thiee groups.
Felspar and the basic rock fragments form oﬁe co-ordinate,
and quartz'and siliceous fragments the second. The third
co-ordinate under the heading of matrix includes chlorite,
sericite, muscovite, carbonate and the accessory minerals.
This grouping is usually satisfactory, as greywackes rich in
basic rock fragments normally contain a fairly high proportion
of felspar. Similarly, rocks rich in siliceous fragments
usually also contain a good deal of quartz. The definition
of matrix is rather vague, however, especially with regard
to grain size, §nd it often includes anything which does not
it easii& into the other groups. The greywackes described
by Edwards (1947a,b), and Helmbold (1952), may be used as an
example of the use of this type of classification. Both of

them are rich in basic material and felspar, but poor in
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QUARTZ

FELSPAR ROCK FRAGMENTS

FIG.5-16(A). The Composition diagram used by Cummins(1957).
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X Krynine 1948
+ Helmbold 1952
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Quartz and Siliceous
Fragments
Fig.5-16 (B). The Composition diagram used in the present work
(after Heinrich and Pettijohn). The mean composition analysed by a
number of authors are plotted on the diagram,




quartz, and thus.their position in the greywacke field
(figure §1bb), is a reflection of this composition.  Other
ciassifications (figure $4ba) put rock fragments and felspar
on different co-ordinates, (as for eg. Cuommins., 1957). The
classification used here, however, allows comparisons to be
made easily with the Southern Uplands.

| Figure 51lhis a triangular composition diagram which has
been divided into 6 fields, after Heinrich (1956). The mean
mineral composition of the greywacke units in the Coniston
Grits and Bannisdale Slates of the Barbon and Middleton Fells,
has been plotted on this diagram. This shows them to be rich
in quartz and siliceous material, but relatively poor in
felspar and basic fragments. ‘ The proportion of matrix is
about normal. The greywackes of this area thus approach the
sub-greywacke class as defined by Heinrich (1956) or the low
rank greywackes of Krumbein and Sloss (1951 p.l1l2l1).
Pettijohn (1949 p.255) defined sub-greywacke as a‘greywacke
with less than 15% felspar, and up to 5% of rock fragments.
In 1957, however, he defined sub-greywackes as containing less
than 15% matrix, and more rock fragments than felspar. The
1949 definition appears to be‘more appropriate, and fits the
composition of some of the greywacke units perfectly. The
results ogtained from the individual analyses (26 in number),
have also been plotted separately on figuré5”7b. This s hows
that there is little variation in composition throughout the

succession. The results fall almost on the boundary between
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Mean Compositions
# Barbon and Middieton Fells

+ Howgill Fells

o Winder Grit
o Blawith area
t Horton-in- Ribblesdale

Greywacke

%
*
°
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Felspar and Basic : ¥ f Quartz and Siliceous
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Fragments
FIG.5-17(a). The mean mineralogical composition of greywackes analysed from

the Barbon and Middieton Fells and other parts of N.W.England.
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Greywacke

Arkose \QISSST s;q\
Felspar and Basic : o . K ) " Y,

Quartz and Siliceous
Fragments

Fragments
FIG.5-17(b) The 26 individual analyses from the Barbon and Middieton Fells,
Two Carboniferous sandstones have also been plotted on the diagram

for comparative purposes,




' the'two classes, although the majorify are just within the
greywacke field.
‘Mineralogically, thé coarse sediments in the Barbon
end Middleton Fells may thus be classified as greywackes,
ranging mérginally into the sub—greywacke.field. They
support the suggestion that there is no such thing as an
average greywacke. The effect of grain size on this
classification is discussed in the subsequent chapter.
Analyses of two carboniferous sandstones have also been

plotted on figure 5-17b, for comparative purposes.

(6) The Comparison of the Composition with that of
Greywackes from other areas

(a) The Coniston Grits of the Howgill Fells and
Lake District

Table 5 , and figure58ashows the composition and
classification of the 12 greywackes analysed from the Howgill
Fells, and indicates that they are almost identical, as are
the greywackes from the Horton-in-Ribblesdale ares
(table S , figure§13.). The 10 specimens analysed from
the Blawith area (table 5§ , figure 5-18a), fall more
definite}y within the subgreywacke field. If the results
from the much more comprehensivé survey by Normen (1961),
were plotted, however, they would fall in a position very
similar to the analyses from the Barbon and Middleton, and
Howgill Fells. The specimens analysed in the present work,
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TABLE & . The mean percentages of the important constituent

minersls in greywackes from other parts of north-west

England, and the Wenlockian greywackes (U.Ceddroun Burn Beds)

of the Hawick area.

1
60

d,

| % % % % y 7o
Area and no. Quartz  PFelspar Rock Carbon- Matrix Others
of Analyses Frag- ate incl
ments Mica
Howgill Fells 47.3 9.8 3e2 Te5 31.8 0.4
(12)
Howgill Fells, 31.4 Te5 26.5 5.1 19.0 0.
Winder Grit(3) >
Blawith Area 52,9 6.2 0.6 8.2 31.6 0.5
(10)
HOI'“tOl’l‘in" 4101 1105 004 10.1 360 2 Oo
Ribblesdale(4) - !
Hawick area 2l.6 6.0 27.5 13.6 30.2 -
(after Warren
1963).

Felspar includes k-felspar and plagioclase, "others" includes
heavy and opaque:-minerals.
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from this area, may thus be somewhat atypical. The
3 specimens of the Winder Grit which have been analysed,
(table 5 ), however, differ quite markedly from the
remainder of the Coniston Grits. - PFigure 5% shows that they
fall'furtﬁer towards the felspar and basic rich side of the |
field. This is considered to be an effect of grain size,
and is discussed in chapter & .

Apart from the Winder Grit, the Coniston Grits thus have
a similar composition and texture throughout north-west
England. These similarities, in addition to providing
further evidence that the type of sedimentation was the same
throughout this area, also indicate that the sediments were

‘derived from the same or a véry similar source.

(b) The Silurian Greywackes of the Hawick area

The Wenlockian strata of the Hawick area, which were
analysed by Wafren (1963), cover the field occupied by the
Coniston Grits, as shown in figure 5-1%, but also exténd much
further towards both the clay rich, and quartz rich ends of the
diagran. This reflects the higher proportion of rock
fragments (especially siliceous varieties). due to the
predominantly larger grain size, and the greater percentage
of matrixt‘ The .percentage of matrix appears higher, due to
some extent, to it including graihs of up to 0.02 mm, compared
with 0.004 in the present work.

A large number of Warren's thin sections from the Hawick

area have been studied for comparative purposes. Apart from
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FRAGMENTS

FELSPAR AND BASIC
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FIG.5-18(a) The individual analyses from the Howgill Fells, Blawith and
Horton-in-Ribblesdale  areas.
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FIG.5-18.(b) Comparison of the composition of the greywackes of the Barbon
and Middieton Fells with the Llandoverian and Wenlockian greywackes
from the Southern Uplands.




the wider quantitative fange in the composition, which may
be a result of‘depositiog under much more turbulent |
conditions, the mineralogy of thesé Wenlpckian racks is
almost identical to the Coniston'Grits,ﬂ(see figure 5-19 , and
table S ). The quartz and felspar show the same type of
inclusions and alteration, but this is hardly of'diagnostic
value. The hea#y minerals, howevet, are very similar.

The zircon, apatite, rutile, garnet, and tourmaline present
in the Coniston Grits are also found in the rocks of the
Hawick area, and are ciosely éomparable in both colour and
shape. Although no quantitative survey has been attempted
in the present work, the proportibns of the various minerals
- would also appear to be similar.

It is the similarities betweeﬁ the rock fragments,
however, which are of greatest value in 6pmparisons between
the two areas.  The radiolarian chert fragments found in
the Coniston Grits have their exact counterparts in the rocks
of the Hawick area, Colour, texture, and the radiolarian
remains are all identical, (see figure 5-1). The spilites
too, are very similar, and the two varieties seen in the
Coniston Grits are also found.in the Hawick greywackes.
Soda-trachyte anq granophyre fragments afe also found in the
greywackeg'from both areas. The series of rhyolite fragments
which range from cryptocrystalline to microgranitic are

abundant in both areas. Similar metamorphic rock fragments

also occur sparingly in the two areas. The nature of the
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Fig.5-19. Comparison of the Wenlockian
the Hawick area(A), with the
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matrix is of less diagnostic wvalue, as the present work
differs from that of Warren in the grain size limits placed
on its definition. Even so, it appears to form a higher
proportion of the Hawick greywackes. Mineralogically,
however, it is comparsable. Calcite forms an appreciable

part of the rock in both areas.

(7) The Source of the Sediments

These close similarities suggest that the Coniston Grits,
and the Wenlockian greywackes'of'the Hawick area have been
derived from similar sources, although at different times.

Recent work in the T,ake District, however, by
‘Ilewellyn (1960) and Norman (1961), suggested that the
Coniston Grits were derived from an area of Borrowdale
Volcanics lying along the northern edge of the ILake District.
Llewellyn also studied thin sections of the Winder.Grit from
the Howgill Fells, and found that the rock fragments in this
bed were identical with those from the Coniston Grits of the
Lake District. |

Although the Coniston Grits are so similar to the Hawick
greywackes, and were thus probably derived from the same
source, detailedmcomparisons have also been carried ;ut with
rock slidg; of the Borrowdale Volcanic Series. These were
obtained from the Harker collection of the Sedgwick Museun,

6ambridge. This revealed that there are textural

similarities between the Borrowdele Volcanic andesites, and
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the soda trachyte fragments of the Coniston Grits. The
felépar fragments in the former, however, are a11 somewhat
richer in calcium, being andesive rather than albite or
oligoclase. Nothing closely comparable with the spilite
fragmenfs was found in any of the.Hérker collection of
Borrowdale Volcanic material. The rhyolite fragments,
however, do compare more closely, but their fine grain size,
and the generally similar appearance of rhyolites wherever
they occur, very much reduces their value as a means of
tracing the source rocks. Another feature of the Borrowdale
Volcanics is their wider range and higher proportion of mafic
minerals, in contrast to the very little pyroxene or
amphibole found in even the freshest rock fragments from the
Coniston Grits.

The provenance of the Hawick greywackes can be traced
to the north-west, to an area of Ordovician rocks in the
northern belt of the Southern Uplands. This area is formed
partly of the alkali rich Ballantrae Volcanic Series, together
- with radiolarian cherts. A study of the Harker collection
of Girvan and Ballantrae material, shows that there are close
similarities both in,mineraiogy and texture, between the
spilites and sqda trachytes, and the rock fragments in the
Conistoﬁ~Grits and Hawick greywackes.

This points strongly towards a Southern Uplands origin
of the Imdlovian sediments. Further evidence is provided by

the radiolarian chert fragments, and occasional fragments of
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'schist, which are not known to occur in the Leke District
at all. The schist fragments mey in fact be derived from
~ the Highlands. Garnefs occur only sparingly in the
Borrowdale Volcanic Series, thus their abundance, but the
absencé of kyanite in the heavy mineral assemblage, suggests
that metamorphic stratas, bﬁt only of the 1owerlgrades, were
also being eroded at this time. The few granite and
granophyre fragments, and the relative abundance of
orthoclase compared to plagioclase, indicates that the land
mass also contained granitic bodies. These probably
provided the source for many of the heavy minerals such as
zircon and apatite, (Mackie 1929).

Walton (1955) considered that the ILlandovery greywackes
in the Southern Uplands were also derived from an area of
Ordovician rocks. Although there are mineralogical
similarities, these rocks contain considerable amounts of
pyroxene and amphibole. The source therefore, may have
been from a different part of this land mass.

Further evidence for a Southern Uplands source for the
sediments is provided by the palaeocurrent directions, which
are discussed in chapter 8 . |

It is therefore concluded that the Coniston Grits of
the Barbon and Middleton Fells, were derived from a land
mass on the northern edge of the Southern Uplands,

(see chapter (o , on the palaeogeography), end not from the

Borrowdale Volcanic Series as previously thought.
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’General Conclusions

(1)

(ii)

(iii)

(iv)

The mineralogy of the greywacke units indicates

that the sediments were derived from an area of

volcanic rocks, which also contained beds of

radiolarian chert, and some plutonic acid igneous

bodies.

| The mineralogy compares closely with the

Wenlockien greywackes of the Hawick area, which
Warren considers to have been derived from Ordovician
rocks in the Northern Belt of the Southern Uplands.
A comparisonlwith rock slides of the Ballantrae
Volcanic Series confirms this theory.

Comparisons with slides of Borrowdale Volcanic
rocks, indicate that there is no real evidence to
support the suggestion of Ilewellyn and Normen,
that the sediments were derived from the Borrowdale

Volcanic Series.

The mineralogy end texture of the Silurian
greywackes throughout north-west England is very
similar, suggesting that they were deposited under
comparable conditions, and derived from a similar

source.

The plotting of the composition on a triasngular

diagram reveals that the sediments fall on the edge
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(v)

of the greywacke field, towards the sub-greywacke
elass,l(in the sense of Pettijohn 1949, and '
Heinrich, 1956).

The matrix is seen to replace and corrode the

large mineral grains, and is thus considered to be

largely a product of secondary alteration. Some
unaltered finely divided quartz and felspar, along
with dlay, which does not‘appear to have been
produéed by alteratioﬁ, indicates, however, that

some of the matrix may be primary.
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CHAPTER 6

THE GRAIN SIZE AND ROUNDNESS ANALYSIS OF THE COARSE SEDIMENTS

(1) Grain Size Analysis

(a) Introduction and Method -

The measurement of the grain size of sediments, whether
~unconsolidated or indurated presents many difficulties\with
regard to the accuracy of the results. Papers dealing
with the methods, interpretation, and statisticai
presentation of the results are numerous. Among the more
important works are those by Krumbein (1935, 1940,-1, 1955),
Twenhofel and Tyler (1941), Chayes (1950), Inman (1952),
Rosenfield et al (1953), Cadigan (1954), Pettijohn (1957),
Grender (1961) and Milner (1962).

But when, as in the present study, the rocks are
indurated, and ordinary thin section techniques have to :be
used, difficulties arise. The greatest disadvantage is
the sectioning effect, which results in the grain size of
the sedlment appearing smaller than it actually is, as the
plane of the section does not necessarily pass through the
centres of the grains. Methods of overcoming this have
been suggested by Krumbein (1935), and Chayes (1950).

Krumbein considered that if the apparent mean grain diameter

118



~was multiplied by .4Tor 1.27, a result approaching the

true value would be obtained. Rosenfield et al (1953),
however, in a paper déaling with the comparison of sieve and
thin section techniques, conclude that there is no generally
applicable correction fector. The multiplication of the
results by .4 for example, gives a true figure only in the
case of perfectly sphgrical sediments.

The actual method of measuring grain size varies
considerably. In some cases the maximum énd minimum
diameters are measured,'(Twenhofei and Tyler (1941)), and
the mean dismeter calculated from the two results. Other
authors have considered that measurement of the largest
diameter apparent in the grain is adequate, (Rosenfield et al
(1953, p.120), Cummins (1957), and Norman (1961)). Cope (1955)
estimated the mean diameter by measuring the distance along
a straight line which passes through the grain from surface
to surface. This did not necessarily have to be the maximun
diameter. The frequency of observation was then plotted
against their values, and the apex of each curve was taken
as the mean grain samplé diameter. Warren (1963%), estimated
the average grain size by dividing the length of a slide
traverse by the number of fragments in that traverse,
excluding the matrix.’

In the present work, grain size analysis has been darried
out in order to e stimate the degree of sortingw ithin the

sediment, and the effect of grain size on composition. For
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this purpose, the method used by Cummins end Norman has
“been adopted, in which the largest apparent diameter of each
giain is measured. No correction has been made for the
"sectioning effect", partly in view of the difficulties
described by Rosénfield et al, but also because the
uncorrected results allow direct comparison with Normen's
grain size analyses. The importance of the "sectioning
effect" is realised, however, and is alloWed for in the
discussions Qf the significance of the results.

The longest diameter of 200 grains ih each of the
26 thin sections, (:.1-26), described on page 90 have been
measured by use of an ocular micrometer, each division of
which is equivalent to 0.02mm at a magnification of X50,
and 0.005mm at a magnification of X200. Measurenent was -
carried out at %X mm intervals in traverses lmm apart, on a
Swift Point Counter. To avoid bias in the resulis which
would result from the measurement of the long diameters of
mica and chlorite flakes, only granular fragments were
measured. In addition, the 12 greywacke specimens from the
Howgill Fells, (S/H 1-12), the 10 from the Blawith area
(S/B 1-10), and the 4 from the Horton area (S/A 1-4), have
been measured for comparative purposes. The grains measured
were split intotB gsize classes based on the work of Wentworth
(1935), Allen (1936), and Twenhofel (1937), on the American

Committee on Sedimentation. These are as follows:-
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> 0.062mm diameter = Sand

0.004-0.062mn diameter Silt

< 0.004mm diameter

Clay

In the analyses, no accurate meaéurements smaller than
0.004mm could be made. Thus; all clay grains have been
agsumed to be of this size. The effect of this on the mean

grain size of the sediment, however, is negligible.

(b) The Mean Grain Size of the Sediments

(1) In the Barbon and Middleton Fells

The coarsest sediménts are of fine sand grade, with
a mean greain size of up to 0.170mm. The majority of
specimens anaiysed, however, fall into the silt class, with
mean grain sizes ranging from 0.035mm, up to 0.060mn. The
gize of individual grains varies widely, even in the finer
sediments, from little larger than mud grade, up to grains
0.250mm in size, (See Appendix ¥ ). The coarser beds at the
baselof the succession contain numerous grains larger than
1.50mm in size, thus illustrating the poorly sorted nature
of the sediments.  Apart from these coarse beds low in the
Series, there is no significant change in the grain size of
the greywacke beds throughout the succession. The mean
values Sbtainea from the 26 analyses are summarised in
fable below. The full analyses and accuracy of the results
are shown in Appendix ¥ A. The overall uncorrected mean

grain size of 0.059mm illustrates the predominant fine grained
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‘nature of the Coniston Grits, in the Barbon and Middleton
Fells. Even éfter allowing for the '"sectioning effect", the

Sediments still fall around the borderline between silt and

fine sand.
Mean Size % ~ Mean Size % % Mean of
of " of Sand of of Silt of Clay Sand Sil
~Sand Grains Grains . Silt Grains Grains Grade and Clay
0.109mm 32.8% 0.036mm 54.2% 13.0% 0.059mm

Table & . The mean grain size of the greywackes,
based on 26 analyses, (uncorrected for
the "sectioning effect").

(ii) Comparison with Adjacent Areas

The mean (uncorrected) values obtained from the
specimens analysed from the Howgill Fells, and Blawith and

Horton-in-Ribblesdale areas, are summarised in table 7 , below:-

Mean Mean Mean Size

Size of % of Size of % of % of of Sand
Area Sand Sand Silt Silt Clay - Silt end
Grains Grains Grains Grains Grade Clay

Howgills(1l2) 0.122mm 47.6% 0.040mm 34.6% 17.8% 0.074mm
Winder Grit(3)0.378mm 58.8% 0.037mm 22.7% 18.5% 0.253mm
Blawith (10) 0.10lman 34.1% 0.040mm 46.4% 19.5% 0.054mm

n R. ol :

Table 7 .

Pull analyses for each thin section are shown in Appendiz YB-E,

The specimens from the Blawith and Horton-in-Ribblesdale areas
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are almost identical to the Barbon end Middleton Fells.

(The Blawith analyses agree closely with those of Norman).

The mean grain sizes of‘the sand and silt fréctions show

only minor differences. The greywackes from the Barbon and
Middleton Fells, however, contain a rather smaller proportion
of clay grade material. The significance of this is discussed‘
below. The general similarities in the mean grain sizes of
the sand and silt fractions, susgest that the strength of the
turbidity currents, and conditions of deposition were almost
uniform over a wide part of northwestern England. Grain size
analyses thus support the donclusions drawn in previous
chapters. .

The 12 specimens analysed from the Howgill Fells, however,
are all somewhat coarser. The mean grain size of both the
sand and silt fractions is greater. Here again the
percentage of clay is somewhat higher. The Winder Grit is
an extreme development of this coarser sedimentation, with a
mean grain size of 0.253mm, although it is only the sand
fraction which is coarser. The mean grain size of the silt
fraction, of 0.037mm, is only slightly greater than that of
the greywackes from the Barbon and Middleton Fells and thus
shows that this grit is much more poorly sorted. The
predomiﬁahtly éoarser grain size in the Howgill Fells
indicates that rather more turbulent conditions existed in
this area, allowing only the coarser sediment to be deposited.
Evidence in support of this theory is seen in the giant flute
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'césts developed at some horizons in the areé. These are very
much larger than anything seen in the Barbon and Middleton Fells,
and could only have been formed by extremely strong turbidity
currents. -

The description of the stratigraphical succession showed .
thet there is a considerable thickening of the strata from
nor#h to south, and that this is considered to result from a
deepening of the geosynclinal trough in this direction. The
evidence of strong turbidity currents in the Howgill Fells
supports this theory, and suggests that there may have been
& considerable steepening of the sea floor in this area.
Currents would flow rapidly down the slope, only the coarser
'grades of sediment being deposited, and would spread out and
lose strength in the flatter bottomed areas to the south,
where the finer greywackes were deposited. Higher in the
succession, however, greywackes are more predominant in the
Barbon and Middleton Fells, and finer sediment in the Howgill
Fells. This is considered to result from palaeogeographical

changes, and is discussed in chapter 1o.

(c) The Percentage of Send, Silt and Clay.

(i) In the Barbon =and Middleton PFells

The percentages of sand, silt and clay vary widely through
the succession, (see 1\fpv3ZH). The percentage of sand
ranges from 17% to 66%. Silt ranges from 25% to T70%, and
clay from 8% to 20%. The percentage of cley is less than the

percentage of matrix obtained in the mineralogical analyses, as
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"mica‘and chlorite flakes have not been measured. Over the
entire suecession the greywackes contain a mean of 32.8%
sand grade sediment, 54.2% silt, and 13.0% clay or matrix.
This again illustrates the predominantly 8ilty nature of the
sediments, even if the'sectioning effect" is allowed for.

The trianguler diagram (figure 6-la), is drawn with
sand (0.062mm +), siit (0.004mm to 0.062mm), end clay
(< 0.004mm), as the 3 co-ordinates. The plotting of the
grain size distribution on this diagram shows the sediments
to be poorly sorted, or immature (Folk 1951), especially when
compared with the two Carboniferous sandstones which are also
Plotted on the diagram. The meain disadvantage of this type
of representation, however, is that it gives no indication at
all of the mean size of the sand fraction, but only its lower

limit.

(ii) Comparison with Adjacent areas.

Pigure G-Ibshows the analyses carried out on the
greywackes from other areas. ‘In the Howgill PFells, the
sediments are also pooriy sorted, slightly more so in fact
than the Barbon and Middleton greywackes, but show less
variation through the succession., The specimens from the
Blawith and Horton-in-Ribblesdale areas show much closer
similarities to the greywackes of the Barbon and Middleton
Fells, the proportions of the 3 constituents varying widely.
They do, however, contain a higher proportion of clay, and are

thus rather more poorly sorted.
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FIG6-1(a) The Proportions of Sand, Silt and Clay in the greywackes
of the Barbon and Middieton Fells.
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FIG.6-1(b) The proportions of Sand,Silt and Ciay in the greywackes of
the Howgill Fells, Blawith and Horton-in-Ribblesdale areas. Two
Carboniferous sandstones have been piotted on the diagram

for comparative purposes,




Although there are only slight differences in the degree
of sorting of any of the greywackes, those from the Howgill
Fells stand out by reason of the constantly higher
Proportion of sand grade sediment, and the close grouping of
the analyses around the mean value. This is considered to
be further evidence of a predominance of uniformly strong
turbidity currents in this area, whenever coarse sediment
was heing deposited. In other areas the turbidity currents
appear to have varied between strong and weak, with the
| weaker currents predominating. The result is that the
sediments deposited contain a higher proportion of silt grade
- Sediment. The mean grain size of the sand fraction is also
lower. The proportion of clay remains at a similar level,
| however, and in the case of the Blawith and Horton greywackes
even increases slightly. The sediments thus have a smaller
range in grain size, and approach muddy siltstones rather
than muddy sandstones.

| Comparisons with greywackes from other parts of the
country are difficult, as many workers have used different
Ssize class limits. Cunmins (1957, p.4%6), for example,
includes silt sized grains ﬁp to 0.05mm in size, within the
matrix. Fine sand ranges in size from 0.05mm to 0.25mm,
and coarse send above 0.25mm., = Based on these size class
limits, the Denbigh Grits appear to contain almost equal
Proportions of the % classes, and are thus very poorly sorted.

The texture of the Denbigh Grits appears to be more comparable
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‘with the Winder Grit rather than the remainder of the
Coniston Grits.

(d) Grain Size in Relation to Mineralogical Composition.

Variations in composition resulting from changes in
grain size are not very apparent, as the majority of specimens
analjsed fall within a narrow size range. The few coarser
Specimens, however, show that grain size does have some
effect on composition.

The most marked effect of increasing grain size, is the
- accompanying increase in the proportion of rock fragments.
Figure 6'2a shows that the finer greywackes contain usually
| less than 1% of rock fragments. As grain size increases,
however, the proportion of rock fragments, especially acidic
varieties rises. The increase is very irregular, and is
really only apparent in the coarsest greywackes from the
Barbon and Middleton Fells, and the Winder Grit in the
Howgill Pells, which contain up to 464 of rock fragments.

As the prbportion of rock fragmentstincreases with increasing
grain size, the propoftions of quartz and matrix decrease at
a similar rate, (see figureb?b3ds), The amount of carbonate
within the matrix (figure L-3b), varies little with changes

in grain size, although there is some suggestion that the
Percentage may be only slightly lower in the coarser
greywackes. Further analyses of coarse greywackes are

needed, however, before this trend can be‘confirmed. If

this tendency is real, it suggests that the breakdown of rogk
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fragments leads largely to the production’of finely divided
quartz and.chioritic material, and only a small amount of
calcite. The remainder of the calcite may therefore be of
primary origin. . The amount of felspar within the
greywackes does not appear to vary significantly with
changes in grain size. Pigures &2,6-3 also show that changes
of grain size have Similar effecfs in the Coniston Grits
of adjacent areas. The coarse Winder Grit for example,
merely continues and emphasises a trend seen with increasing
grain size in the finer greywackes.

In this respect, the Cbniston Grits df4north—west
‘Englend are similar to the greywackes described by
Cope (1955), Cummins (1957), and Warren (1963). This again
emphasises the similarities in tﬁe conditions of deposition
throughout the Silurien geosyncline.

(e) The effect of Grain Size on the Classification
of the Greywackes. '

In the preceding chapter it was stated that grain size
has an effedt on the classification of the s ediments.
Mineralogically, the greywackes of the Barbon énd Middleton
Fells, and other parts of north-west England fall within
the greywacke field, although towards the sub-greywecke class.
In this respect they are greywaékes. The definitions
proposed by Pettijohn (1957), and Boswell (1960), however,
poinf out that one criterion of a greywacke is that it is

coarse grained, with grains ranging through sandstone and -
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'breccia to conglomerate, (in contrast to Folk 1954). Thus
in this respecf; the only greywacke in the region which
gatisfies this part of the definition, is the Winder Grit.
Even this bed is at the fine grained end of the scale. The
remainder of the Coniston Grits, although having the
composition, and to a certain extent, the poor sorting of a
greywacke, do not haﬁe the necessary coarseness. They are
in fact of siltstone or fine sandstone grade, and may be
compared with the greywacke siltstones described by

Warren (1963), from the Hawick area.

The fine grain size also has the effect of placing the
sediments towards the subgreywacke side of the greywacke field,
as increasing grain size leads up to the Winder Grit, which
satisfies to a larger extent the criteria proposed by Bosweil
and Pettijohn. The majority of the Coniston Grits may
therefore be classified as greywacke-siltstones, or fine

sandstones, ranging marginally into the sub-greywacke field.

(2) Estimation of Grain Roundness.

(a) Introduction and Method.

Estimation of the degree of roundness, or the angularity
of the edges and corners of the grains (which is not to be
confused with the sphericity), involves considerable
difficulties.  Xrumbein (1941), described geometrical methods
of estimation, which, however, are'complex and very slow
in use. The t ime taken to obtain the more accﬁiate’results
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- glven by this method would not be justified, as in the present
work, only a general idea of fhe roundness of the sediments
is required. The other commonly used method of determining
roundness, is by visual estimation. The fragments are compared
with a chart of grains of varying degrees of roundness, each
of which is given a certain numerical value. The biggest
disadvantage of this ﬁethod is that the observer may not be
consistent in his determination of individual grains.

Rittenhouée (1943), devised a chart which combined
roundness and sphericity. The large number of subdivisions
Within this éhart, however, would probably result in many
inaccuracies in estimation, and would be of little additional
value. Powers (1953), introduced a rather simpler roundness
scale, inwhich the grains were divided into 6 degrees of
angularity, reanging from '"very angular", to "well rounded".
Each division was further sub-divided, depending on whether
or not the grains had a high or low sphericity. Pettijohn
(1957), proposed & roundness scale in which the grains were
split into only 5 divisions, ranging from "angular" to "well
rounded".

In the present work, Powers' roundness scale has been
used, and the rqundness of the grains in each division was
consideré& to be the value of the mid-point given by Eowers.
One hundred grains were estimated in each of the 26 thin
sections ( 1-26), described on page 90, at a magnification of
either X300 or X65, depending on the grain size. Only thg,

1
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" roundness of the granular constitﬁents such as quartz, felspar
and rdck fragménts was estimated, as flaky minerals such as
mica would bias the results. In addition, the roundness of
the speoimens from the Howgills, Blawith, and Horton-in-

Ribblesdale areas has been estimated for comparative purposes.

(b) The Roundness and its signifiéance

(i) In the Barbon and Middleton Fells

The estimations carried out on the 26 thin sections from
this area show that the mean roundness lies just within the
sub-angular clags in almost every case. This is sunmarised

in table ® Dbelow:-~

- Limits
of Class .lﬁ 17 25 «35.. +49 .70 1.00
uid ’ '
Point .14 21 « 30 41 .59 .86
% | 4 |Mean
Very Sub Sub Well |High|TLow |Round
Ang. Ang Ang | Rnded| Rnded| Rnded| Sph. | Sph. | -ness
Mean of
26 8% 8% | 47% | 7% - - {57.6/42.4]|0.26
Analyses
Ang. = Angular
Rnded = Rounded
Sph. = Sphericity

Teble 8 .

(The individual éstimations are shown in Appendix¥L ).
Angularity does not appear to be related to grain size.
PFigure for example shows that the roundness value for

sediments of varying grain sizes is distributed fairly evenly
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- on either side of the mean value of 0.26. Grains of high
sphericity are slightly more common then elongated fragments
in sediments of all grein sizes.

~ The sub-angular nature of the grains indicates rapid
mechanicél}disintegration and deposition 6f the source rocks,
(c.f. Bagssett and Walton 1960, p.1l02), with little chemical
weathering, suggesting a temperate rather than tropical climate.
The absence of well rounded grains rules out thé possibility
of desert conditions, although, as is mentioned below, rounded
grains could have been etched by secondary alteration. Apart
from these general conclusions, the roundness estimations are
of limited value, as the secondary etching and corrosion of
quartz and felspar grains is widespread on sediments of all
- 8rain siges. This greatly limits any deductions concerning
the secondary or primary origin of s ome of the sediments in
terms of angularity changes. The chert and siltétone fragments
in the coarser sediments are in fact the only evidence of
Sedimentary rocks in the source area.

The presence of a considerable proportion of grains with

& low degree of sphericity is considered to be a fortuitous
feature of the disintegration of the source rocks, as many of
them have ident;cal optical properties to the more spherical
fragment;. A small}number of the elongated quartz grains
which show undulose extinction may possibly be of metamorphiec

origin, but as mentioned previously, this feature is of very

limited value (Blatt end Christie 1963).
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(1ii) Comparison with adjacent areas
The meaﬁ values obtained from the specimens analysed
from the Howgill Fells, and the Blawith and Horton-in-
Ribblesdale areas, are shown in table 9 below. (The full

analyses are shown in Appendix VI ).

Limits
of Class .12 .17 «25 «35 .4? « 70 1.00
Mid |
POint 014 021 030 o4l { 059 086)
| % | % |Mean
Very Sub Sub Well | High| Low | Rount
Ang. Ang | Ang |Rnded| Rnded| Rnded| Sph. -ness
Hoxgjg.i%ls 8.4% | 36.0%|52.0%| 3.64 - - | 51% | 49% | 0.25
. 5 ,
Howgills 10 % | 35.0%(47.0%| 8.04 - - | 44% | 56% | 0.26
Winder G. _
- (3)
Blawith 9.6% | 40.0%| 45.0%] 5.49 - - |52% | 48% | 0.25
area (10)
Horton- 16.5% | 39.0%| 43.5%| 1.04 - | - |52% |48% |0.24
—_1in-R. (4)
Ang. = Angular
Rnde = Rounded
Sph. = Sphericity
Table 9 .

The specimens from all these areas show close similarities
to the greywadkes of the Barbon and Middleton Fells. The
only difference is a slightly higher proportion of grains
within the "very angular" class. This is not thought to be
of any significance.' The proportions of high and low
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| sphericity grains are also very similar, apart from the coarse
Winder Grit, where elongated grains are more abundant. No
significance is attached to this feature, however, as the
optical properties of these eiongated greins are identical to
other more spherical fragments, and their breakdown would
Probably yield a numbér of smaller grains of high sphericity.
These similarities once again indicate that conditions of
deposition Qere almost identical over wide areas of north-west
England. The general sub-angular nature of the sediments
suggests that mechanical disintegration of the source rocks
was widespread, followed by a rapid phase of deposition, and
then transport and re-deposition by turbidity currents. The
period of transport was too short to allow the grains to
become rounded, and thus according to Folk (1951), the sediments

are immature.

General Conclusions

(1) The greywackes of the Barbon and Middleton Fells fall
predominantly within the coarse silt to fine sand grade.
Only at one or two isolated horizons were coarse sandstone

or grit grade sediments deposited.

(2) In the Howgill Fells to the north, the mean grain size
of the sediments is somewhét coarser. - This, combined
wifh the presence of giant flute casts suggests more
turbulent conditions, perhaps brought about by a
steepening of the sea floor in this area.
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(3)

(4)

(5)

(6)

The sediments contain appreciable quantities of sand,
gilt and élay together, and are thus poorly sorted.
Variations in the degree of sorting between the Barbon
and Middleton Fells and adjacent aréas, are considered
to be a result of variations in the stfength of the

turbidity currents.

The composition of the greywackes is affected by
changes in grain size. An increase in grain size
results in a rise in the percentgge of.rock fragments,

end a fall in the percehtage of quartz and matrix.

The definition of the term greywacke states that
these rocks are coarse grained. In this respect the
Silurian greywackes of north-western England are, with
a few exceptions, atypical, even though the composition
satisfies the mineralogical criterion. The Coniston
Grits do in fact appear to compare closely with the
greywacke siltstones described by Warren (1963), from

the Hawick area.

- The predominantly sub-angular nature of the sediments
indicates rapid mechanical disintegration of the source
rocks, followed by a short phase of transport and
deposition by turbidity currents.
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CHAPTER 7

THE PINE GRAINED SEDIMENTS

Introduction

The coarse sediments described in the previous two
chapters indicate that gﬁrong turbidity currents flowed into
the area during much of Iudlovian time. This is not the
complete picture, however, as finer grained sediments form
an appreciable part 6f the succession, especially in the
Wenlockian and upper part of the Iudlow Series, These fine
Sediments, as previously mentioned in Chapter 5, have been
Sub-divided into the following types:-

(a). The banded graptolitic siltstone.
(b) The banded units.

(¢) The mudstone partings to the
graded greywacke beds.

(d) The impure 1imestoneé.

In this chapter, the pétrography and origin of these fine
Sediments is described, followed by a discussion of their
relation%hips #b the coarser greywackes. Owing to the
fine grain size, accurate modal analyses have not been
bossible, but the mean grain size is in every ceaese, less than

0. 030mm.
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(a) The Banded Graptolitic Siltstones

This lithology is basically & grey (N4), banded
siltstone, the banding of which is fine enough to give rock
surfaces a finely striated appeerance, (see figure 3;5).
Weathered surfaces, especially in the Iudlow Series, appear
yellowish brown (10?36/2). This is the only lithology in
which fossils are preserved. It is common throughout the
Silurian succession. It has been described from the
Llandovery Series by Rickards (1963), and is predominant in
- the Wenlock Series. In the Imdlovian, however, it occurs
as relatively thin bands in a generally coarse grained
succession. There is a slight increase in the grain size
of the lithology between the Wenlock and Ludlow Series, Hut
this is not usually discefnible in hand specimens. This
change, although only slight, is of significance, as it
reflects a tfend in the Silurian sedimentation and conditions
of deposition as a whole, and is discussed more fully in

‘chapter 9 , dealing with the conditions of deposition.

(i) The Mineralogical Composition

Twenty five thin sections of the graptolitic siltstone
(s/G/1-25), cut at right angles to the bedding, have been
examined, inciﬁding'at least one from each horizon at which
the lithology occurs. In addition, a number of sections
cut parallel to the bedding have been studied, in order to
determine the origin of the dark banding. The composition,
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like that of the coarser greywackes appearé to vary little
throughout thé succession, and is thus described as a whole.

Quartz is by far the most abundant mineral and occurs
in corroded angular to sub-angulér grains. The ovefall
fine grained and altered nature of the sediments, however,
makes it difficult‘td distinguish the different varieties.

Felspar is also present, but only in small amounts.
Orthoclase is the most abundant type, and is usually highly»
Sericitised or kaolinised. Microcline has not been observed,
but a few grains probably do occur. A few grains of
bPlagioclase have also been observed. The fine grain size
'0f the sediment, however, prevents positive identification
of the variety.

Some muscovite is present, and occurs as thin flakes
arranged parallel or sub-parallel to the bedding. It differs
from the abundant sericitevby its larger size, and post-
'depositional bending. The heavy minerals include magnetite
and abundant pyrite. |

No rock fragments are present in any of the siltstone
Specimens. This is considered to be a reflection of grain
size, however, as rock.fragments become increasgsingly rare in
the finer greywackes.

The matrix is abundant, vefy much more so than in the
greywackes, and is composed largely of sericite, chlorite,

carbonate and much unidentifiable clayey material. The

138



Ll

Fig.7-1. Thin sections of the graptdlitic siltstones.

(A)Siltstone lamina grading into mudstone.

(B)XC)Sharply defined diternating silt and mudstone laminae with

(D) Ungraded Siltstone. sole structures(B)
All x60, unpolarised light.




sericite unlike the muscovite has a random orientation,
indicating grthh after deposition. The quantity of
.carbonate is variable.

The mineralogy thus shows many similarities to the finer
greywackes, and indeed, it is shown below that the graptolitic

siltstones do in fact grade into the fine greywackes.

(ii) The texture and its Origin

As was noted above, hand spedimens of the siltstones
have a very finely laminated or banded appearance, lighter
and darker bands alternating. In thin section, the lighter
bands are seen to be of silt grade, which in many cases grade
up into the fine grained darker bands, consisting largely of
chlorite, sericite and clayey material, (see fig.T-la). 1In
other cases, (fig.1-lb), fhere is a sharp junction between
the coarse and fine bands, with no grading at all. In a
third variety, clay material is altogether absent, the rock
being made up entirely of fine silt. In these cases, the
dark banding is produced entirely by carbonaceous or pyritic
films which are described below. The thickness of the
individual laminae in the first two varieties ranges between
a + and lmm. The graptolitic siltstones thus show on a
micro-scale, all the features of the large scale grading seen
in the coarser greywackes. Indeed, these features are
reproduééd to such an extent, that where a silt lamina overlies

the graded clay top to the preceding lamina, sole markings
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on a micro-scale are often produced, (see figure71-).

These feétures have been deséribed by Kuenen (1953%),
from coarse greywackes, and he considers them}to be a result
of deposition from turbidity currents. The fine gréin size,
small scale graded bedding, and general unsorted texture, -
suggest that the depdsition in this case, however, was
achieved by means of slow moving low density turbidity
currents, similar to those described by Smith et al (1960),
from lake deposits. The mud fraction of each graded
lamina- may have been partly deposited from suspension over
a longer period of time (cf. Kuenen 1951). Cummins (1959),
‘Tlewellyn (1963, personal communication), Warren (1963%), and
Rickards (1964), arrive at similar conclusions.

The similarity of the mineralogy to thst of the greywackes,
suggests derivation from a similar source. In the absence
of palaeocurrent indicators, this is assumed to be, like the
greywackes, from the north-west. Carozzi (1957), describes
how greywackes can bebtraced laterally into finer grained
sediments, but which s till retain the textural features of
the coarse sediments. The_graptolitic siltstones of the
Barbon and Middleton Fells, and adjacent areas, may thus be
the latg;al equivalents of coarse greywackes. The other
possibility is that they represént periods of widespread
quieter deposition, when the a gents producing large scale

turbidity currents were quiescent. It is probable that both

factors operated together, as some of the graptolitic siltstone
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beds can be traced over wide areas, whereas others cannot 5@
traced even for theshort distance between the Barbon and
Middleton and Howgill Félls.

The graptolitic siltstones  thus represent deposition
from sibw moving low density turbidity currents, which carried
only fine grained sediment,.but which still produced on a
small scale, all the depositional features of a normal
turbidity current. These may have originated as low density
currents, or may be the lateral equivalents of the high
density types. |
| Superimposed on this micro-grading are very thin
irregular films and lenses of opaque material. Rickards (1964)
referred to this as carbonaceous material, although he aid
recognise that some of it was probably formed of pyrites.
Under reflected light, much of the banding gives a yellowish
metallic lustre, and would thus appear to be largely pyrites.
Carbonaceous material does also occur, but the present work
~indicates that it is not as prevalent as previously supposed.
Carbon analyses carried out for Rickards showed in fact, a
slightly smaller percentage of carbon in the siltstones then
in the greywackes. It is-therefore proposed in this work,
to refer to these as pyritic films.

This banding is often found at the top or within the
finer grained part of the graded laminae. It is by no means
restricted to thef ine grained material, however. Where it

occurs within the silty part of the lamina, it has the
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Fig.7-2. Contorted pyritic films. (black)
in a coarse graptolitic siltstone
fromm the Lower Coniston Grits.

X 60 unpolarised light.




appearanoe of lenses of opaque maferial wrapped around the
mineral grains, (see figure 7-2). (In sections cut parallel
to the bedding, the pyritic film has a paﬁchy appearance, due
to its contorted nature). It would thus appear to be
indepenaent of grain size. | This independence suggests thet
the agents which produced them were completely independent of
the clastic sedimentation. There is thus no reason to suppose
that the films were deposited only in times of fine or quiet |
sedimentation. During rapid coarse sedimentation, the
‘original carbonaceous material would be o#erwhelmed and
dispersed, (as would any graptolites). Also, as is discussed
in chapter 9 , conditions of deposition were probably more
aerobic during fhe turbulent coarse sedimentation, and thus
the carbonaceous material and iron compounds would also tend
tb be oxidised, rather than reduced to pyrites. Evidence
that the films were deposited during periods of coarse
deposition, is seen in a specimen from the Pell Road section
of the Lower Coniston Grits, (Bed LCG 10). This bed has been
classified as a graptolitic siltstone only by reason of its
dark banding, end its fineness in comparison to the under and
overlying greywackes. Asrfigure7ﬂ33hows, this bed could
easily be taken for a fine greywacke, but for the presence of
the pyrItic films.

The pyritic films and lenses ha#e been proved to be
independent of the silt and mudstone sedimentatioh, and thus
their origin must be sought for elsewhere. Although the
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Fig.7-3. Pyritic films developed in fine
greywacke, indicating a transition
from greywacke to graptolitic

siltstone.(Bed LCG 10,L.Con. Grits))




'so called carbonaceous material has been shown to be largely
pyrites, its origin is still probably organic, end has been
produced by the breakddwn of organic material and iron
compounds by bacteria under anaerobic bottom conditions,
similar to those described by Wills (1922), and Zobell (1942).
The carbonaceous material Which is present probably represents.
the unaltered remains of this organic matter. Rickards (1964)
considered this "carbonaceous" material to have been produced
from algae, which lived in the surface waters, and the death
of which was possibly an annual feature,.thus producing ennual
‘films in the s ediment. A.second possibility was that the
films were produced by periodic influxes of algae into the
area, but which was not necessarily an annual feature. This
would hardly produce the very regular banding seen in the
siltstones, however. Jones (1954), Cummins (1959) and
Llewellyn (1960) considered that the "carbonaceous" banding
probably arose from the reworking of the mud immediatély

after deposition by worms, end that the banding was in fact
coapressed faecal pellets. Pigure 74 , however, shows that
the effect of worms is to destroy the banding, which is in
accordance with the work of Moor and Sceruton (1957).  This
showed that the progressive activity of worms in recent
sediments proéuces é gseries of stages between completely
undisturbed banding and a completely homogenous mudstone.

Thg possibility of the pyritic films being of secondary

origin can be discounted, by the discovery of an orthoceras
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Fig.7-4. The destruction of the dark banding
in mudstone by the action of
burrowing worms. For full explanation
see text.

(X2, unpolarised light.)




embedded in the siltstone. The shell has fallen on to the
unconsolidated sediment and sunk in to a depth of 14mnm,
depressing all the 1aminae.around it, as shown in figure 7-5 .
Later sediment has been deposited evenly around the projecting
portion of the shell.  The depression of the laminae by this
shell almost certainly indicates that they are a primary
depositional feature. The shell also provides further
evidence of quiet conditions of deposition, as strongA
turbidity currents flowing against the projecting part would
_have dislodged it. The first possibility mentioned by
Rickards, that the films are an annual feature produced by

the death of algae, thus s eems the most plausible explanation.
Furthermoré, recent evidence of this type of sedimentation has
been provided by Archengelsky (1927), who has shown that the
periodic sedimentation of mud rich in organic matter, in the
Black Sea,'is dependent on the death of the plankton every
winter.

As the pyritic films thus appear to be of an annual
origin, the possibility arises of using them to deduce the
beriod of time taken to deposit each bed of graptolitic
siltstone. Rickards (1964, p.438), implies that Marr (1927),
and Cope (1955), used this method to date banded siltstones.
These workers, however, did not count the pyritic films, but
the alternating silt and mudstone laminae. These they

considered to represent dry and wet seasons, and thus one

siltstone and one mudstone lamina accounted for one year's
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FIG. 7-5. Sketch of the depression of graptolitic

siltstone laminae by an orthoceratid.




‘ deposition. - As was shown on page 4| , however, the deposition
of the sediment can no longer be considered to be a climatic
feature. Counting of the pyritic bands reveals that their
density is variable. Accurate counting is extremely
difficult, however, as the bands are very much contorted, and
lens into one another, but a figure in the order of 100 bands
per inch has been estimated for some horizons. This implies
that 1 inch of siltstoné is equivalent to 100 years, and a
30' bed, 36000 years of deposition. If the compression of
worm tubes is taken into account, however, the sediment
appears to have been compressed to about half its original
thickness during diagenesis. Thus 1" of indurated siltstone
represents 2" of unconsolidated sediment deposited in a
period of 100 years. This is equivalént to a rate of O.5mm
per year. It is of interest to note that although the types
of deposition probably differ, this is identical to the rate
of anaerobic sedimentation described by Dunham (1961), from
the Black Sea. This figure is plausible, as unlike the
coarse greywackes, which were deposited extremely rapidly,
the graptolitic siltstones have been shown to be the result
of comparatively slow depoéition, by low grade turbidity
currenfs, perhaps partly during periods of general quiescence,
when th; currents were small and intermittent. There are 80
many unknowns and possible sources df inaccurady in this
method, however, that it is not proposed to extend these
estimations further.
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The opaque pyritic films which are preserved only in
the graptolific siltstones, are thus considered to represent
the remains of orgenic matter, with which graptolites may
possibly have been associated.  The evidence suggests that
these films are of an annual origin, but are not consistent
and regular enough to be used for accurate dating. Their
absence in the coarse greywackes probably results from the
extremely rapid and turbulent deposition completel&
overwhelming and oxidising the minute amounts of organic
- matter. This also accounts for the absence of graptolites

in the greywackes.

(iii) The occurrence of this Lithology in other areas.

The graptolitic siltstones have been described under
various names from different parts of the Lake District by
Marr (1927), Llewellyn (1960), Norman (1961) and others.

In addition, Rickards (1963, 1964), described in detail,

the occurrence and origin of this lithology in the Howgill
Fells. Examination of a number of thin sections from these
areas show the litholbgy to be identical with that described
from the Barbon and Middleton Fells. The graptolitic .
siltstones thus indicate that conditions of deposition were
similar over wide areas of narth-western England. This
lithology has also been described by Cope (1955), from
Central Ireland, by Cummins (1959), from North Wales, and

by Warren (1963), from the Southern Uplands. Thus the
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Siltstones were not restricted to the Lake District area

of deposition, but indicate that low grade turbidity currents
were a widespread means of sedimentation throughout the
Silurian geosyncline. This evidence is discussed further
in chépter- ? , dealing with the conditions of deposition as

& whole.

(b) The Banded Units

(1) The Mineralogy and Texture

This lithology, as described in chapter 3, page 3,
consists essentially of interbedded laminae of banded
graptolitic siltstone, and unbanded mudstone, with a
predominant grey colour (N4)., - It is restricted entirely to
the Tudlow Series, and is predominant in the Bannisdale Slates,
where it forms almost the entire succession. It also occurs
widely in the Lower Bannisdale Slates and Middle Coniston
Grits, and at a few thinner horizons in the Lower and Upper
Coniston Grits. In the Lower éoniston Grits, the graptolitic
siltstone laminae are thicker than the unbanded mudstone
(fig. T-6a), Rising through the succession, however, the
siltstone laminae become progressively thinner, and the
mudstone laminae thicker, until in the Bannisdale Slates its
typical development is seen (fig.?‘&b), in which the silt
laminae are uéually about Tmim thick, and the mudstones
15-20mm in thickness.  The alternating laminae give rock

faces a characteristic banded and sometimes flaggy appearsance,
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Fig. 7-6. (A)Banded Unit from the Lower Coniston

Grits.
(B)Banded Unit from the Lower

Bannisdale Slates.




FIG.7-7The characteristic appearance
of the Banded Unit lithology.



éspecially where seleqtive weathering hes occurred; hence
the name banded units, (figure'Fq )e |
Examination of 20 thin sections of the banded unit
litholqu shows that the minerslogy of the siltstone laminae
is identical to that of. the normal graptolitic siltstones
described above. The micro-grading, pyritic films, and
general texturé are also similar, indicating that the coarse
laminae at least, originated by deposition from low grade
turbidity currents. The mudstone laminae, are made up of
finely divided chlorite and clayey material.~ They compare
closely with the fine tops to the micro-graded units in the

siltstone beds, and appear tobe a development of them.

(ii) The Origin of the Banded Units

Rickards (1964), considered that the mudstone laminae
were produced as a resﬁlt of the reworking of banded
graptolitic siltstone by burrowing worms, in the manner
described by Moor and Seruton (1957), the end product of
which is a homogeneous sediment. Tne pyritic banding is
undoubtedly destroyed'by the action of worms as shown in
figure T4, but only when it occurs in fine mudstone. In
the siltstone laminae, the worms appear to be only partly
able to destrdy the banding, fhe result being a mixed mottled
sediment in which fragments of the pyritic film can still be .
Seen. The mudstone tops to the siltstone laminae are

considered to reflect the final deposition from a dying
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turbidity current, or perhaps even deposition from the muddy
suspension left after the passage of the current. The
distinct mudstone laminae found within the banded units are
a further development of this type of sedimentation, and
reflectwthe increasing dominance of quiescent conditions,
in which turbidity currents were only of interamittent
importance. The absence of the opaque pyritic films within
the mudstone laminae does not mean that they wefe not
deposited, or formed. As shown above, worms are abie to
_destroy these films, but only when they are deposited within
fine mud. Thus, it is considered that the films were
~originally deposited along with the mud as carbonaceous
matter, but were in the majority of cases, quickly and
completely destroyed by the action of worms, before‘pyrites
could be formed, leaving a fine unbanded mudstone. Slow
deposition would allow this process to take place easily and
completely. Pyritic films are found within the mudstone
tops of the graded siltstone laminae, however, but in this
case, the mud bands are probably too thin and closely
associated with the siltstone for the worms to be able to
destroy them. The progressive development of this lithology
through the succession is discussed further in the chapter
dealing with the conditions of deposition as a whole.

The banded units, like the graptolitic siltstones also
occur in the Howgill Fells, and the Lake District, and

Cummins (1959), has described this lithology from the
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Nentglyn Flags of Denbighshire. This is again evidence of

widespread similarities in the conditions of deposition.

(¢) The Mudstone Partings to the Grejwaoke Beds.

These are extremely fine gfained dark grey mudstones
(N3-4), occurring usually as the graded top to individual
coarsé greywacke beds. In other caseé, there is a sharp
junction between the mudétone and underlying greywacke.

The mudstone bands, which rarely exceed 6 inches in thickness,
are thus part of the greywacke sequence, but are considered
here in view of their fine grain size.

In thin section, the mudstone as expected, is seen to
be formed of clay minerals with a similar appearance to the
mudstone laminae in the banded units. The origin of the
mud is obviously from the fine grained tails of the high
density turbidity currents which deposited the greywackes.
The lack of structure or evidence of organic remains, however,
suggésts that unlike the mudstones in the banded units, these
muds were deposited rapidly. So rapidly in fact, that
carbonaceous material would be completely overwhelmed and
scattered through the entire thickness of the hed. It would
thus be a poor source of food supply for burrowing worms,
and in any case, the succeeding coarse sediment was probably
deposited before organic activity had fully developed. This
lithology also, is common in other areas of greywacke

sedimentation.
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(d) The Impure ILimestones.

In the Barbon and Middletbn Fells, limestones are
resfricted to the bipartite bed at the base of the Tudlow
Series.‘ The limestone is exceedingly impure, and contains
a high froportion of clayey.and silty material. In the
Howgill Fells, it is found weathered to & brown rotteﬁstone
in several localities, in which trilobites are abundant.

Its deposition indicates the development of s omewhat clearer
water conditions for a short time after the muddy and silty
‘Wenlockian sedimentation, and before the‘coarse grained
turbulent ILudlovian sedimentation. The abundance of shelly
fossils in this limestone in the Howgill Fells (Rickards 1963),
is an indication that the water became comparatively
oxygenated, after the anaerobic conditions of the earlier

part of the Siluriaﬁ. This is again evidence of the gradual
change in conditions of deposition, and is considered further

in chapter ¢ .

General Conclusions

(1) The graptolitic siltstones are formed largely of very
thin alternating laminae of silt and mudstone, many of
which exhibit grading on a microscopic scale. Only in

this litﬁology are fossils preserved.

(2) The mineralogy and texture suggests a similar source
and mode of deposition to.the coarser greywackes., The
fine grain size, however, is indicative of weaker
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(3)

(4)

(5)

turbidity currenfs. It is thus concluded that the
graptolitic siltstones represent deposition from low
density turbidity currents, which carried only fine
sediment. These may ha#e"originated as low density
currents, or may be the lateral equivalents of the

high density type.

Superimposed on t-his micro-grading are thin
contorted films of pyrites, which probably originated
as carbonaceous material. These films are independent
of the normal sedimentation, but are definitely primary,

and may thus be of an annual origin.

It is possible to use these pyritic films, assuming
that they are of an annual origin, to deduce the rate
of sedimentation. A plausible answer of 2 inches of
unconsolidated sediment in 100 years is obtained, and
if true, is further evidence that the sediments were
deposited largely in quiescent periods when the currents
were small and intermittent. There are so many unknown
factors, however, that the estimations have not been

extended further.

wThe banded units consist essentially of alternatioms
of graptolitic siltstone lithology, with unbanded
mudstone laminae, which slowly increase in thickness

as the higher parts of the succession are reached.
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(6)

(7

(8)

(9

This lithology is considered to represent increasingly

quiescent conditions of deposition.

Originally, carbonaceous or pyritic material was
pfébably présent in the mudstone laminae, but its
absence in the consolidated sediment is thought to
result from the fine grain size allowing the sediment
to be easily reworked by burrowing worms. In the
coarser silts, the films aré at the most, only partially
destroyed, indidéting that the worms could only operate
effectively in fine sediment. |

The mudstone partings to the coarse greywacke beds,
however, are thought to represent comparatively rapid
deposition from the tail of & high density turbidity

current.

The impure limestones at the base of the ILnmdlow
Series represent a temporary phase of somewhat more

aerated water conditions.

A1l these lithologies are common in Silurian strata
in other parts of the country, and thus indicate

Wigespread similarities in the conditions of deposition.
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CHAPTER 8

SEDIMENTARY STRUCTURES

(a) Introduction

The description and discussion of the mineralogy of the
greywackes in chapter 5 indicated that the coarse sediments
at least, appeared.to have beeh derived from an area formed
- largely of volcanic rocks and beds of chert. Rocks of
this type are common in the northern belt of the Southern
Uplands, and fragments of them are found in some 6f the
Silurian greywackes of southern Soofland. It was thus
concluded that the Coniston Grits of the Barbon and Middleton
Pells, and-the Iake District, were derived from these rocks,
and deposited by turbidity currents which flowed into the
area from the north-west. In this chapter, the evidence

from sedimentary structures is examined to see if it is
possible to confirm this theory. In this respect, flute
markings which act as current indicators, provide valuable
evidence. ‘

The structures of all types are most abundant in the
coarse greywackes, but also occur commonly on a microscopic
scale in the graptolitic siltstones. In the mudstone tops
of the greywacke beds, however, the only structures are the
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flute markings scoured by the succeeding turbidity current.

(b) Depositional Structures

Depositional structures include graded bedding, current}
bedding, laminéted bedding and the preferred orientation of
the\individual grains. The structures are abundent in
almost all areas of turbidity current deposition, and have
attracted a good deal of attention, especially in recent
years. Among the more importént works on the subject are
those by Kuenen (1938, 1953), Kuenen and Migliorini (1950),
Keiazkiewicz (1954), Walton (1956), Cummins (1957, 1959),
Wood and Smith (1959), Sanders (1960), Bouma (1962), and
Lombard (1963%). 'In the following pages, the structures
described by these emthors, and their mode of origin, are
compared with similar features from the Barbon and Middleton
Fells. |

(i) Graded Bedding

Normal graded bedding, characterised by a continuous
upward decrease in grain size,.is not usually obvious in the
coarse greywacke unifs, due to the overall change in grain
size from bottom to top of each bed being only slight.

A series of thin sections from different parts of the bed,
however, show & slight but continuous decrease in grain size
upwards. The coarser greywackes low down in the Coniston
Grits of the Barbon end Middleton Fells, and the Winder Grit

of the Howgill Fells, however, show grading to a rather

greater extent, as the overall decrease in grain size through
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the beds is much greater., One‘notable feature of graded
bedding, is that the degree of sorting of the sediment is
affected to only a limited exteni. Thus even though the
beds grade from coarse to fine, there is still a wide range
of individual grain sizes at any one hdrizon, except in the .
finest mudstones. Graded bedding of the normal typé is
much more apparent, however; in the graptolitic siltstones.
Thin sections of this litholog&, as described in chapter 7,
contain numerous individual léminae which grade from silt
up into fine mudstone over a thickness of % to lmm
(see figure T-la): |

Delayed grading (Walton 1956), is much more common and
noticeable throughout the Coniston Grits. In this type the
grain size of the greywacke bed remains constant through
almost the entire thickness of the bed, which may vary from
3 to 10 feet. The last 15-30cm of the bed, however, show
a rapid grading up into fine grained mudstone, which separates
the bed from the succeeding coarse greywacke. Although common
at all horizons in the Coniston Grits, this type is
particularly well developed low down in the TLower Coniston
Grits, on the hillsides north of Leck Beck (647780). This
type ff'grading is: not seen in the graptolitic siltstones
owing to the extreme thinness of the individual laminae.

Multiple and reversed grading (Kuenen 1953, fig 1D,
Walton 1956), are common particularly in the thinly bedded
greywacke units of the Middle Coniston Grits and Lower
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Bannisdale Slates. Individual consecutive beds grade from
_coarse to fine through a thickness of 10-15cm. Sometimes
each lamina can be distinguished by a definite fine grained
top which forms a bedding plane. In many cases, however,
laminae 30-40cm in thickness begin to grade into fine

-

sediment, andvthen‘show a reversal to coarse grained sediment,
without a distinctive junction. Sometimes this reversal of )
the grading is very sudden, taking place in 4 or 5mm, and at
other times is much more gradual. Superimpgsed on this

type of grading, there is sometimes an overall grading through
the entire unit, from coarse to fine, similar to that
degcribed by Wood and Smith (1958). Overall grading is also
common in the thick greywacke units of the Lower and Upper
Coniston Grits. Individual beds show normal or delayed
grading, but through the unit as a whole, which may have a
thickness of 200 feet, there is a definite overall decrease

in grain size upwards.

(ii) The significance of the Graded Bedding

The graded greywackes of the Barbon and Middleton Fells
show almost all of the features described by Kuenen (1953,fig.l),
‘which were considered by him to be indicative of deposition
from Eurbidity«currents in deep water at a long distance from
the source. Variations in the type of graded bedding can
thus be taken to reflect variations in the type end strength

of these¢ turbidity currents.

Normal graded bedding indicates the passage of a current
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which is slowly losing speed and strength. The powerful
nose of the current carries a concentration of the coarser
grade sediments, and thus the base of the graded hed contains
a high proportion of coarse material, along withsilt end mud.
The succeeding parts of the current become progressively
weaker, and are thus unable to carry, or have already deposited
the largest grains. FPinally, the weask tail is abie to carry B
only silt and mud sized sediment, which is depositéd at a
slower réte. Thus the current leaves behind a bed of
sediment grading from coarse into fine, but which is poorly
sorted, as at any one horizon there is a wide range in the
size of individudl grains. | As described above, nofmal
grading is fairly common in the Barbon and Middleton Fells,
especially on a microscopic scale in the graptolitic
siltstones. Its comparatively poor development in the
greywackes indicates perhaps, that the speed of the currents
was fairly constant in this area, and that much of the finest
sediment passed over in suspension to be deposited elsewhere.
The abundance of this type of grading in the graptolitic
siltstones, however, reflects deposition from numerous low
grade currents. These may represent the dying tails of high
density currents which had deposited their coarse sediment
elsewﬁére (as mentioned in chapter 7), or may have been small
features throughout their existénce.

The delayed grading which is well developed in the
Lower Coniston Grits, is cohsidered by Kuenen (1953 p.1050)
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to represent deposition from a‘turbidity current with a
uniform long continued supply. The deposition from this

type of current would be expected to be widespread. This

is confirmed by the correlations described in chapter 3,

which show that individual units of the Lower Coniston Grits .
in the Barbon and Middleton Fells, have almost their exact
equivalents in the Howgill Pells.

The multiple and reversed grading, common in the Middle
Coniston Grits and Lower Bannisdale Slates, is considered
by Kuenen to be indicative of depositioﬁ from successive
pulses and tongues of the same turbidity current. The
Overall grading through units of this type suggests that this
is in fact the case. The sediments deposited from currents
of this type would be expected to show rather more variation
over comparatively short distances. Comparisons between
the Barbon and Middleton and Howgill Pells shdw this to be
the case.

The graded bedding of the Barbon and Middleton Fells
thus shows that the turbidity currents which flowed into the
area were variable in nature. The deposition of the coarser
sediments appears to have been carried out largely by
comparatively long, continuous, and uniform currents, resulting
in deiéyed g£ading, and poorly developed normal grading. At
other times, however, the currents appear to have flowed in

a series of pulses or waves, resulting in multiple and reversed

grading. The finer grained sediment was deposited from weak
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currents which may have been the lateral equivalents of the
‘above types; or, as described in chapter 7, may represent

periods of general quiescence.

(iii) Current and Laminated Bedding

Current Bedding is extfemely rare.in the Barbon and
Middleton Fells, and is restricted to some of the thinly
bedded fine greywéckes in the Upper Coniston Grits; It is
never developed on a scale large enough to be measured
accurately. General estimations from a few localities in
Millhouse Beck, one of the few sections where current bedding
is exposed, indicate the passage of currents from north-west
to south-east. The current bedding appears to infill small
irregularities in the earlier sediments, similar to those
described by Kuenen (1953, p.l1l051). These irregularities
have probably been produced by locally concentrated
turbulence within the currents, the deveIOpmenf of which
Qould possibly lead to fluting. |

Teminated Bedding (see figure 8-1) is rather more
abundant, but again only in the upper part of the fine silty
greywackes., Thin sections reveal that the laminae are made
up of alternations of coarse and fine material, 1-5mm in
thickness, some of which are graded. This laminated bedding
does ;n fact resemble the graptolitic siltstones on a somewhat
larger scale, except that the pyritic banding is usually
absent. In Millhouse Beck, however, examples of this
structure containing pyritic films have been discovered. The
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(<)
Fig.8-1.(A) Laminated bedding in very fine greywacke.
(B) Laminated bedding emphasised by pyfitic films.
(C) Combination of current and laminated bedding.

All specimens from Millhouse Beck locality.




restriction of this laminated bedding to the finest greywackes,
and the similarity of its texture to the graptolitic siltstones
suggests that it has been formed by en almost identical means.
This could be small low grade turbidity currents, the lateral
equivalents of a fluctuating large current which was produciny
mulfiple grading in coarse greywackeé elsewhere. In most .
cases, however, the grain size and rate of deposition have been
“too great‘to allow preservation of the pyritic films. The
development of this lithology towards the top of the finer
greywackes shows beyond doubt that there is a transition
betweeﬁ the greywackes and graptolitic siltstones. In
normal circumstances this is not seen due to the sharp
junction between these two lithologies.

Developing from this planar lamination is asymmetrical
1amination, from which is developed. convoluted bedding.
This association is well developed in éeveral localities, but
notebly Millhouse Beck, where the laminated and rippled
bedding is highly convoluted.‘ It is especielly apparent in
this section because of the pyritic banding, (figure 8-2),
which serves to emphasize the convolutions. This structure
has been described by Kuenen (1953, pp. 1056-58), and
Williams (1960), and is considered to be a result of
deposition on top of slurried rippled sediment. The weight
of the overlying sediment contorts and emphasizes

irregularities in the surface of deposition, which Sanders(1960),

161



e

s S~

overlain by

Convoluted bedding
laminated bedding.




considers must be present initially and from which the
convolutions are developed. . (See also Potter and
Pettijohn 1963 p.152.) The marked convoluted nature of the
Specimens from the Barbon and Middleton Fells, suggests that
the sediment was in an extremely slurried stéte, and almost
flowed under the weight of the overlying sediment, rather
than form well defined load structures. The formation of
load structures, however, is discussed in more detail later
in this chapter.

Another depositional feature of the greywackes is the
preferred orientation of mineral grains. This shows the
sediments to have been deposited by currents, and not by
settling (cf Dapples and Rominger 1945), and is brought about
by the deposition of grains with their long axes parallel to
the current direction, in which position there is least
resistance to the current. The long flakes of detrital mica
illustrate this orientation extremely well, but it is also
apparent to a certain extent with quartz and felspar grains
and rock fragments. B

The small scale depositional structures indicate that

localised turbulence and variation produced features which are

superimposed on the overall large scale grading. The
laminated bedding represents on a rather larger scale, the
type of structures seen in the graptolitic siltstones, but

which was formed in & much shorter time.
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(¢) Structures due to Erosion and Pre-consolidation
Deformation

(i) The History of Research into Sole Markings

A characteristic feature of turbidity currents is that
they hug the sea floor owing to their greater density than .

the surrounding water, and are thus in close contact with the

unconsolidated sedimeﬁt previously deposited. Powerful
currents are not only capable of carrying sediment, but in
their early stages contain enough reserve strength to
actively erode the s ediments they are in contact with. The
structures produced by this erosion have attracted a
tremendous amount of attention in recent years, as they
allow the current directions to be plotted, thus enabling
the source of the s ediments to be traced. The history of
research into erosional and allied structures is briefly
summarised below. The use of the structures for plotting
current directions is discussed in a later section of this
chapter. |

Clarke (1917), was one of the first workers to recognise
that flute markings were produced by current scour, but he
considered that they were lobate rill marks which had been
eroded on & beach. The undercut edges of many fiute
markings were noted by Ruckiin (1938). He considered them
to be a result of vortices within the eroding currents.

This may be partly true, but in many cases is considered to
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be due to later loading of the uncénsolidated sediment. As
recently as-l950, flow markings were 5till being considered
in terms of beach erosion. Rich, for example, suggested
that some flute markings resemble the gouging developed
around a stone on a beach. - RKuenen (195%), however, finally ]
proved beyond all doubt that these structures were a result

of erosion and infilling by turbidity currents. Polished
sections through large flute moulds showed that the largest
grains had collected at the bottom of the structure, and that
the grains became progressively finer upwards. This grading
combined with undistorted current laminations, suggested that
the sediment had been deposited from a turbidity current as

an infilling of a pre-existing erosional structure. The

term flute was proposed by Crowell (1955). He also
considered that the turbulent eddies which produce flute
narkings were influenced by the earth's rotation, so that
structures produced in the northern hemisphere were deflected
slightly to the right (Coriolis Force). The deviation thus
produced should be allowed for, according to Crowell, in
plotting current directions. According to Ten Haaf (in
Kuenen 1957), however, there is no definite evidence that

this deviat;on takes place.

“By 1955, flute and associated markings were generally
accepted as being produced by eroding turbidity currents, and
thus more recent work has tended to concentrate on the detailed

aspects and significence of their formation. Dzulynski and
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Radomski (1955), investigated the relationship betweenvthe
erosion of the structures and their subsequent infilling, and
came to the conclusion that they were eroded by one current,
and infilled not by later stages of the same one, but by the
following current. This theory is not accepted by
Kuenen (1957), however, as there is no evidence of infilling
of the structures by fine pelagic sediment between one
turbidity current and the next. Also, the undercut edges
of some flutes are original, and could not have survived
unless infilled immediately. Work on the interpretation of
flow markings, and their differentiation from structures
produced by the loading of water saturated sediment, was
carried out by Prentice (1956), and Kelling and Walton (1957).
These authors showed that it is possible to distinguish flute
moulds from load moulds, and loaded flute moulds by the
distortion and cutting of the laminae within the structure.
A paper by Kuenen and Prentice (1957), also dealt with this
relationship betweén flute moulds and post-depositional
loading. A slightly different aspect was dealt with by
Smith (1957), who described directional grooves produced by
the propelling of graptoiites through mud by an incoming mud
flow.

‘bne of the most valuable papers dealing with sole markings
was also published in 1957, by Kuenen. In this paper previous
work is reviewed and many different types of flute markings

are described. The sole markings were classified in terms

165



‘of their mode of origin, (c¢f. Vassoevitch 1953%), but it was
emphasized that they are not necessarily restricted to
turbvidity current deposits. Turther short papers dealing in
detailﬂwith cerfain aspects of ‘this work were published by
Crowell (1958), Glaessner (1958), and Kuenen and Ten Haaf (1958).
Yet another aspect of flute formation was described by Hsu (19%9)
whose work on the pre—alpine flysch showed thaf sole markings -~
were much more common in poorly graded turbidity current
deposits..

Further varieties of sole markingsvweré described by
Craig and Walton (1962), from the Southern Uplands, including
& whole series of gtructures described as "tool marks", and
which are produced by fhe movement of fossils or large grains
~across mud surfaces in varying manners. An important aspect
of this paper was the clarification of the terms cast and mould
with regard to sedimentary structures. These authors pfoposed
that the term "mark" should be used to refer to the original
structure on the upper surface of the fine grained bed. The
term "mould" should be used in reference to the coarse grained
infilling of the structure. The use of the term "cast" is
wrong. These suggestions have been adopted in the present
woxrk, and he?eafter "flute mould" refers to the structures
develgbed on the under surface of the infilling coarse beds,
‘usually referred to as "flute casts".

That sole markings really are produced by swirling eddies
within turbidity currents, or by the dragging of fossil

fragments across the surface of the mud, was proved by
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| Dzulynski and walton (1963). in a geries of experiments,
turbidity currents made up of a suspension of plaster-of-paris
in water, were made to flow over a soft "mud" surface formed
of china clay or soft gelatine. The turbulent flow could be
observed through the perSpéx sides of a small sedimentation
tank, end from below when clear gelatine '"mud" was used. )
Swirling eddies of these turbidity currents could actually be
seen to erode and flute the "mud", and the flute moulds
Produced could be removed after the plaster-of-paris had set.
Almost all of the sedimentary structures found preserved in
greywackes could be produced by varying the rates of current
.flow, or by allowing the underlying mud varying lengths of
time to settle. (The present writer has re-produced some
of these structurés in similar experiments). The varying
types of structure were produced in 4 zones outwards, starting
with flute markings near the source, and passing through
furrows and ridges to smooth surfaces at a distance from the
source. These experiments, although only.qualitative, have
resulted in the modification of Vassoevitch's (1953),
'élassificatioﬁ, which was based on the time of origin of the
gstructure. The revised classification is used in the present

work, and is as follows:-

REN

167



(Obstacle scours
Flute Marks

Longitudinal Tool Marks

Pre—deposiﬁlonal 1 Furrows

LDendritic Ridges
‘ - Syn- .
Frondescent Marks \ ~depositional

Plowage Structures

Post-depositional
Load Structures i

(ii) The Sole Markihgs of the Barbon and lMiddleton Fells

Of the many different types of sole markings listed by
Dzulynski and Walton, in their classification, only flute.
moulds, tool marks or groove moulds, and load structures are
found in the Barbon and Middleton Fells. The significance of
this in view of the conclusions reached from the experimental
sole markings described above, is discussed later.

Flute Moulds

These structures are common throughout the Coniston Grits
and Lower Bannisdale Slates and consist of long bulbous
structures, the nose of which forms the upcurrent end.
Downcurrent from the nose, the structure flares out into the
surroﬁhdingtfedding plane (see figure 3-4). They are found
Preserved on the basal bedding plane of coarse greywacke beds,
where the coarse sediment directly overlies the mudstone top
of the preceding bed. They are in fact restricted to this

position in the sedimentation sequence, and are never found
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within coarse or fine sediments alone. The flutes appear

to be equally common throughout the succession. No definite
conclusions can be drawn in this respect, hoWever, as
exposure of the structures usually results from a fortuitous
combination of dip and topography. Wherever conditions of
exposure are suitable, flute moulds can usuelly be found.
Iocalities in which the markings are absent are nearly always -
unsuitably exposed, i.e. there are no overhanging crags which
show the basal bedding planes. The ideal type of exposure
is well developed in the Leck Beck area, and in Millhouse
Beck, (figure 8-Lb), where dozens of the markingsvhave been
recorded.

The flute moulds are usually arranged in poorly
developed rows or diagonal rows, (figure 85), similar to those
illustrated by Kuenen (1957 p.237, figs. 4 and 5). A small
vortex is commonly developed at the nose or upcurrent end of
the structures. The size of the flute moulds throughout the
succession is remarkably constant over the entire area.  The
- length of the individual structures is rarely greater or less
than 8-10 cms., and the width usually 3%-4 cm., just behind the
nose, widening gradually towards the tail. The greatest
depth, at thg nose of the mould, varies between 7 and 12 mm.,
but ig often someWhat greater if post-depositional loading
has taken place. Pigure 84 shows the typical appearance and
dimensions of the flute moulds from the Barbon and Middleton
Fells. | '
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FIG. 8-5.
(A). Flute moulds developed in diagonal rows.

(B). Flute moulds in normal rows.
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Groove lMoulds

These structures are much rarer, and consist of parallel
sided ridges usually 1-2 cn. in width, and 5-6 mn. in depth,
cutting across the exposed bedding plane for a distance of
20 cm.vor SO. Several examples usually occur, however, in
each good exposure of flute moulds. They are particularly
well developed.in the Lower Coniston Grits above Leck Beck,
where several bedding planes contain only groove moulds.

The stronger turbidity currents which appear to have been
developed at this level probably account for the greater
abundance of these structures at this horizon. The
relationship between the strength of the current and the

type of structure produced, and its significance, is mentioned
below. In several localities, grooves cutting each other
diagonally have been observed (figure 86), and indicate the
passage of fragments across the mud surface in slightly
varying directions. This is probably a result of small eddies
producing very localised and slight variations within the

general current direction. The greywackes in which the groove

moulds are formed often contain large shale pellets, and it is

probably these which have cut the grooves.

Load Moulds,. and Loaded Flute and Groove Moulds

The deposition of sand on top of an uneven surface of
soft, wet, unconsolidated mud, can result in the downwarping
of the sand into the mud, as sand is much the denser of the

two types of sediment (cf. Hamilton and Menard 1956). The
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FIG. 8-6. Sketch of the underside of a greywacke bed

with groove moulds cutting across flute
moulds in two directions.
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FIG. 8-7: Cross sections of :-

(A). Flute mould.
(B). Load mould.
(C). Loaded flute mould.




resulting structures in the coarse.sand are known as load
moulds,

Load moulds originating purely from the loading of
oversaturated mud, and which have a random orientation, are
rare in}the Barbon and Middleton Fells. Wherever loading 0?.
mud has taken place, convoluted bedding is more eommonly
developed, iﬁdicating that the mud was too fluid for distinet”
and individual load structures to develop. ~Holland (1960),
however, does not consider that convolute bedding is produced
by loading, but that it forms within the sediment itself at
the time of deposition. The loading of flute structures
before consblidation of the sediment is, however, very
common (cf. figure8-4b), the majority of flute moulds having
been affected to some extent. Structures of this type are
also seen in thin sections of the graptolitic siltstone.

Load moulds and loaded flute moulds are often difficult
to distinguish from ordinary flutes which have been undercut
during their formation. If laminations are present within
the underlying mud and infilling sediment, however, it is
possible to distinguish the different types of structure
easily in cross section,'as shown in figure$7. In a normal
flute mouldr the laminations in the underlying mud are cut
acrogé and are undistorted. - The laminae in the cdarse
sediment infilling the flute are also undisturbed. In an
ordinary load mould, the laminae in the underlying mud are

contorted, but have not been cut through, and the laminae in
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the overlying sand are also much contorted. In a loeded
flute or groove mould, however, the laminae in the underlying
mud have been both cut across and deformed. The overlying
sand, as in ordinary load moulds is also contorted, but many
of the laminae are cut off at the edge of the structure,
showing them to have been deposited initially within the
flute. In an ordinary load mould, the laminae in the
overlying sand are pressed down into the mud from above, and
are thus not cut off at the edges.

Other pre-consolidetion deformities include worm burrows
and tubes. These structures were described in chapter 7,
in the discussion of the origin of the Banded Unit lithology.

(iii) Comparison with the Sole Markings of the
Howgill PFells

A survey of the sole markings developed in the Coniston
Grits of the Howgill Pells has also been made for comparative
purposes. In that area, flute and groove moulds are even
more abundant throughout the succession than in the Barbon
and Middleton Fells. The flutes are of the same type, and
occur in rows and diagonal rows. A significant feature of
the structures in this area, however, is their size.
Throughout the succession they are larger, and at some
horizons (figure $-8), giant loaded flute moulds, approximately
60 cms. long and 30 cms. wide are developed. These are far
larger than enything the writer has seen in the Barbon &and

Middleton Fells, or indeed in any other part of the country.
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tlant Flute Moulds from the I 17
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Such structures could only have been produced by strong
extremeiy tﬁrbulent scouring currents. This géneral increase
in size and abundance of the structures, combined with the
coarser nature.of the sediments, is considered to be evidence
‘'of much stronger turbidity currents in.the Howgills. Its

-

signifidance is considered below.

(iv) 7The Significance of the Sole Markings

Apart from their value in indicating current directions,
which is discussed in the subsequent section of this chapter,
the sole markings als§ give some indication of the type of
currents prevailing in the area. Throughout the Barbon and
Middleton Pells, the size, type and abundance of flute moulds
shows very little variation. This is an indication that the
strength and types of turbidity currents crossing the area
varied little through the entire succession. Grain size
analyses déscribed in chapter 6 also showed little variation,
and this was considered to be indicative of uniform conditions
throughout a largebpart of the Iudlow Series in this area.
The sole markings thus provide additional support to this
theory.

In the Howgill Fells, however, the giant proportions of
the flute moulds indicate much more turbulent conditions,
perhaps resulting from a steéper geosynclinal slope. This
theory of stronger currents finds support in the grain size

analyses carried out on greywackes from this area, which

showed the sediments to be somewhat coarser than those from
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the Barbon and Middleton Fells.

It is cﬁncluded that strong turbidity currents flowed
down a comparatively steep slope in the area of the Howgill
Fells, scouring large flute'mafkings and depositing
comparatively coarse sediment. In the Barbon and NMiddleton .
Fells to the south, conditions of deposition were rather
quieter. The turbidity currents were weaker, and were capablg
only of scouring comparatively small flutes, and carrying and
depositing finer sediment. The absence of the finer
structures such as dendritic ridges and frondescent marks,
considered by Dzulynski and Walton (1963), to be formed at a
good distance from-the source, indicates, however, that the
currents were still reasonably strong. The conditions of
deposition as a whole are considered in further detail in
chapter 9, after the current directions have been considered
below. |

(v) The Recording of Current Directions from the
Flute Moulds

The greatest value of sole markings is in their use as
palaeocurrent indicators. Flute moulds are particulearly
valuable in this respect, as the nose of the structure points
upcur{gnt, and thus indicates the direction of movement.
Groove moulds are also useful} but current movement could have
taken place in either direction along their length. They are
of greater value, however, when in association with flute

moulds.
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The effect of post depositional folding on the bearing
of the lineafion has long been realised. Cloos (1938), for
example, devised a mechanical method of returning lineations
to their correct orientation from readings taken in folded
plunging strata. A similar method was devised by .
Ten Haaf (1959, in Bouma 1962, p.25). Most workers, however,
have preferred mathematical or stereographic methods of i
correction. Wood and Smith (1958), corrected flute readings
taken on the Aberystwyth Grits on thesssumption that only one
period of folding had occurred. The original orientation of
the sole markings is then given by the formula 90 degrees-B+a,
where B is the angle between the lineation and the dip direction,
and "a" is the direction of strike in degrees east of north.
In this method there are two possible positions of the
lineation 180 degrees apart, but simple inspection gives the
correct value. This method does not take the amount of dip
into account, however, and is therefore only of use in areas
of very gentle folding. Phillips (1954), described simple
stereographic methods of correcting the lineations, in which
the effect of plunge'could also be taken into account.
Plunge was &lso taken into consideration by Norman (1960).
The e{fect of dip was first removed by a sinmilar method to
that used by Wood and Smith. A correction factor based on
the proportion of plunge within the a pparent dip was then added
to the result, from a previously prepared chart. This method

assumes that the folds are perfect geometrical surfaces, and
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that the plunge has been attained by rotation about &
horizontal axis at right engles to the fold axis. Also that
no distortion of the bedding planes or rotation of the fault
blocks has taken place. Rémséy (1961), however, points out
that other factors have to be téken into consideration. For.
example, it cannotralways be assumed that the plunge was
acquired by rotation about a horizontal axis at right angles
to the fold axis. Serious errors can result if this factor
is ignored. The type of folding has also to be taken into
account, as the effect of shear folding on the orientation of
sedimentary structures is quite different from that of normal
flexural folding. * The problem of types of plunge, and
stereographical methods of removing it was further discussed
by Potter and Pettijohn (1963, p.259), and Cummins (1964).

All the methods described above differ in detail, and it
appears thét unless the geometry of the folds is known
perfectly, greater inaccuracies can be introduced than existed
originally. Ramsey (1961 p.97), states that the effect of
dips of less than 25 degrees dn the lineations is so small,
that it can be ignored in areas of flexural folding. In any
case, the variable nature of turbidity currents means that
the exact direction of the currents can never be really
accurately determined. The'stereographic correction of
readings taken on very low dips would in fact give a false
sense of‘accuracy to the results, and would amount to not more

than 3 degrees.
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BEARNG OF LINEATION :- 3 3
CORRECTED N4
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;
8
METHOD§- S e
(1). Plot north and measure off dip direction in degrees
east or west of north,
(2). Rotate dip direction down to east-west and measure inward
the amount of dip.
(3), Draw in the Great Circle.
L), Return to north.
5). Measure off the lineation east or west of north.
6). Bring this down to east-west and mark the point at which
it intersects the Great Circle.
(7). Rotate the dip direction to east-west and mark off new
direction of lineation slong the small circle.
(8). Rotate to north and read off the new cofrect bearing of

FIG. 8-9. Stereographic method for

the lineation.

removing the effect of dip on the
bearing of sole markings.




As flexural folding predominates in the Barbon and
Middleton Feils, readings taken on dips of less than 25 degrees,
in accordance with Ramsey's conclusions, have not been
corrected. Plunge has not been taken into account, in view
of the differences of opinion in the methods of correction,
but in any case does not appear to be an important factor in
this area. (The few readings faken in localities of great
structural complexity have been left out of the final results.)
The bearing of structures developed on bedding planes dipping
at 25 degrees or more, however, have been correctéd by the
stereographic method shown in figure 8-9. The use of this
stereogram shows, for example, that the true lineation of a
structure with”an apparent bearing of N 47 degrees W, on a
bedding plane with a dip of 36°, and a direction of N22°W, is
in fact N42°W.

During the course of the field work, the directions of
all sole markings were recorded, apart from a few occurring in
structurally complex localities. Altogether some 220 readings
were made.. Only one reading was usually taken on each bedding
plane, as‘at any one horizon all the structures normally had
the same orientation. If groove moulds occurred on thg same
beddiqg plane, however, these were recorded separately, as it
was found that their orientation often differed slightly from

that of the surrounding flute moulds.

(vi) The Significance of the Resulits

The 220 readings taken on flute moulds and associated

structures, and corrected where necessary, are shown in
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Appendix VI, These structures show & range of current
diredtions bétween N5°E, and N100°W, as shown in figure§ive
There is, hoWever, no significant variation throughout the
succession (see figure 8-10b), the majority occurring between
300 2nd 40° W of N, and thus indicating that the sediments
originated from a land mass lying to the north-west of the
area of deposition.

In the Howgill Fells, Rickards also found that the
currents originated predominantly from the north-west, or
west-north-west, except at the base of the ILumdlow Series,
where they appear to have originafed from the south-west.
The same méthod of- correcting the resulis was used throughout
the area. Thus it is unlikely that this is a result of the
wrong correction factor being used, unless localities in which
the Lower Coniston Grits are exposed have some unique

structural'peculiarities. It appears more likely that the
southwesterly direction is accounted for by a localised change
in the current directions, brought about perhaps by a local
peculiarity in the geosyncline (see chapter 9). In the ILake
District, Llewellyn (1960), and Norman (1961), also found that
the currents originated from the north-west. Normen, however,
discozered a, secondary northeasterly direction, which he
thought was a result of fIOW'along the length of the trough.

Current directions throughout northwestern England thus

appear to have been predominantly from the north-west, (see

figure 3-1l), suggesting the existence of a land mass in this
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'direction. The variations seen ins ome areas are considered
to be of local significance only, and do not affect the
overall picture. The petrography of the greywackes discussed
in chapter 5 suggested that this land mass lay in the position
of the present northern belt of the Southern Uplands. .
Sediments eroded from this land mass were probably deposited\~‘
on the continental shelf for a short period, before being
redeposited by turbidity currents flowing into the trough to
the south-east. These conclusions are considered further in
the following two chapters dealing with the conditions of

deposition and palaeogeography.

(d) General Conclusions

(1) The different types of graded bedding present within
the greywackes of the Barbon and Middleton Fells
indicate that the turvidity currents which swept across
the area, flowed for varying periods of time. Some
currents flowed continuously for long periods, and
appear to have been reéponsible for the coarser poorly
graded greywackes, whereas at other times the currents

were shorter lived and pulsating in nature.

(2) . The laminated bedding seen in the finest greywackes
consists of alternations of silt and mudstone, and
appears to be an intermediate stage between normal

greywacke and graptolitic siltstone.
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(3)

(4)

(5)

Flute and groove moulds are abundant in the area,

and are commonly enmphasized by post-depositional loading.
In the Barbon and Middleton Fells, these structures are
of uniform size throughoﬁt the succéssion, and are
smaller than those in the Howgill Pells. This is .
considered to be evidence of much more marked turbulence
and strongerlcurrents in the 1apter area, due perhaps -
to a steeper slope. The uniformity and smaller size

in the Barbon and Middleton Fells, suggests a shallower

slope and quieter conditions of deposition.

The flute moulds are valuable palaeocurrent indicators,
but require correcting for the effects of dip in areas
of strong folding, if false directions are tobe

avoided.

Turbidity currents throughout the Barbon and
Middleton Fells, and most other parts of north-western
England, appear to have originated predominantly from
the north-west, with only minor locel variations.

This is in agreement with the petrographicai evidence
(chapter 5).
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CHAPTER 9

- SEDIMENTATION AND CONDITIONS OF DEPOSITION

(a) Review of concluéions drawn in previous chapters

In this chapter, the conélusions drawn in chapters
3 to 8 are reviewed with regard to sedimentation and
conditions of deposition through the Silurian period as a
whole. |

The grading énd general poorly sorted texture of the
greywagkes suggests deposition from high density turbidity
currents, in deep water (Kuenen 1952). The mineralogy of
the sediments indicates that these currents may have flowed
into the area from the north-west, from the northern belt
of the Southern Uplands. Palaeocurrent evidence from flute
moulds and other sole markings agrees with this conclusion.

* The finer graiﬁed graptolitic siltstones and banded
units discussed in chapter 7, however, indicate that from time
to time conditions of deposition became much quieter, and the
strong high'density currents were replaced by weaker curreuts
capable of carrying only fine sediment. The description of
the Stratigraphical Succession in chapter 3, showed that this

finer sedimentation becomes important for a time in the‘
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Middle Coniston Grits, and again in the Lower Bannisdale
Slates, and.finally predominant in the Upper Bannisdale
Slates. In the Wenlockian, the graptolitic siltstone
lithology is predominant throughout the Series.

Grain size analyses (chapter 6), show little general .
change in the mean grain size of the greywackes throughout
the succession, except that the units at the very base of the
Inmdlow Series are somewhat coarser. The grain size of the
graptolitic siltstones is too fine to measure accurately with
a point counter, but appears to be comparatively coarse in
the Coniston Grits, and fine in the Wenlock Series and
Bannisdale Slates.

Comparisons with the Howgill Félls show many close
similarities, indicating that conditions of‘deposition were
almost identical to those in the Barbon and Middleton Fells.
The thicknéss of strata in the Howgills, however, is much
less, and this is considered to be a result of the deepening
of the geosynclinal trough to the south. This thickening
takes place very quickly in a distance of less than 15 miles,
and thus the floor of the trough must drop considerably.
Evidence that this steepening takes place in the region of
the Howgill Fells‘is seen in the generally coarser grain size
of th; greywackes and the large dimensions of the flute moulds
in that area. This 1s taken to indicate the passage of
currents down this slope, into the area to the south, which
were strong enough to prevent all but the coarser greywackes
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being deposited, at least in Cbniston Grit times. This
steepening‘of the trough is'only a locélised feature. In
the Barbon and Middleton Fells, several factors, such as the
absence of slump bedding, the finer grain size, and the
smaller and uniform size of the sole markings suggest a X
slackening of the slope. This would result in the currents
slowing down, and the deposition of large amounts of finer
sediment along with any coarse material still in suspension.
The reduction in speed of the current, however, is probably
only very slight, as Heezen et al (1952), and Menard (1955),
have shown that modern turbidity currents, once they lave.
developed on the continental slope, can flow for hundreds of
miles across the abyssal plain. The small reduction in grain
size from north to south suggests that this deduction is
correct. Comparisons with the Lake District also show many
close similarities.

From these conclusions it is possible to build up a
picture of the depositional history of the Silurian strata
in north-western England, which reflects a series of gfadual

changes through the succession. These are described below.

(b) bepositional History of the Silurian Strata of the

-Barbon and Middleton Fells and Adjacent areas.

The basal Silurian limestone is not exposed in the Barbon
and Middleton Fells, but in the ! Howgill Fells is considered
by Rickards to represent fairly clear water conditions. The

overlying Stockdale Shales also do not occur in t his area,
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but have been described in detail by Marr (1925), Wilson (1954),
and Rickardé (1963). These authors considered that these
fine grained, largely black graptolitic shales_represented
deposition under very quiet anaerobic conditions, which |
largely prevented a benthonic fauna from establishing itself:
Thus the only fossils found in these rocks are the planktonic
graptolites which floated in the fresher water well away
from the bottom. The comparatively high percentage of

carbon (3.68%), found by Rickards in these shales, suggests
that conditions were indeed similar to those described by
Ruedemann (1935), Krumbein et al (1949), and Dunham (1961).
These authors concluded that anaerobic bacteria partly
decomposed carbonaceous material which in turn reacted with
sulphates to produce hydrogen sulphide and finally black

iron sulphide. The controlling factor is a lack of oxygen,
thus the Stockdale Shales were probably deposited in a deep
stagnant part of the sea floor.

Green beds developed at some horizons within the
Stockdale Shales also appear to represent deposition under
reducing conditions, but in which carbonacebué material was
absent, thus preventing the action of anaerobic bacteria
prodgcing hydrogen sulphide, and ultimately the black shales.
In the Cautley district, oxidising conditions developed
towards the end of the Upper ILlandoverian, and red mudstones

containing a small benthonic fauna were deposited. In normal

conditions, iron compounds are reduced to ferrous compounds
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to produce the green beds, or, in the presence of carbonaceous
material and anaerobic bacteria, to sulphides. The red beds
exist around an axis of uplift proved by Wilson (1954) to
exist in this area, and in the shallow water thus produced
remain in their original oxidised condition. It is
considered here that the iron salts through most 6f the
Llandoverian were probably brought into the sea as oxides,
but were reduced to sulphides in the deep stagnant water
which prevailed for most of the period.

The Stockdale Shales are considered by Marr (1925) and
Rickards (1963), to be the lateral equivalents at a great
distance of coarse greywackes. This suggestion appears to
be plausible, as coarse greywackes were being deposited in
the Southern Uplands at this time. It is shown in chapter 10,
that the Lake District and Southern Uplands areas of
deposition were probably separated only by a shallowing in
the border area, during the Wenlockian énd Ludlovian (fig.loe~l).
If this feature existed during the Llandoverian the Stockdale
Shales may represent fine material carried over the shallowing
in the higher parts of turbidity currents, and deposited
almost .from suspension iﬁ the area to the south. Most of
this fediment was originally deposited in an oxidised state,
but was quickly reduced in the anaerobic conditions
prevailing at depth. In the Upper Llandoverian, however,
the localised upwarp which developed may Jjust have reached

to within the 1limit of wave action, thus accounting for the
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 absence of red beds on the crest of the structure. The
sediment deposited in the very shallow aerated water around
this axis would not be.reduced, end would thus remain red,
(see figure 49-1), The stages between red mudstone and black
shales may be represented schematically as follows, (cf. Marr

1925, p.128):-

Very Shallow Water ——_y Deep Water —_ Deep Water

Oxidising Reducing Conditions Reducing Conditions
Conditions

+Carbonaceous material

Red Beds ———3  Green Beds ——) Black (iron sulphide)
mudstones.

The ILlandoverian thus shows predominantly deep water stagnant
reducing conditions, in which sediment was deposited quietly,
and in which thére was only very localised areas of shallow
water.

In thé Wenlockian, anaerobic conditions continued, and are
represented by graptolitic mudstones. As higher parts of
the succession are reached, however, the grain size becomes
somewhat coarser, and conditions generally appear to be less
anaerobic. The mudstones are replaced by siltstones, and at
one or.two horizons bands of greywacke an inch or so in
thickness are developed. In the upper part of the Wenlockien,
the great'increaée in thicknéss between the Howgills and
Barbon and Middleton Fells becomes apparent, indicating a
deepening of the trough in the south. Towards the end of

this period, a change to clearer aerated water conditions
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FIG. 9-1. Diagramatic representation of the upwarp surrounded by red mudstones
in the Llandoverian strata of the Cautley area.




becomes noticeable, as the strata become progressively
richer in darbonate.} Clear water conditions reeched their
maximum development at the base of the Iumdlow Series when
two impure limestone beds were deposited.

Following this, however, coarse sedimentation becomes
dominant. High density turbidity currents flowed into the
area from the north-west and quickly deposited thick beds
of poorly sorted graded sediments. The marked turbulence
brought by this influx of coarse sediment is considered to
have resulted in comparatively aserated water conditions,
as a result of which carbonaceous material and graptolités
of the Wenlockian returned for a short period, and graptolitic
siltstones were deposited. These siltstones, however, are
coarser than those in the Wenlockian, and gensrally appear
to have been deposited under only slightly anaerobic
conditions. In the Middle Coniston Grits, quieter
conditions again become more prevalent, and alternate with
periods of coarse turbulent deposition. The banded units
deposited during these quieter intervals represent periods
when even the small turbidity currents which deposited the
siltstone laminae, were only of intermittent importance.
The alternating mudstone laminae are here considered to be
more“indicative of deposition from suspension. The pyritic
films within the siltstone laminae show that conditions of
deposition were anaerobic. The absence of these films

from the mudstone laminae is considered to be a result of
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the reworking of the fine sediment by burrowing worms. The
Upper Coniéton Grits represent the return of coarse grained
turbulent sedimentation, with strong currents flowing in

- from the north-west. Conditions were similar to'the Lower
Coniston Grits, and quiescent periods were short lived.

The Lower Bannisdale Slates again show the return of
alternating periods of turbulent and quiet conditions. Thisw‘
time, however, quiescent periods hecome gradually more and
more important, until in the Upper Bannisdale Slates,
deposition from low grade turbidity currents under slightly
anaerobic conditions is dominant. -

In the Howgill Fells, a similar sequence of events is
seen, except that the succession is generally thinher, and
the sediments coarser, indicating stronger turbidity currents.
The fine grained Bannisdale Slate lithology, representative
of quietef conditions develops somewhat earlier in that area,
however. This is against the normal pattern and is
difficult to explain. When traced from the Howgills into
the Barbon and Middleton Fells'(as described in chapter 3),
the banded units becomeAmuch.thinner, and in the latter area
alternate with greywacke units to form the'distinctive
Lower Bannisdale Slates division. Sole markings show all
the sediments to have been derived from the north-west, S0
the difficulty cannot be explained by a change of source.

The very widespread occurrence of thick greywacke units

through most of the Iudlow Series, suggests the inflow of
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sheets of sediment rather'than‘small scale individual currents.
The absence of greywacke units at the horizon of the Lower
vBannisdale Slates, in the Howgill Félls, however, suggests
that this mechenism was no longer operating, but had been
replaced by more localised coarse sedimentation, perhaps |
radiating out from a submarine canyon (c¢f. Ericson et al 1952).
Eventually, however, even this coarse sedimentation died out, =
and fine sediment was deposited in all regions. Figure 91-2
~after Potter and Pettijohn (1963 p.l1l32), shows how this
mechanism could be expected to operate. This probably also
explains the apparent southwesterly origin of some greyweacke
units in the Howgill Fells, suggesting that the sheets of
sediment were probably made up of flows from a number of
closely spaced submarine canyons.

In the Lake District also, sedimentation appears to have
followed the same general pattern which is seen in other
parts of the country, such as North Wales and the Southern
Uplands, though at slightly different times in these last two

areas.
Sedimentation throughout the Silurian geosyncline thus

appears to represent an interplay between coarse turbulent

sedimentatign, which brought oxidising conditions to the

‘ deep;} stagnant wéters of the trough, and quieter periods

of fine grained sedimentation, which allowed the

re-establishment of anaerobic conditions.
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times, whilst finer sediment was deposited in the Howgill Fells. In the
central part of the region coarse and fine sedimentation were almost of
equal importance. (Based on Potter and Pettijohn,©63).




(c) The Origin of the Turbidity Currents

In thé Silurian geosyncline over wide areas of the
country, there are thus definite phases of coarse sedimentation
Separated by quieter peridds; It is difficult to imagine
how the fortuitous 8lumping of sediment from an overloaded .
continental shelf could produce these widespread similarities.
Some external mechanism which operated at the same time B
throughout the country would thus appear to be the answer.
Heezen et al (1952), concluded that the 1929 Grand Banks
earthquake was responsible for the production of large scale
Slumping in the sediments deposited on the continental slope.
These slumps developed into turbidity currents which flowed
for hundreds of miles over the abyssal plain of the Atlantic.
Earthquake shocks of this kind, perhaps connected with uplift
&nd orogeny in the Caledonian Chain, would thus appear to be
a plausibie means of triggering off the turbidity currents
which flowed into the Lake District area of sedimentation.

In the Imdlow Series, the Lower and Upper Coniston Grits

would thus represent periods of more intensive earthquake
activity, whereas the Middle Coniston Grits répresent‘a quieter
interval. The increasing dominance of fine grained
sedimentation upwards, in the Bannisdale Slates, indicates
berhaps, that these prelimihary movements of the Caledonian
orogeny died away for a time before the commencement of
fullscale uplift and folding. The fine grained ILlandoverian

and Wenlockian sedimentation cannot necessarily beé taken as
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an indicétion of quiescent conditions, however, as during
at least part of this period, the ILake District is considered
by the present writer to have been cut off from the coarse
sedimentation of the Southern Uplands, by a shallowing in
the Border area. The evidence for this conclusion is
considered further in the subsequent chapter.

Earth.movements are thus the ultimate controlling factor
in the s-edimentation and conditions of deposition during

the Silurian period.
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CHAPTER 10

PALAEOGEQGRAPHY

The sole markings described and discussed in Chapter 8,-
indicated that currents had flowed into the area of the
Barbon and Middleton Fells from the north—west,’throughout
Iudlow time. Work by Llewellyn (1960), and Norman (1961)
in the Lake District, ahd Rickards (1963), in the Howgill
Fells, showed that in these éreas also, northwesterly
Currents were predominant. This suggests the existence
0f a land mass to the north-west of the area of deposition;
but its exact position has been the subject of much
controversy.

Marr (1916), considered the Iake District Iudlovian
sediments to represent the gradual southerly and westerly
extension of the coarse sedimentation, which occurred during
the Llandoverian and Wenlockian in the Southern Uplands. He
concluded that throughout Lower Palaeozoic times, the coast
line graduvally migrated south, resulting in coarse sediment
being depoéited on top of fine. The sediments in the TLake
District were thus derived from the Southern Uplands, partly
from the reworking of earlier deposited sediments.

Jones (1938), however, considered that the ILake District
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had closer affinities to the Welsh area of deposition, and
thus the Ifish Sea land mass probably extended to the
north-east to separate the Lake District and Southern Uplands
areas of sedimentation.  Wwills (1951, pl.III, pl3), reviewed
this earlier work and published a series of maps showing the
extent and nature of the geosyncline throughout the Silurian.
He considered that a narrow extension of the Irish Sea land )
mass separated the Lake District from the Southern Uplands
throughout the Llandoverian. In the Wenlockian, this land
may have receded as far south-west as the Isle of Man. By
Lower Iudlow time, however, it had re-extended right across
the Irish Sea to- link up with the rising mountain chains in
Southern Scotland. Black (1957), also considered that a
land mass existed in the border area. This was apparently
Confirmed by the work of ILlewellyn (1960), and Norman (1961),
who conciuded that the petrography of the greywackes in the
Lake District indicated derivation from an area of Borrowdale
Volcanic rocks lying to the north of the Lake District.
Norman also found evidence of currents flowing from the
north-east, which he considered to represent flow along the
axis of a trough plunging to the south-west. He thus
concluded that land may also have existed to the north-east.
Warren (1963), however, after briefly comparing the petrography
of the Coniston Grits with that of the Hawick greywackes,
concluded that both were derived from a similar area of

spilites and radiolarian cherts, that is, the northern belt
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of the Southern Uplands.

| The present work has shown that the rock fragments
conteined by the greywackes show only superficial similarities
to the Borrowdale Volcanic Series, and are much more closely
comparable with the alkali rich Ballantreae Volcanic Series
of the Southern Uplands. This evidence thus appears to
disprove the arguments in favour of a border land mass.
There is the possibility, however, that a land mass formed
of rocks of this type could have existed to the north of the
Lake District, as the steeper geosynclinal slope seen in the
area of the Howgill Fells suggests a marked shallowing in
this direction. . If a land mass did cut across the border
8rea, however, evidence of its existence could be expected
to be found in the Silurian greywackes of southern Scotland.
In this respect, the work of Warren (1963), in the Hawick
area showed that currents flowed predominantly from the
north-west and north-ecast, very few in fact ceme in from the
south-east. In the Kircudbright area, (Craig and Walton 1962),
the main direction. of flow Was.from the north-east, along

the axis, but with only minor flows from the north-west and
soujh—east. There is fhus little evidence for a prominent
border land mass. The few current directions from the south
in ;he Kircudbright area, may indicate the presence of land

off the present Cumberland coast. Those in the Hawick area
show . that land may have existed in the region of the

Northumberland coast.
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If the Borrowdale Volcanic land mass proposed by
Llewellyn and Normen did exist, its position would be so close
to the area of deposition, even allowing for later crustal
shortening, that extremely steep continental slopes must have
existed. Norman, however, states that widespread slumped
bedding is absent in the Blawith area. According_to Kuenen
(1956), this indicates that the area of deposition sloped at
little more than 1 degree. Similarly in the Barbon and
Middleton Pells, slumped bedding is ébsent, and thus the area
of deposition must have been largely flat lying. In the
Howgill Fells, however, slumped bedding does occur, end
together with the evidence of large flute markings and coarser
grain size, suggests a rather steeper slope in this region.
This appears to be only a local feature, and there is not
Sufficient evidence to indicate that the slope was steep
enough to result in land rising above the sea 30 to 40 miles
to the north. Thus although no one line of evidence is
sufficient to disprove the existence of a border land mass
completely, the combined evidence of current directions and
Predominantly gentle depositional slopes suggests that land
did not exist in this area.

_ Although there is little evidence for a continuous border
land mass, the steepening of slope in the Howgill Fells suggests
that there was probably a shellowing of the geosyncline in the
border area, which brought about a ponding back of the
turbidity currents to the north (figureto-l). The result of
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this was that coarse sedimentation in the Wenlockian was
confined élmost entirely to the Southern Uplands. The
Wenlockian graptolitic silts and mudstones in the Lake
District may represent fine material carried at a higher
level in the turbidity currents, and which was thus able to
cross over this shallowing. Rickards (personal
communication), however, points out that orientated
graptolites indicate east-west current directions at some
horizons within the Wenlockian. This, together with a
coarsening of the sediments to the west, tentatively suggests
that some at least, of this sediment, may in fact be derived
from the Irish Sea land mass, considered to exist in the
region of the Isle of Man. Only by ILudlow time had enough
Sediment built up in the Southern Uplands for the turbidity
Currents to be able to flow over this shallowing easily, and
deposit éoarse sediment in the deeper waters to the south,
to form the Coniston Grits (see figure lo-1), The thinning
and coarsening of the Coniston Grits from south to north
across the Barbon and Middleton Fells, supports this
hypothesis of a shallowing of the trough towards the border.
Although the sediments are thus considered to be derived
frqp the Southern Uplands, it is possible that they were
Produced merely by the rewbrking of uplifted Wenlockian
greywackes in that area (c¢f. Marr 1916). The predominantly

fresh and angular to sub-angular nature of the rock fragments
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and mineresl grains, however, suggests'that only one stage

of transpbrt has taken place. It is therefore éoncluded
that the sediments originated directly from the northern
belt of the Southern Uplands. This strip of land has been
named "Cockburnland" by Walton (in Johnsoﬁ and Stewart

1963 p.88), and separates the Southern Uplands and Lake
District area of deposition from the inliers of the Midland
Valley. A map and section of the palaeogeography is shown
in figure lo2,

The Silurian rocks of the Horton-in-Ribblesdale inlier
to the south-east of the Barbon and Middleton Fells, are
very similar in. both hand specimens and thin sections, but
are finer grained, and would thus appeér to be the distal
equivalents of the Lake District sediments. The thinning
of the strata in this area, however, indicates a shallowing
of the geosyncline, and current evidence suggests derivation
from the south-east, perhaps from the northern edge of the
Midland block, which lay some 40 miles to the south
(cf. Turner 1949). In view of this contradictory evidence,

no definité conclusions can be drawn with regard to the

position of this area until further work has been carried out.
. The palaeogeographical conclusions drewn in the present

work, and their relationship to the rest of the country are

summarised in figurelo-2, based largely on the work of

Wills (1951), Cummins (1959b), Rolfe (1960, 1961), Craig

and Walton (1962), and Warren (1963).
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CHAPTER 11

THE TECTONIC STRUCTURE

(a) Introduction

Intereét in the structure of the Barbon and Middleton
Pells and sﬁrrounding arecas dates from at least the time of
Phillips, Sedgwick and Marshall, in the first half of the
19th century. The descriptions of the structure by these
authors, however, as mentioned in chapter 2, are usually
brief and contained in works of much larger scope. The
first geological map of the Bafbon and liddleton Fells (part
0f Sheet 98SE), was published in 1869, and described in the
Survey Memoir of 1872 by Aveline et al. The folding and
faulting was described in a fair amount of detail. Polding
was shown to have takeﬁ place along WNW-ESE trending axes to
Produce the two large plunging synclines containing the
Bannisdale Slates, and which were separated by & complementary
anticline. Aveline also recognised that minor folding was
superimposed upon the major structure, along the same trend.
The faulting was described in even more detail than the folding,
and“two distinct phases were recognised. The earlier faults
produced by the Caledonian orogeny followed a predominantly
WNW-ESE direction, and were concentrated in certain areas

such as the southern slopes of Barvondale and Dentdale.
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Chtting across this set of faults and‘prodﬁcing the geological
boundaries of the fells was the strong N-§ faulting associated
'with the Craven and Dent PFault systems. The structure
dgscribed in the Sheet Memoir is shown in a skefch map
(figure 11-1), which indicates thet even though strong faulting
gffected the area, the overail structural pattern is simple.
A contrast is seen in the Howgill Wells, where strong faulting
associated with the Dent ILine has fractufed the strata into
& series of elongated slivers which effectively distort and
obscure the o&erall‘structure.

The WNW—ESE trending open folding and faulting described
'by Aveline effectively describes the basic strﬁcture of the
Barbon and Middieton Fells. This has formed a basis for the
Present work in which the folding and faulting, and the

Telationship between: the two are considered in further detail.

(b) 7Polding

fendSiaiimsidnfonilnd 453

(i) Major Folds

The major folding of the area consists essentially of
large open structures with a WNW-ESE trend, and a plunge to
- the west or north-west. The most dominant features produced
by this fblding are the two lerge synclines containing the
Upper Bannisdale Slates, and which are surrounded on ali gides
but the wést, by the lower divisions of the Iumdlow Series.
Yowhere is overfoldin’ or overturning of the strata seen.

The axis of the more'northerly of the two synclines
follows rouschly the line of the upper part of Tuge Gill
(645877). The slopes of Holme;Fell form the northern limb
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where dips are almost constantly to the south-west at between
8 and 15 dégrees, except where conplicated by minor folding
or faulting. On the southern limb dips are largely to the
north-east or north-north-east, but are rather more variable
in direction and amount due to the greater effect of the .
minor folding. On the whole dips on this 1limb are somewhat
Steeper at about 20 degrees, making the syncline slightly
asymmetrical. The wave length of the syncline cannot be
accurately estimated, as the northern limb extends into the
poorly exposed ground to the north of the area, but it would
appear to be at least 3 miles.

The southern syncline, centred just to the south of
Ashdale Gill (640839) is also asymmetrical, but in this case,
it is the northern limb which is the steeper. Minor folding
makes it difficult to ascertain the overall direction and
amount of'dip, but it would appear to be to the south or

south-south-east at about 25 degrees. The southern limb

of this syncline extends as far south as ILeck Beck. Dips in
this area are very wvariable in amount due to strong faulting
insome localities, but in uncomplicated regions range between
15 and 20 degrees. The emount of variation in direction,
howezer, is much less than on the northern limb, and is almost
constantly to the north or north-north-west. The wave length
of this fold is at least 3+ miles.

The major structure of the Barbon and liiddleton Fells is

thus fairly straightforward. The northern part of the region
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dips gently to the south-west, and the soputhern part gentiy
to the norfh-west. The area may thus be regarded as a large
shallow syncline divided into smaller structures by a |
comparatively steep sided anticline. A A WNW trending fault
associated with broken and crumpled strata occurs almost
along the axis of this anticline, in Millhouse Beck (63%8854),
(figure 1l-4a). This suggests that the central anticline has
probably originated by crumpling in the core of the large
syncline under pressure from north-east and south-west.

A block diagram showing the structure with minor folding
omitted, is shown in . figure 11-3. |

(ii) Minor- Folds

Although the major structure is essentially straightforward
it is complicated by a series of small scale folds superimposed
upon it, and which also have a predominant WHNW-ESE trend.
Within the central parts of the major synclines the effect of
these. structures is small, and produces only slight variations
in the direction and amount of regional dip. Along the
periphery of the area, however, (except in the south), the
effect of this folding is rather more dominant, &and in some
localities the regional structure is completely obscured.
The‘yave length of these minor folds is commonly 30-40 yards,
allowing them to be mapped znd traced in the field from one
locality to the next. Two types of structure occur, a very
open usually slightly asymmetrical fold with a gentle dip on

- the limbs, and monoclinal structures, which when traced along
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the strike often develop into reversed faults.

Open Folding

This type is almost completely absent from the southern
part of the region, south of Barbondale, where the strata dip
constantly to the north or north-north-west. Variations in
the direction of dip in this part of the area are usually
accounted for by faulting. To the north of Barbondale,
however, open folds of this type are common. A good exanple
is seen in the Whiskey Gill area (648829), where the core of
a small almost asymmetrical syncline trending 70 degrees west
of north can be traced in a series of crag exposures. The
crest of a complementary anticline is also exposed to the
north-east of this fold. Folds of the same kind are
developed notably on the north side of Ashdale Gill, to the
north and south of Combe Scars, Dentdale, in Brow Gill (644865),
Wyegraft Gill (648875), and Riddings Beck (645890). In all
these localities the trends of the fold axes range between
50 and 65 degrees west of north. Mahy other rather poorly
developed open folds occur throughout the area, and are shown
on the structural map figure 11-2. ”

Monoclinal Folding

. These.structures are much less abundant than the open
folds, and are largely concéntrated in two narrow zones, to
the south of Barbondale, and on the s outhern side of Dentdale.
The steep limb of the monocline is usually 15 to 20 feet in

height with a dip of between 40 and 70 degrees and produces
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a marked topographical feature; especially in Dentdale where
the hillside has a terraced appearance.

In the Barbondale locality, three mondclines are crossed,
working up the hillside, ih é distance of 500 yards, and
Produce a series of waterfalls in the small streams running .
down into Barbon Beck. The dips on the steep limbs in this .
locality are 70, 53, and 40 degrees to the north-east
respectively, in marked contrast to the regional dip‘qf
between 5 and 20 degrees. When traced along the strike,
two of these structures develop into WNW trending reversed
faults associated with a high degree of brecciation. The
strike of the morioclines varies between 50 and 62 degrees
west of north, and is thus identical to the fegional trend.

On the southern slopes of Dentdale, to the north-west
of Combe Scars, these structures are very well developed, and
combined ﬁith changes in the lithology produce an unusﬁal
hummocky and terraced topography, which has probably been
emphasized by the action of ice. Here again, three monoclines
are exposed eand can be traced for about a mile West—north-
westwards along the hillside. The association of faulting
with the monoclines is asgain seen in this area, as some of
the gtructures develop into reversed faults and then back
into monoclines, in a distaﬁce of only a few hundred yards.
The steep limbs in this area dip to the north-east or north—
north-east, but only at about 40 degrees. This is against
the regional dip which is to the south-west. The structures

203 '



(poypWO  BunnDy pup BUIPO} JOUIN) DAJD U3 JO
aunjonuls Jofbuwl 8y} Bumous wouboip %oo|g €-11 Old

P SPPUSGD S0 TPIoWoH




finally die oﬁt on the northern slopes 6f Holme Fell. The
only other monoclinal structufe in the area of this size is
~in Imge Gill (640876), where a WNW trending structure cuts
ecross the stream at a lowiaﬁgle. | |

The monoclinal structures do, however, also occur
commonly on a very small séale, producing small flexures a
foot or so in emplitude within the general dip of the strata:w
They are extremely well displayed in Millhouse Beck (figure 1l-4c)
in the disturbed strata associated with the central anticline,
and where many of them are reverse faulted. They are so
small, however, that they cannot be mapped even on a scale
of 24 inches to the mile, but the trend can be measured
directly in the field, and is in every case between 60 and 70
degrees west of north.

(iii) Cleavage

Assoéiated.with the WNW trending folding is fracture
cleavage. This is well developed and closely spaced
especially in the finer grained strata; but is also developed
to a certain extent in the coarse greywacke (figure 11-4b) in
the vicinity of strong folds or faults. In graded greywackes
thé dip of the cleavage usually drops from almost vertical
in the coarser sediment, to a much lower angle in the fine
grained top. The cleavage.reflects approximately the
regional trend of the folding, and dips in the same direction
as the bedding planes. During the course of the fieldwork

13% cleavage readings were taken throughout the area, and
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-show thet the mean trend is 56.degrees west of north.
(Individual readings are shown in Appendix VIIL ), From north-
- west to south-east across the area, however, the mean
direction changes gradually from 60 degrees west of north in
the Dentdale érea, to 42 degrees west of north in the vicinity
of T.eck Reck. This indicates perhaps., a general swing in i
the trend of the folding. The interpretation and significance
of thesc results has not been taken beyond this point, as
structural work of this kind, if it is to be done properly,
requires a full time study in itself. It has thus been left
for a future occasion.

The structures described above are of Caledonian age.
The later Hercynian orogeny, however, did not introduce
widespread secondary folding within the Bérbon and iiddleton
Fells. The area appears'to have formed a fairly resistant
block during this period, end the effect of the orogeny
appears to be limited to the introduction of the north-south
trending set of faults. The tilting of the area to the
north-west, to give the Caledonian folds their plunge, may

well also have been introduced at this time.

(c) Fault;ng

) Paults follow two dominant directions. The earlier
Caledonian fractures follow almost exactly the trend of the
folding, i.e. WNW to ESH. Associated with the Hercynian
orogeny are the N-S trending Barbon Fault, and NE-SW trending

Dent ¥ault, which form the western and eastern boundaries of
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the region. }Branches of these faults cut across the Silurian
strata and displace the earlier Caledonian structures.

(i) Caledonian Faults

The WNW trending Caléddnian faults are in mény cases
associated with the monoclinal structures, and thus tend to .
be concentrated in the same areas of Barbondale and Dentdale.
The high degree of shattering and crushing associated with )
them suggzests that many are reversed faults, although at a
high angle, as the faults cut across country in almost straight
lines. This can be proved in some localities on the southern‘
slopes of Barbondale, where the steep_iimbs of the monoclines
are fractured into high angle reversed faults, with a small
downthrow to the north. The exact amount of displacement is
difficult to prove in many cases, owing to the highly shattered
nature of the strata, and the lack of closely spaced marker
bands. in Barbondale, however, it is considered to be small,
as the faults appear to be only in the process of development
from the monoclines..

On the southern slopes of Dentdale, the WNW trending faults
are very closely spaced, and well exposed, allowing the
direction and amount of throw to be estimated in many casés,
especially -where there are rapid changes of lithology. All
of these faults throwdown to the north-north-east. The amount
of throw varies along the strike, as some of them nerge into

unfaulted monoclines, but is usually not more than 20 to 30 feet.

206



Caledonian faulting does also occur outside these two
narrow belfs, but is comparatively uncommon. To the south
of Barbondale for example, only one poorly exposed WNW trending
fault occurs, on the summit of Nonslope Moss (651812).  This
fault is largely inferred from a series of veined and .
brecciated exposures of greywacke, and dry steep sided gullies.
Field evidence and changes in lithology sugzest that the i
downthrow in this case, is on the north-north-eastern side,
and is approximately 100 feet. From the evidence available,
it is not possible to prove whether this is also a reverse
fault or not. The fault cuts across country in almost a
straight line, however, indicating that the fault plane is
almost vertical. North of Barbondale, an almost E-W trending
fault runs down the Millhouse Beck valley. The almost straight
line of the structure again suggests that the fault plane is
almost vertical, and the broken and compressed nature of the
strata indicate that it is probably reversed. The downthrow
is to the south, but it is not possible to say precisely by
how much, as there is no means of defining the horizon of the
few scattered outcrops of greywacke on its north side. An
E-W trending fault is also developed in places in Tuge Gill

from the monocline rumning down the valley. Iike the other
structures of this type, however, an actual feult is developed
only in a few places, and then the throw to the north is always

small, and never more than 20-30 feet.

207



Caledonian faulting is thus developed on a comparatively
small scale, largely as a result of compressive forces.
Apart from the Dentdaie and - Barbondale areas, the overall
effect on the structure is slight due to the small amount of
displacement which has taken place. |

(ii) Hercynian Faults

The two.major Hercynian faults, i.e. the N-S trending
Barbon PFault, which is considered to be a continuation of
the Craven Tine, and the NE trending Dent Iault, are both
very poorly exposed. The actual plane of the Dent Fault is
not exposed-ét any point in the‘area, but its position can be
mapped to within 2 to 3 feet by exposures of Silurian and
Carboniferous limestone on either side of Barbon Beck, and by
the markedAchanges in vegetation. The Silurian strata are
highly crushed and veined in the vicinity of the fault, which
in this area appears to be represented by a single fracture.
The high degree of crushing supports Dakyns et al (1890),
Strahan (1891), and Turner (19%5), who considered that the
Dent Mault was reversed, and thus the Silurian strata had been
thrust over the Carboniferous to the east. The almost straight
line of the fault indicates that the thrust is very steeply
inclined. .The Carboniferous was believed by Phillips (1836),
to have been displeced downwards by 2-3000 feet. Aveline (1872),
however, after estimating the thicknesses of the Carboniferous
and Silurian strata in the area, =end the horizons thrown
against each other, considered that the throw was in the order

of 5000 feet. As a result of the present work, and bearing
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in mind that the upper limit of the Silurian is not seen in
the Rarbon aend Middleton Fells, the throw of the Dent Fault
in this area is considered 1o be approximately 4000 feet.

The only point at which the Barbon Fault is well exposed
is iﬁ Barbon Beck about 100 yards to the east of Barbon
Church (63%1825), (figurejll—S). This is not a simple fault,k
but a wide cfush zone in which several N-S trendirg fractures”™
can be detected. The Carboniferous limestone to the west of
the main fault zone is arched up into an extremely tight |
anticline, the eastern limb of which ié almost vertical, as
if the strata has been subjected to strong pressure. Very
near the contact, however, it is broken and brecciated. The
Silurian strata are broken and crushed for a distance of
150 yards beyond the contact with t he Carboniferous. The
mapping of the section on a scale of 24 inches to the
mile (figurell-5 ), revealed the presence of 7 individual N-S
trending steeply reversed fractures downthrowing to the west,
within this fault zone. Between the fault planes which are
marked by bands of blue clay and red staining, dips are
predominartly downstream, although somewhat variable in amount
and direction, due to the broken nature of the strata. The
Silurian thus appears to have been thrust over the
Carbghiferoﬁs. The horizons exposed within the strata on
either side of the fault suggest that the downthrow is of the
order of 4000 feet to the west.

Turner (193%5), considered that the Barbon Fault was a

dextrel tear fault, (cf. Garwood and Goodyear 1924). The
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extremely wide smash zone, and some horizontal slickensiding
Seen in Bafbon Beck, suggests thet this conclusion is correct,
and thus the Carboniferous has been moved northwestwards
relative to the Silurian. This is in contrast to Wager (1931),
who considered that the deflection of jointing\vithin the .
Carboniferous limestone indicated that movement along at least
the North Craven PFPault was sinistral. Turner, however,
suggested that the north-east trending faults to the east of
Casterton (626797), and to the west of Kirkby Tonsdale, near
Hutton Roof (5T70780), are a southward continuation of the
Dent Pault, which has thus been dextrally torn by the slightly
later Craven Fault system. (figure 11-6). Anderson (1942 p 81),
considers that the amount of displacement is about 5 miles tb
the north-west on the south side of the Barbon Fault. In
Leck Beck, to the south of this supposed torn extension of the
Dent Fault, the Barbon Fault throwsdown by more than 6000 feet
to the west, and brings Cozl lMeasures against Silurian strata.
This large ircrease in throw suzgests thaf the Barbon #Hault
is neither a pure tear fault, nor a pure reverse fault, but an
oblique slip fault with & horizontal component of about 5 miles,
and a vertical coamponent of approximately 6000 feet.

élthough the Dent and Barbon Faults form distinctive
structural boundaries to the‘area, Hercynian faulting does
affect the Silurian strata to a marked extént, but with only
a comparatively small amount of displacement in moét cases.

Branches of the Dent Pault, and to a lesser extent the Barbon
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FIG.11-6 The Craven and Dent Fault systems, and the supposed torn

southerly extension of the Dent Fault. (After Hudson, Turner,
and Anderson). |




FPault, cut across the Fells in predominantiy NI to NNE
directions,'but on the whole are rather poorly exposed, and
can usually only be traced by erosional features, or by sudden
changes in lithology along the strike. As a result, the
relafionships between individual faults cannot always be
deduced satisfaectorily.

In the éouth of the area, a NW-SE trending fault cuts
across the upper part of Grove Gill and south-eastwards
through a distinctive hollow in Brownthwaite Noss, to join
with the Dent Fault in Leck 3eck. The throw is of the order
of 150 feet to the south-west. Similar structures, but with
a more north-north-westerly trend, branch off from the Dent
Pault in the Gale Garth (656808), and Bullpot Parm (663815)
areas. The more southerly of these two fractures, which
has a downthrow to the east of 180 feet, cannot be traced
beyond the heavily faulted and broken strata on the southern
side of Barbvondale. The northern one, however, which throws
to the west, can be traced for 3 miles to the north-north-west,
in an almost straight line, by a series of stream exposures
and spring lines, into the Bannisdale Slates of Brow Gill.

It is not continued beyoﬁd this point on the map, due to the
poor degree of exposure. The throw throughout its length
appeé;s to remain at about 150 feet.

Further fractures with a norfh—north—westerly trend
branch away from the Dent Fault in Barbondale. Theée faults,

however, are also poorly exposed, but field evidence suggests
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that they link up with 3 north eand north;east trending faults
which can be'traced up the southern slopes of Dentdale.  This
interpretation is shown on the 6 inch inset maps. The throw
of these faults at their northern ends in Dentdale, is to the
east or north-east, and the amounts of displacement are

-

approximately 150 feet, 180 feet and 80 feet respectively from

east to west. The fault running south-eastwards from Holme
Fell, and throwing the Upper Bannisdale Slates against the
lower divisions of the Imdlow Series may be a branch of this
system. It is not exposed south of Reismoor Beck (652887),
however, and thus the relationship is doubtful.

Fractures branching off from the Barbon Fault are less
common, but this in part may be due to the much poorér degree
of exposure along the western edge of the region. In the
Grove Gill area, however,_two NNE trending faults downthrowing
to the west; break away from this fault. The most westerly
of the two can be followed only as far as Barbon Beck, and has
a small throw. Thé easterly one, however, has been traced
for 2 miles to the north-northéeast in an elmost straight line,
across Barbondele and into Ashdale CGill. The throw in this
case appears to be approximately 350 feet to the west, becoming
rather less to the north of Ashdale Gill. In Barbon Beck,
this fault is marked by a hea&ily crushed zone several feet in
width. The horizons present on either side of the fault in
this locality are difficult to determine, however, due to the
lack of marker bands and the heavy WNW trending faulting.
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Associated with the Barbon Fault in the central part of the
region, is a parallel fracture running several hundred yards
to the east of the main fault plane. This branches off just
to the south of Barbon Beck, and can be traced in the lower
reaéhes of all the stream sections, as far north as ITuge Gill,
but north of this point appears to rejoin the main fault.
The throw is to the west, but the amount is uncertain due to.
the monotonous lithology on elther side of the fault plane.
Hercynian faulting is thus rather more dominant and has
a greater effect on the structure than the Czaledonian fractures.
The amount of displacement, however, although greater than the
WiW trending faglts, is small in comparison with the movement
on the parent Dent and Barbon Faults, which thus apparentiy

cushioned the area from the main orogenic forces,

General Conclusions

(1) The Barbon and kiddleton Iells are folded into two
open WNW trending synclines, separated by a small crumpled
anticline.

(2) Superimposed on the major structure sre minor folds
of the same age, and which also have a WHW trend. These
folds can be sub-divided into open slightly asymmetrical

“structures, and monoclinal structures.

(3) . A preliminary survey shows that the trend of the
highly developed fracture cleavage swings slightly towards
the north, in the south-east of the area, indicating
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perhaps a gradual change in the trend of the folding.

(4) Caledonian faulting follows the trend of the folding,
end is closely associated with the monoclinal structures.

The throw is small in most cases.

(5) The effect of the Hercynian orogeny has been to .
| tilt the strata slightly to the north-west, and introduce
a set of N-S or NE-SW trending faults.

(6) The boundaries of fhe area are formed by the later
Hercynian Dent and Barbon Faults. ‘Both of these faults
are reversed and downthrow between 4000 and 5000 feet.

In addition the Barbon Peult is considered to be
dextrally tofn, and displaces the southern part of the

Dent Fault.

(7) Branches of these faults cut across the Silurisn
strata and have a greater effect on the structure than
the Caledonian faulting. The amount of displacement is
comparatively small, however, as it appears that the
boundary faults cushioned the area from the main orogenic

forces.
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CHAPTER 12

SULARY OF CONCLUSIONS

(1) The stratigraphical succession cbnsisting of
Brathay Flags, Coniston Grits and Bannisdale Slates is
considered to have been deposited from turbidity currents.
It may be sub-divided on a lithological basis, depending
on the proportion of coarse greywacke to finer sediment.

Within these divisions the lundgreni, nilssoni-scanicus,

. leintwardinensis incipiens and leintwardinensis graptolite

zones have been recognised. A marked thickening of the
strata from north to s outh suggests a considerable

deepening of the geosyncline in this direction. (Chapter 3).

(2) The lithological types described from the Barbon
and liddleton Fells are also found in the Silurian strata
of many other parts of the British Isles, and indicate
that deposition from turbidity currents was a widespread

feature of Silurian sedimentation. (Chapter 4).

W

(3) Petrographical studies show that the coarse
sediments fall on the edge of the greywacke field, towards
the subgreywacke class, and that the matrix is largely

secondary. Grain size analyses show that almost all of
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the greywackes are poorly sorted, sub-angular and of silt
grade. This indicates rapid mechanical disintegration
of the source rocks, and deposition from comparatively

slow moving turbidity currents. (Chapters 5 and 6).

(4) The finer grained sediments, i.e. the graptolitic.
giltstones and banded units were deposited during quiescent
periods by low grade turbidity currents. The pyritic
films in these rocks have probably resulted from the
anaerobic alteration of annually deposited carbonaceous
material. The absence of these films from the mudstone
laminae of the banded units is considered to be due to
the re-working of this finer sediment by burrowing

worms. (Chapters 7 and 9).

(5) Sedimentary structures indicate that the greywackes
were carried into the area from the north-west, down the
gide of the trough, by very variable turbidity currents.
Rock fragments within the sediments suggest that the land
which lay in this direction was in the northern belt of
the Southern Uplands, and not the Lake District. This
hypothesis is strengthened by a consideration of
palaeocurrent and stratigraphical evidence from the Iake
‘bistrict, Howgill Fells and Southern Uplands, which shows
that the existence of a border land mass is unlikely.

The absence of coarse sediments in the earlier part of
the Silurian period, however, is explained by a shallowing

in the border area. (Chapters 3, 5, 9 and 10).
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(6)

The sediments deposited in the Barbon and Middleton
Fells were later folded during the Caledonian orogeny
into open WNW trending folds, on which minor folding and

faulting with the seme trend was superimposed. The.

later Hercynian orogeny introduced a set of N-§, and

NE-SW trending faults which are subsidiary features of
the Dent and Barbon PFaults. (Chapter 11).
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APPENDIX T

SAVPLE  TOCALITIES

Sampling localities are numbered from S1 to S125, starting
fromvthe Wenlock Series. In the list below, the litholog&,
bed number; locality and grid reference of each specimen

is given, along with an indication of any thin sections
made from the specimen. Thin sections of the greywacke
units are numbered from 1-26 starting at the base of the
Lower Coniston Grits. Graptolitic siltstone slides are
indicated by an X. Heavy Mineral Separations are numbered
from H1-15 ‘again starting from the base of the Lower

Coniston Grits.

Abbreviations:- G or GreyW = Greywacke
GS = Graptolitic Siltstone
BU = Banded Unit
(i) Brathay Flags
Heavy
Sample ILithology ZIocality Grid Ref Thin Sections Min.S.
No. ' G GS
S6 Grap Silt Ieck Beck 655791
S5 1] " " " 655790 X
S4 W " " " 654787
S3 " " " n 652786
S2 " " " " 649783
S1 " " " " 648780 X
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APPENDIX 1

SAMPLE LOCALITIES (CONT.)

(ii) ITower Coniston Grits Thin
Sections Heavy

Sample  Lithology+ Locality Grid Ref G GS Min S

.No. Bed No. Slide BU

No.

533  GreyW LCG1l5  NW Pell Road 644808 10 H5
_S32 _ GreyW LCGL5  NW Fell Road 645808 9

S31 GrapS LCG14 NW Fell Road 647807

530 GrapS LCG1l4 NW Fell Road 648807 X

S29  GreyW LCG1l3 NW Pell Road 648806 H4
D28  GreyW LCGL3 NW Fell Road 648805 8
927 GrapS LCGl2 NW Fell Road 649804 X

826 Greyw LCGll NW Fell Road 650803 7

925 GreyW LCG1ll NW PFPell Road 650802 H3
S24 GreyW LCG1ll NW Fell Road 650801 6
923 GrapS LCG1O NW Fell Road 650800 X

S22 GreyWw ICG 9 Fell Road 649800

S21  GreyWw LCG 9  Fell Road 649799

820 GreyW LCG 9 Pell Road 649798 5
S19 B.U. ICG 8 Fell Road 649797 X
518 GreyWw LCG 7 Fell Road 650797 4
817 GrapS ICG 6 NW Teck Beck 650795 X

S16 GreyWw ICG 5  NW Leck Beck 658799 H2
S15 GreyW LCG -5 NW Leck Beck 653798 3

514  GrapsS LCG 4 NW Leck Beck 655797 X
813 GrapS ICG 4 NW Leck Beck 652793

812 Greyw LCG 3 NW Leck Beck 652794
B1ll  Greyw ICG 3 NW Leck Beck 653793 2

S10 Graps LCG 2  NW Leck Beck 655794
S 9 GrapS ICG 2 Teck Beck 657796 X

3 8 Greyw ICG 1  Leck Beck 657795 H1l
ST Greyw LCGL T.eck Beck 657794 1
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APPENDIX I

SAMPLE LOCALITIES (CONT.)

(iii) Middle Coniston Griﬁs Thin
Sections Heavy
Semple  Lithology+ Locality Grid Ref ¢ GS Min S.
No. Bed No. , Slide BU .
No.
549 BU MCG 8 Aygill 656829
S48 BU MCG 8 Aygill 657829 X
S47 BU  MCG 8 Aygill 658828
946 BU IMCG 8 Howegill 650821
545 GrapS MCG 7 Howegill 650820 X
-S44  Grey¥ MCG 6 Howegill 648818 14 H8
343 BU MCG 5 Nonslope M 647817 X
242 BU MCG 5 Nonslope M 652817
541 GreyW MCG 4 1Ilonslope Moss 652816 13 HT
-S40  GreyW MCG 4 Nonslope Moss 652814 12
_S39 BU MCG 3 Grove Gill 644813 X
S38 Greyw MCG 2 Grove Gill 642813 H6
837 GreyW MCG 2 Grove Gill 641813 11
S36  BU MCG 1 Grove Gill 639813
S35 BU MCG 1 Dry Gill 644808
834 BU MCG 1 Brownthwaite M. 647808 X

238



APPENDIX T

SAUPLE LOCALITIES (CONT.)

(iv) Upper Coniston Grits

Sections  Heavy
Sample  Lithology+  TLocality  Grid Ref G GS Min S
No, Bed Mo. Slide BU |
: No.
576  GreyW UCGll Holme Fell 649902
S75 GreyW UCGll Holme Fell 641903 H13
374  GreyW UCGLl Castle Knott 658839
S73  GreyW UCGLl Castle ¥nott 662843 23
372  GrapsS UCGl0 Holme Pell 643904
S71  GrapS UCGLO0 Holme Fell 641903 X
370  GrapS UCGLO Castle Knott 659839
869  GrapS UCGlO Castle Knott 658837
568 GreyW UCG 9  Holme Fell 648903 22 H12
567 GreyW UCG 9 B whiskey Gill 651834
S66  BU UCG 8 Holme Fell 645903
865 BU UCG 8 B Whiskey Gill 651835 X
S64 GreyWw UCG 7 Holme Fell 644904 H1ll
563  GreywWw UCG 7 Holme Fell 644905
8562 GreyWw UCG 7 E Whiskey Gill 653834
_361 GreyW UCG 7 E Whiskey Gill 653832 21
S60 GrapS UCG 6 Holme Fell 642906 X
559 GrapS UCG 6 B Wwhiskey Gill 6518%2
558 GreyW UCG 5 E Whiskey Gill 654831 20
_S57 . GreyW UCG 5  Barbon Beck 658830 19 H10
_S56 BU UcG 4 Whiskey.Gill 647830 X
8555  GreyWw UCG 3  Whiskey Gill 647829 18
S54  GreyW UCG 3 Barbon Beck 647827 17
553  GreyWw UCG 3 Barbon Beck 654828 16
552  GrapS UCG 2 Barbon Beck 651827 X
S51  GreyW UCG 1  Barbon Beck 649827 HI
S50  Greyw UCG 1 Barbon Beck 651826 15
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APPENDIX I

SAMPLE LOCALITIES (CONT.)

(v) Lower Bannisdsle Slates Thin
Sections Heavy
Sample  ILithology+ Locality Grid Ref G GS Min S
No. o Slide BU
\ No.
S112 GreyWw LBS6 Raismoor B 654888 26 '
8111 GreyW LBS6  Raismoor B 653888 © H1l4
© 8110 Greyw LBS6 SE Brack G 657882
5109 Greyw ILBS6  Wrestle G 658869
5108 BU LBS5 Holme Fell 648893
S107 BU LBSS Holme Fell 647895 X
5106 BU IBS5 W Brack G 658884
S105 BU LBSH W Combe Scars 665875
5104 GreyWw LBS4  Holme Fell 645897
8103 Greyw LBS4  Holme Fell 645896
S102 GreyV LBS4 Holme Fell . 645895
S101 GreyWw LBS4  Brack Gill 660883
S100 GreyWw IBS4  Brack Gill 660884
S 99 GreyW LBS4 Combe Scars 675880 _
S 98 Greyw ILBS4 Combe Scars 676830 25
S 97 BU 1LBS53% Holme Hell 643895
S 96 BU LBS3 Holme Fell 643896
S 95 BU LB33  Holme Fell 643897
S 94 BU  1IBS3 Holme Fell 643899
S 93 BU LBS3 Brack G 665885 X
S 92 BU LBS3 Barkin Fell 665858
S 91 -BU LBS3 Barkin Fell 665857
D 90 BU LBS3 Barkin Fell 665855
S 89 GreyW L352 Holme Fell 650900
S 88 GreyWw LBS2 Holme Fell 642898 H15
S 87 Greyw LBS2 Holme Fell 642900
S 86 Greyw LBS2 Brack G 664887
S 85 GreyWw LBS2 Barkin Fell 672862 24
S 84 BU L3511 Holme PFell 650901
S 85 BU LBS1 Holme Fell 650902 X
S 82 BU LBS1 Holme Fell 643902
S 81 BU LBS1 Holme Fell 642903
S 80 BU LBS1 Brack G 665888
S 79 BU IBS1  Brack G 665889
S 78 BU LBS1 Barkin Fell 670861
S 77 BU LBSL Barkin Fell 670860
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APPENDIX I

SAVPLE LOCALITIES (CONT.)

(vi) Upper Bannisdale Slates
x : Sections ‘Heavy
Sample  Lithology+ Locality Grid Ref G GS Min S

No. Bed No. Slide BU

No.

S125 BU UBS2 Ashd Gill 635838

S124 BU UBS2 Iuge Gill 639878 X

S123  BU UBS2 Iuge Gill 638877

5122 BU UBS2 Iuge Gill 637377

5121 BU UBS2 Lugze Gill 636877

5120 BU UBS1 Ashd Gill 641843

5119 BU UBS1 Ashd Gill 641845

5118 BU UBS1 Ashd Gill 638836

S117 BU UBS1 Ashd Gill 638833

S116 BU UBS1 Luge Gill 6438783 X

S115 BU UBSL Tuge Gill 645878

S114 BU UBs1 Luge Gill 648378

S113 BU TUBSL Luge Gill 654878 X

PAUNAL LOCALITIES

been listed here.

These are described in the text, and so have not
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APPENDIX II

Specimens in the Collection of the University of Hull,
Dept. of Geology

Thin sections have been made of all specimens listed below.

(1) Brathay Flags

Sample Bed No. ILithology Tocality Grid Ref. Departmental
No. ’ Catalogue -No.
S1 - Grap Silt Teck Beck 648780 HU/Pu/T1
S5 - Grap Silt Leck Beck 655790 HU/#u /12

(i1) Tower Coniston Grits

Sample Bed No. Tithology Tocality Grid Ref. Departmental
No. , Catalogue No.
S7 LCG 1  Greywacke TLeck Beck 657794 HU/Pu/13
S9 LCG 2 Grap Silt Teck Beck 657796 HU/Pu/I4
S11 LCG 3  Greywacke NW Leck Beck 653793 HU/Fu/15
S14 LCG 4 Grap Silt NW Teck Beck 655797 HU/Pu/16
S15 ~ILCG 5 Greywacke KW Leck Beck 653798 HU/Pu/L7
S17 ICG 6 Grep Silt NW Leck Beck 650795 HU/#u/18
s18 ICG 7 Greywacke Fell Road 650797 HU/Fu/19
S19 ICG 8 Banded U. PFell Road 649797 . HU/Fu/1.10
S20 LCG 9 Greywacke Fell Road 649798 HU/Pu/T11
523 ICG10 Grap Silt NW Pell Road 650800 HU/Pu/112
824 LCG1ll Greywacke NW Fell Road 650801 HU/Pu/113%
526 LCG1ll  Greywacke NW Fell Road 650803 HU/Fu/L14
s27 LCG12  Grap Silt NW Fell Road 649804 HU/Pu/I15
828 LCG13  Greywacke NW Fell Road 648805 HU/Pu/L16
S30  LCGl4 Grap Silt NW Fell Road 648807 HU/Fu/L17
332 LCG15  Greywacke N Fell Road 645808 HU/Fu/1.18
533 LCG15  Greywacke NW Fell Road 644808 HU/Fu/119
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(iii) Middle Coniston Grits

Sample Bed No. ILithology Tocality Grid Ref. Departmental

No. Catalogue No.
S34 HCG 1 Banded U. Browth. M. 647808 HU/#u/L20
537 HCG 2 Greywacke Grove Gill 641813 HU/Fu/L21
S39 MCG 3 Banded U. Grove Gill 644813 HU/Fu/L22
S40 HMCG 4 Greywacke Nonslope M. 652814 HU/Pu/1.23
541 MCG 4 Greywacke Nonslope M. 652816 HU/Pu/1.24
543 MCG 5 Banded U. Nonslope M. 647817 HU/Pu/%.25
S44 MCG 6 Greywacke Howegill 648818 HU/ /1,26
$45 MCG 7  Grap Silt Howegill 650820 HU/Pu/L27
S48 1CG 8 Banded U. Aygill 657829 HU/Fu /128

(iv) Upper Coniston Grits

Semple Bed No. Lithology  Tocality Grid Ref. Departmental

_No. Catalogue No.
550 UcG 1 Greywacke Barbon Beck 651826 HU/Pu/1.29
S52 UcG 2 Grap Silt Barbon Beck 651827 HU/Fu/L30
S53 UCG 3 Greywacke Barbon Beck 654828 HU/Fu/131
S54 UcG 3 Greywacke Barbon Beck 657827 HU/Pu/L32
S55  UCG % Greywacke ‘Whiskey G 647829 HU/Pu/133
S56 UCG 4 Banded U. Whiskey G 647830 HU/Fu/L34
S57 UCG 5  Greywacke Barbon Beck 658330 HU/Fu/135
558 Ucq 5 Greywacke E.Whiskey G 654831 HU/Fu/L36
S60 UCG 6  Grap Silt Holme Fell 642906 HU/Fu/137
S61 UCG 7 Greywacke BE.Whiskey ¢ 653832 HU/Fu/138
65 UCG 8  Banded U. ®.Whiskey G 651835 HU/Fu/1.39
$68 UCG 9 Greywacke Holme Fell 648903 HU/Pu/140
S71 UCG10  Grap Silt Holme Tell 641903 HU/Fu/T41
ST73 UCG11 Greywacke Castle Knott 662843 HU/Fu/142
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(v) Iower Bannisdale Slates

Sample Bed No. Iithology Iocality  Grid Ref. Departmental
No. Catalogue No.
. 883 LBS 1 Banded U. Holme Fell 650902 HU/Pu/1.43
$85 LBS 2 Greywacke Barkin Fell 672862 HU/Fu/144
S93 LBS 3 Banded U.  Brack.Gill 665885 HU/Fu/145
598 LBS 4 Greywacke Combe Scars 676830 HU/Pu/L46
S107 ILBS'5 Banded U. Holme Fell 647895 HU/Fu /147
S112 LBS 6 Greywacke Raismoor B 654888 HU/Fu/148

(vi) Upper Bannisdzle Slates

——

Locality Grid Ref. Departmental

Sample Bed No. Lithology

No. Catalogue No.
S113 UBS 1  Randed U. Iuge Gill 654878 HU/Pu/L49
8116  UBS 1  Banded U. Iuge Gill 643878 HU/Fu/L50
S124 UBS 2 Banded U. Iuge Gill 639878 HU/Fu/L51
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APPENDIX III MINSRALOGICAT, ANALYSE3

Appendix IIIA. The percentages of the important constituent
minerals in the 26 greywackes analysed from the Barbon and
Middleton Fells.

Slide y % % % % %
No.  Quartz Melspar Rock Carbonate Natrix  Others
. - Frag- inc.
2 ments Mica
1 55.8 10.1 5.7 4.5 23%.3 0.6
2 50.1 7.1 18.1 5.6 18.3 0.8
3 34,7 9.6 25.8 3.4 25.7 0.8
4 46.7 11.3 5.7 6.0 28.0 1.3
5 50.9 11.0 _ - 6.4 31.1 0.6
6 54.1 9.0 10.6 5.6 20.1 0.6
7 45.7 9.2 14.0 6.1 18.7 1.3
8 40.5 10.5 7.9 5.9 39.1 1.1
9 51.1 14.4 5.8 4.7 23.4 0.6
10 48.8 9.5 5.2 T2 28.9 0.4
11 44.9 10.5 5.1 6.1 32.6 0.8
12 58.0 11.1 5.1 5.0 40.3 0.5
13 42.7 16.3 C.1 7.1 32.9 0.9
14 38.9 16.9 8.0 6.7 28.8 0.7
15 35.4 10.7 0.1 9.1 441 0.6
16 50.8 10.7 5.3 3.4 28.6 1.2
17 51.4 10.2 - 8.0 29.4 1.0
18 50. 4 8.5 0.1 7.6 32.8 0.6
19 53.5 13.5 0.1 7.3 25.1 0.5
20 50.0 : 10.5 0.5 12.0 26.0 1.0
21 40.2 10.5 8.3 8.1 31.5 1.4
22 53.0 T.3 5.1 8.9 24.9 0.8
23 50.4 10.6 5.0 8.0 24.9 1.1
24 51.5 T.4 0.2 T.4 32.8 0.7
25 52.4 10.5 0.2 7.6 28.4 0.9
26 43.4 12.3 T.7 T.3 28.5 0.8
Mean 47.5 10.7 5.7 6.7 28.6 0.8
Sections At right angles to Bedding

Distance between points s~ mm.
Distance between Traverses :~ 1 mn.
No. of grains counted :~ 2000 (from two halves of

Magnification :+- x65 or x300 1000 each)
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Appendix ITIB. The percentages of the important constituent
minerals in the 12 greywackes analysed from the Howgill

Fells.
Slide % % 4 % 4 %
No. Quartz Felspar Rock Caﬁbnate Matrlx Others
Frag- inc.
ments Mica
'S/H1 53.4 7.8 0.5 14.6 23.6 0.1
S/H2 49.4 8.8 1.5 5.9 34.3 O.i‘
S/H 3  47.3 10.8 3.8 2.0 35.9 0.2
S/H 4 39.6 8.0 0.2 . 8.7 43.2 0.3
S/H 5 48.6 Te3 1.4 11.7 30.5 0.5
S/H 6 52.0 6.5 0.6 12.7 27.9 0.3
S/HT 38.4 - 15.7 10.9 6.3 28.5 0.2
S/H 8 49.5 12.1 2.2 5.4 30.4 0.4
S/H 9 51.0 10.7 0.8 9.2 27.7 0.6
S/H10 44.3 9.8 5.8 4.7 34.5 0.9
S/HLL  43.7 11.2 6.4 3.5 34.7 0.5
S5/H 12 50.9 8.5 4.2 5.5 30.8 0.1
Mean  47.3 9.8 3.2 7.5 31.8 0.4
Sections t- At right angles to Bedding

. Distance between points :-‘% mm,

Distance between Traverses:- lmm.

No. of grains counted := 2000 (from two halves of
1000 each)
lMagnification s- XxX65 or x300
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Appendix IIIC. The percentages of the importent constituent
-minerals in the 3 specimens of the Winder Grit from the
Howgill PFells.

Slide % % % % % %

No. Quartz  Felspar Rock  Carbonate Matrix  Others
frag- inec.
ments Mica
WG 1 32,2 8.2 32,4 9.0 17.7 0.5
WG 2 23.6 6.0 46.8 3.0 19.9 0.7
WG 3 38.1 7.9 30.3 4.1 19.4 0.2
I‘Tean 3104 . 7.5 3605 5.1 1900 005
Sections :- At right angles to Bedding
Distance between points s- % mm.

Distance between Traverses :- 1 nm.

No. of Grains counted t~ 2000 (from two halves of
1000 each)

Megnification $- X065
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Appendix ITID. The percentages of the important constituent
minerals in the 10 greywackes analysed from the Blawith

area.
Slide % % % % % %
No. Quartz Telspar Rock Carbonate Matrix Others
Frag- inc.
nents Mica
S/B1  46.5 6.4 - 11.7 35.1 0.3
5/B 2 68.1 3.1 - 1.5 26.8 0.5
8/B 3 55.2 6.1 0.1 9.0 29.6 -
S/B 4  49.4 5.8 - 10.7 34.0 0.1
S/B 5 52.5 7.0 1.0 3.1 35.8 0.6
5/B6 53.2 - 8.0 0.4 10.0 28.2 0.2
8/B 7 50.6 4.9 - 7.6 36.4 0.5
S/B 8 45.8 6.8 2.6 8.3 35.9 0.6
8/B9 51.9 5.2 0.9 10.4 31.0 0.6
8/B10  56.3 9.1 1.0 9.8  23.4 0.4
Mean 52.9 6.2 0.6 8.2 31.6 0.5
Sections t- At rizht angles to Bedding

Distance between points t- ¢ mm.

Distance between Traverses:- 1mm.
No. of grains counted :- 2000 (from two halves of
: 1000 each)
Magnification :- X65 or x300
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Appendix IIIE.

The percentages of the important constituent

minerals in the 4 greywackes analysed from the Horton-in-

Ribblesdale area.

-

"Distance between points
Distance between Traverses
No. of grains counted

Magnification

‘Slide % - % % % % %
No. Quartz felsgpar Rock Carbonate Matrix Others
Frag- inc.
ments Mica
S/A 1 35.9 13.0 0.2 10.0 40.2 0.7
S/A 2 40.3 8.6 0.4 11.1 39.1 0.5
S/A 3 44.8 13.5 0.6 9.5 31,0 0.6
S/4 4 4%.6 - 11.1 0.5 9.8 34.6 0.4
Mean 41.1 11.5 0.4 10.1 36.2 0.7
Sections :- At rizht angles to Bedding

)
‘1

mm.

il lmm.

:-~ 2000 (from two halves of
1000 esach)

t- X65 or x300
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Appendix IIIF. The Statistical Significance of the Results.

All slides were split into two halves of apparently
identical texture and mineralogy, and 1000 points were counted
from each half. If there was a wide discrepancy in the
result, the section was completely re-analysed. The exemples
below show that the r esults are statistically significant and
can be re-produced.

Slide Slide Slide Slide Slide
S.10 S/H4 WG 2 S/B1 S/A3
% % -

Quartz Analysis 48.4%  39.2% 24.2% 45.6% 45.2%

| " 49.1%  40.0% 23.0% 47.4%  44.4%

Mean 48.84  39.6% 23.6% 46.5% 44.8%

Felspar Analysis 9.4% 8.8% 5.8% 6.0 12.5%

" 9.6% 7.2% 6.2% 6.8%6 14.5%

Mean 9.5% 8.0% 6.09 6.4% 13.5%

Rock Analysis 4.7% - 45.6% - 0.7%
1 |

fragments " 2 5.8%  0.4%  48.0% - 0.5%

Carbonate Analysis 1 7« 2% 9.0¢ 2.0% 11.4% 9.9%

" 2 7.2% 844% 4,0% 12.0% 9.1%

Mean 7 .24 B.7% 3.0% 11.7% 9.5%

Matrix inc.Analysis 1 29.9% 42.4% 21.4% 36.8%  31.3%

pe

Mica n- 2  28.04 44.0% 18.4% 33.4%  30.8%

Mean 28.9% 43.2% 19.9% 35.1%  31.0%

Others Analysis 1 0.4% 0.6% 1.0% 0.2% 0.4%

" 2 0.%% - 0.4% 0.4% 0.7%

h Mean - 0.4% 0.3% 0.7% 0.3% 0.6%

As a further check the same parts of some thin sections were
completely re-analysed at a later date, when closely comparable
results were obtained.
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APPENDIX IV, HEAVY MINZRAL ANALYSES

The Results from the 15 gquantitative heavy mineral analyses
are sumnarised below. The technique used was largely that.
proposed by Doeglas (1940), and is described in the text.

Sample localities are shown in Appendix I.

Sample -

No. Hl H2 H3 H4 H5 H6 H7 H8 H9 H10 H1l H12 H13 H14 H15
1 ve ve ¢ Ve Ve VC Ve VC Ve ¢ Ve Ve Vo C C
2 ¢ ¢.. ¢ P ¢ C P P P C C C C P C
3% ¢ ¢ ¢ ¢C ¢ ¢ ¢ ¢V ¢ ¢ ¢ P ¢
4 ¢ ¢ P ¢C P C ¢ ¢ ¢ €¢ ¢ ©€¢ ¢ ¢ P
5 P P P ¢ C P P P P ¢ P R P C C
&6 ¢ ¢ P ¢ C C ¢ P C R C € ¢ C ¢
7T ¢ ¢ ¢C P P P R R C P R R P R P
8 ¢ ¢ ¢ ¢ ¢ ¢ ¢ ¢ ¢ ¢ ¢ ¢ ¢ ¢ cC
9 Vo P ¢ € C V¢ P VC  C ¢ C P P R VC
6 ¢ ¢ ¢ ¢ ¢ ¢ ¢ ¢ P C P CcC C C C
11 R - - - R R R - R R R R R R -
12 p P P P R P P P R R R R P P P

3 - - R - = = = = =« =« 2« 4 R - =

§§m°f498 510 500 508 499 497 501 501 512 500 507 511 500 499 502
o

Gms.

% 1.2 007 101 0-9 004- 008 100 009 003 008 006 005 009 lol lol
Heavies

Pyrites

Magnetite

Ilm.-leucox Vo
Purple Zircon
Col. Zircon

+ Pink Garnet
Col.,Y.Garnet
Rutile
Biotite

10 Chlorite

11 Tourmaline

12 Apatite

13 Others

Very Common
Common
Present
Rare

Y Q
nou

OWOIOVIPVINH
=
]
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APPENDIX V,

GRAIN SIZE ANALYSES

'Appendix VA,

specimens from the Barbon and Middleton Fells.

FPull grain size analyses of the 26 greywacke

Slide ¢ %Silt dclay Meen HMean Vean Size
No. Sand ie.grains grains Sand Silt of Sand,
ie.grains between less Size Size Silt and
more then 0.062 &  than mm mm Clay
0.062mm  0.004mm  0.004mm
1 32.0 58.0 10.0 0.094min G.0%6mn 0.051mm
2 59.0 33.0 8.0 0.180mm 0.037mm 0.118mm
3 66.0 25.0 9.0 0.242mn 0.040:1am 0.170mm
4 51.0 31.5 17.5 0.165mnm 0.033mm  -0.095mn
5 22.5 66.5 11.0 0.083mm 0.030mm 0.039mm
6 46.0 42.0 12.0 0.160mm 0.038mn 0.090mn
7 34.5 53.5 12.0 - 0.11%mm 0.031mm 0.056mm
8 28.5 62.5 9.0 © 0.092m2  0.037mm  0.050mn
9 28.5 60.5 11.0 0.165mm 0.030mm 0.045mnm
10 17.0 70.0 13.0 0.087mn 0.028xn 0.035mnm
11 23.5 58.5 18.0 0.086mm 0.034mm 0.041mm
12 25.0 66.0 9.0 0.08T7mn 0.036mm 0.046mm
13 24.0 61.0 15.0 0.084mm 0.040mnm 0.044mm
14 24.0 59.5 16.5 0.086mn 0.034mn 0.042mm
15 28.5 53.5 18.0 0.091mm 0.036mm 0.046mm
16 29.5 58.0 12.5 0.084mm 0.038mm 0.048mm
17 44.0 48.0 8.0 0.096mm 0.043mm 0.063mn
18 45.5 34.5 20.0 0.13%8mn 0.036mn 0.071mn
19 36.0 52.0 12.0 0.100mm 0.038mm 0.060mn
20 35.5 53.5 11.0 0.088mm 0.040mn 0.053mm
21 28.0 58.5 13.5 0.090am 0.038mn 0.047mm
22 33.5 54.5 12.0 0.084mm 0.041mn 0.051mm
23 25.5 59.0 15.5 0.097mm 0.039mm . 0.050mm
24 23,5 61.5 15.0 0.084mm 0.0C36mm 0.042mm
25 22.5 6%.0 14.5 0.078mm 0.041mm 0.044:m
26 19.0 65.5 15.5 0.089mnm 0.035mm 0.040mm
Means 32.8 54,2 1%.0 0.109mm 0.036mm 0.059mn

Sections:~- At right angles to RBedding.
Jistance between Traverses:-

No. of grains measured:- 200

1 mm.
Magnification:- x65

¢ .

No allowance was made for the sectioning effect.
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Appendix VB. Full grain size analyseé of the 12 greywackes
from the Howgill Tells.

Slide % %Silt %Cley Mean Mean Mean Size
No. Sand ie.grains grains Sand Silt of Sand,

' ie.grains Dbetween less Size Size Silt end

more then 0.062 & than mm mm Clay
0.062mnm 0.004mm 0.004mm
S/H1 51.0 31.5 17.5 0.127mm  0.044mm 0, 080mm
S/H 2 49,5 34.0 116.5 0.128mm 0.038mz  0.077mm
S/H 3 56.0 27.0 17.0 0.165mm 0.043mm  0.104mm
S/H 4 44.5 37.0 18.5 0.123ma  0.04lun  0.066mm
S/H 5 48.5 31.5 20.0 0.144mm  0.040mm  0.083mm
S/H 6 39.5 44.0 16.5 0.12lmn  0.040mm  0.066mm
S/H 7 42.0 33.0 25.0 0.104mm 0.03%35mm 0.056mm
S/H 8 46.5 30.0 23,5 0.147mm  0.040mm  0.08lmm
S/H9 50.0 31.5 18.5 0.130mm  0.039mm  0.078un
S/H10 " 51.5 34.0 14.5 0.098mm 0,04lmm 0.065mm
S/H11 45.5 44.0 10.5 0.075mm  0.037mm  0.051lmm
S/H12 46.5 37.5. 16.0 0.100mm  0.042mm  0.062mm
eans 47.6 34,6 17.8 0.122mm  0.040mm  0.074mm
Sections t- At right angles to Bedding
Distence between points :- % mm.

~ Disténce between Traverses - lmm,
Mo. of grains menasured:- 200

lagnification :- x65 or x300

No allowance was made for the sectioning effect.
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Appendix VC.

of Winder Grit from the Howgill IFells.

Full grain size analyses of the 3 specimens

Slide % %9ilt ZClay Mean Mean  Meen Size
No. Sand ie.grains grains Sand Silt = of "Sand,
ie.grains between less Size Size Silt and
more than 0.062 & than mm mn Clay
0.062mm  0,.004mm 0.004mm
We 1 65.0 17.5 17.5 0.320mm  0.04lmm  0.285mm
WG 2 55.5 22.5 22.0 0.470mm 0.032mm 0. 270mm
WG 3 56.0 28.0 16.0 0.%45mm 0.038mn 0.205mm
Means 58.8 22.7 18.5 0.378mm 0.037mm 0.25%mm -
Sections s~ At right angles to Bedding

Distance between points -

Distance between Traverses:

No. of grains measured

Magnification

Sectioning effect not
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Appendix VD.
specimens from the Blawith area.

ull grain size analyses of the 10 greywacke

Slide % 73ilt - dClay Meen Yean  Mean Size
No. Sand ie.grains grains Sand Silt of Send,
ie.grains between  less Size Size Silt and
more than 0.062 & than mm mm - Clay
0.062mm  0.004mm  0.004mm
S/81 25.0 55.0  20.0 0.105mm  0.038mm  0.048mm
S/B 2 22.0 63.0 15.0 0.085mm  0.040mm  0.045mm
S/B 3 41.5 39.5 19.0 0.120mm  0.0%9mm  0.066mm
S/B 4 8.0 65.0 27.0 0.080mm  0.033mm  0.030mm
8/B5 46.0 37.0 17.0 0.1%3mm  0.040mm  0.076mm
S/B6 25.0 54.0 21.0 0.1%5mm  0.045mm  0.058mm
S/B7 45.5 34.5 20.0 0.090mm  0.04lmm  0.055mp
S/B 8 43.5 35.0 21.5 0.100mm  0.046mm  0.060um
S/B9  36.0 45.0 18.5 0.080mm  0.038mm  0.046mm
S/BlC  48.5 36.0 15.5 0.085mn  0.045mm  0.058mm
Means  34.1 46.4 19.5 0.10lmm  0.040mm  0.054mm
Sections :- At right angles to Bedding

No allowance has been made for the

Distance between points  :- ¢ mm.

Distance between Traversess:-
No. of grains measured ;-

Magnification
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Appendix VE. Full grain size analyses of the 4 greywacke
specimens from the Horton-in-Ribblesdale area.

Slide % 73ilt dClay Mean llean  llean Size
No. Sand ie.grains grains Sand Silt of Sand,
ie.grains between less Size Size Silt and
nore than 0.062 & than mm mn Clay
0.062mm  0.004mm  0.004mm
S/A1 24.0 5%¢5 22.5 0.101mm 0.036mm  0.044mm
S/A 2 30.5 46.5 23,0 0.105mm  0.035mn  0.049mm
S/A 3  23.0 57.5 19.5 0.108mm 0.0%2am  0.044mm
S/A 4 38.0 40.0 22.0 0.110mm 0.0%9mm  0.058mm
Mesns  28.8 49.4 21.8 0.106mm 0.035mm  0.049mm
Sections ¢t- At right angles to Bedding
Distance between points i~ ¢ nom,

Distance between Traverses :- lmm.
No. of grains meamured:- 200

Magnification :- x65 or x300

No allowance has been made for the sectioning effect.
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Appendix VPF.

The statistical significance of the grain
size analyses.

To check the accuracy of the grain size measurements,

3 specimens were completely re-analysed.

The results are

shovm below, alongside the original analyses and indicate
that the r esults are statistically wvalid.

Slide < %5ilt dClay ie. Mean Mean  lMean Size
No. Sand ie.grains grains Sand Silt of Sand,
ie.grains Dbetween  Tess Size Size Silt and
more than 0.062 & than mm mm Clay
0.062mm  0.004mm 0.004mm
S 5
Pirst
Anal. 22-5 6605 11.0 00083Iﬂ.m. 0.03031711 0.0391’1’!1!1
. Second
Anal. 17.5 67.5 15.0 0.080mm 0.034mm 0.038mn
S 10
first 17.0 70.0 13.0 0.08Tmm  0.028mm  0.035mm
Anal.
Second 13.0 67.5 19.5 0.082mm  0.02%9mm  0.035mm
Anal,
S 18
First 45.5 34.5 20.0 0.1%8mm  0.0%6mm  0.071lmm
Anal.
Egcimd 43,0 38,0 19.0 0.137mm  0.033mm  0.074mm
al.

na
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APPENDIX VI, ROUNDNESS ANALYSES

Appendix VIA. Pull roundness analyses of the 26 greywacke
specimens from the Barbon and Middleton Fells, using
Powers' (1953) Roundness Scale.

Cimits of Class:

( .12 .35 .49 .70 1.00
Mid ‘ -
Point .14 .21 <30 41 .59 86f % | % | Mean
: Very Sub Sub Well |High|Low| Rnd-
S%ide Ang Ang Ang JRound [Round |Round| Sph|Sph| ness
l O .
1 5% 36% 53% 6% - - 5% (47 [0.27 SA
2 11% 38% 43% 8% - - 62 |38 |0.26 SA
3 13% 33% | 45% | 9% - - 55 |45 10.26 SA
4 144% 399 | 42% | 5% - - | 70 |30 [o0.254/54
5 8% 29% 549 97 - - 58 |42 |0.27 SA
6 8% 46% 36% | 10% - - 60 [40 |0.26 SA
7 6% 28% 46% | 10% - - 55 | 45 |0.27 SA.
8 4% 40% 45% | 10% 1% - 63 | 37 |0.27 SA
9 11% 264 | 49% | 4% - - 52 |48 [0.254/84A
10 10% 35% 49% 6% - - 59 | 41 |0.26 SA
11 9% 27% 56% 8% - - 63 | 37 |0.27 SA
12 8¢ 29% 47% 6% - - 59 |41 |0.26 SA
13 1 6% 37% 49% 8% - - 56 | 44 |0.26 SA
14 1% 42% | 47% | 4% - - 57 |43 |0.254/54A
15 6% 39% 51% 4% - - 59 |41 [0.26 SA
16 13% 319 52% 4% - - 55 | 45 |0.25A/8A
17 6% 41% 48% 5% - - 63 | 37 10.26 SA
18 8% 434 384 | 11% - - 56 |44 |0.26 S4
19 T% 38% 48% 7% - - 51|49 |0.26 SA
20 8% 40% 45% 7% - - 50 | 50 |0.26 SA
21 T% 39% 46% 7% 1% - 53 | 47 | 0.26 SA
22 8% 36% 46% | 10% - - 56 | 44 [0.26 SA
23 10% 39% 46% 5% - - 59 | 41 | 0.254/8A
24 11% 38% | 47% | 4% - - 60 [ 40 [ 0.254/5A
25 5% 43% 47% 5% - - 49 | 51 | 0.254/8A
26 " 8% 41% 44% 7% - - 65 | 35 | 0.26 SA
Means 84 384 47% T% - - [57.6 2.4/ 0.26 SA
A:- Angular SA:~ Sub-angular Sph = Sphericity
Rnd = Round

Sgctions:— At right angles to Bedding.
Distence between points:- < mm.
Distance between Traverses:- lmm.

No. of grains estimateds 100

Magnification:- x65 or x300.
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Appendix VIB. ®ull roundneés analyses of the 12 greywacke
specimens from the Howgill Pells, using Powers' (1953)
Roundness Scale.

(Iimits of (Class: '
(' 025

120 .17 .35 .49 .70 1.00
Mid ‘ ,
Point .14 .21 .30 .41 59 | .86| % | % Mean
‘ Very Sub Sub Well High| Low| Rnd-
Sﬁide Ang Ang Ang (Round |Round |Round | Sph| Sph| ness
S/H 1 9% 38% | 49% | 4% - - 53 | 47 |0.254/54
S/H 2 % 34% 56% 5% - - 44 |56 |0.26 SA.
S/H 3 11% 26% 59% 4% - - 49 |51 [0.26 SA
S/H 4 5% 44% | 47% 4% - - 49 [51 |0.254/84
S/H 5 10% 314 | 57% 2% - - 42 |58 |0.26 SA
S/H 6 6% 369, 56% 24 - - 56 |44 |0.26 SA
S/H 7 8¢ 40% | 49% | 3% - - |55 [45 |0.254/SA
S/H 8 12% 29% | 53% 5% 1% - 60 {40 |0.26 SA
S/H 9 5% 36% 55% 4% - - 50 {50 |0.26 SA
S/H10 % 42% | 474 | 4% - - 51 (49 [0.25A/8A
S/H11 12% 35% | 499 | 4% - - |54 |46 [0.254/5
S/H12 10% 40% 48% 24 - - 49 |51 |0.254/54]
Means  f.4% 36% | 52% [3.6% - - 51 {49 |0.25A/8A
A:- Angular. SA:- Sub-angular. Sph = Sphericity
. Rnd = Round
Sections ¢t—= At right angles to Bedding
Distance vetween points :- % mm.
_ Distance between Traverses:- lmm,
No. of grains estimated :- 100
tagnification :~ x65 or x300.
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Appendix VIC.

Full roundness analyses of the 3 specimens
of Winder Grit from the Howgill Fells, using Powers'(1953)
Roundness Scale.

(Limits of (lass:

( .12 17 .25 .35 .49 .70  1.00 .
Mig - | , i |
Point .14 .21 .30 41 <59 86| % | 4 |Meen
Very Sub | Sub Wwell [High|ILow | Rnd-
Slide Ang Ang Ang |Round |Round [Round | Sph|Sph | ness
_No. A
WG 1 8% 37% 50% 5% - - 46 |54 0.26 SA
WG 2 10% 33% 46% | 11% - - 45 |55 |0.26 SA
WG 3 11% 35% 47% T% - - 42 {58 [0.26 SA
Means 10% 35% 47% 8% 44 |56 |0.26 SA
—— ’
SA:- Sub-angular. Sph = Sphericity
End = Round
Sections ¢t~ At right angles to Bedding

‘Distance between points

Distance between Traverses:-

No. of grains estimated

Magnification

:-‘% mm.

1mm,
:- 100
t- Xx65
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Appendix VID.

Pull roundness analyses of the 10 greywaclke
specimens from the Blawith area, using Powers' (1953)
Roundness Scale.

(7imits of Class:

.12 17 .25 .35 .49 .70  1.00

Mid .

Very Sub Sub Well |Hish| Low{ Rnd-
Slide Ang Ang Ang |Round [Round Round Sphl Sph| ness
No.
N et
S/B 1 6% 38% 48% | 8% - - | 57]43% [0.26 SA
S/B 2 149 344 47% 5% - - | 44 |56 |0.25A54
S/B 3 9% 38% 50% | 3% - - 1 55]45 [0.254/5A
8/8B 4 | 12% a6% | 374 | 44 - - | 56|44 {0.24 A
S/B 5 T% 4% 44% 6% - - | 47|53 |0.26 SA
S/B 6 10% 466 399 5% - - | 49|51 |0.254/84
S/8 7 8% 44 46% 29 - - 50|50 |0.254/84
S/B 8 % 47% 40% 6% - - | 47153 |0.254/54
S/B 9 12% 33% 51% 4% - - | 55|45 [0.254/54
S/B10 11% 304 | 499 | 10% - - | 59|41 |0.26 SA
Means |9.6% |40.0% 145.0% [5.4% - - | 5248 |0.254/54
A:- Angular SA:- Sub-angular Sph = Sphericity

Rnd = Round
Sections ¢t— At right angles to Bedding

Distance between points

®
.

« Distance between Traverses:-

No. of grains estimated

Magnification

*
*
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Appendix VIE. Full roundness analyses of the 4 greywacke
specimens from the Horton-in-Ribblesdale area, using
Powers' (1953) Roundness Scale.

(Limits of Class:
12 ' <17 .25 . 55 +49 e 10 1.00

Mid .
Point 14 .21 <30 .41 .59 86| 4| 4 | Meen

Very Sub Sub Well | High| Tow| Rnd-
Slide Ang Ang Ang [Round |Round |Round| Sphl Sph| ness
No.
S/A 1 13%% 43% 439 1% - - 52 | 48 {0.24 A
S/A 2 15% | 41% 44% - - - 55|45 |0.24 A
S/A 3 17% 3%, 499 1% - - 50| 50 [0.24 A
S/A 4 20% 40% 38¢% 2% - - 51149 [0.23 A
Means |16.5% 39% |43.5% 1% 521 48 | 0.24 A

Az~ Angular Sph = Sphericity
Rnd = Round
Sections s- At risht angles to bedding

\
Distance between points :-"6 mm.
. Distance hetween Traverses:- lmm.,

No. of grains estimated :- 100

Magnification :- X65 or x300

262



Appendix VIF.

eanalyses.

The statistical significance of the roundness

4 specimens were completely re-analysed.
below alongside the original analyses, and indicate that the
results are statistically valid.

To check the accuracy of the roundness estimations,

These are shown

-

(Limits of Class:

263

¢ .12 17 .25 <35 .49 .70  1.00
1id i
Point .14 .21 <30 41 .59 86| 4| % ; Mean
Very Sub Sub Well [High{ Low| Rnd-
Slide Ang Ang Ang | Round |Round  |Round | Sph| Sph| ness
_No.
S 9 |
First 11% | 36% | 49% | 4% - - 52 |48 |0.254/5A
Est
Second 10% 35% 48% T% - - 54 | 46 |0.26 SA
_Est '
S17 ,
First 6% 41% 48% 5% - - 63 | 37 [0.26 SA
Est
~ Second 8% 42% 44% 6% - - 62 [ 38 [0.26 SA
_Ist
524
F%rit 114 | 38% 47% 4% - - 60 | 40 |0.254/SA
S
SgcJocnd 14% | 40% | 42% | 4% - - 59 | 41 |0.25A/8A
Es
s25
Férit 54 43% 47% 5% - - 49 | 51 {0.254/SA
" .
S;sc%nd 9% | 45% | 41% | 5% - - .| 53|47 |0.25A/8A
Es :
Sph = Sphericity
Bnd = Round



APPENDIX VII

CURRENT DIRECTION READINGS

Directional readings taken on sole markings throughout the
Ludlow Series. Readings taken from strata dipping at 25 degrees
or more, have been corrected stereographically. The method is
described in the text.

Dip directions etec. eg 39N22W = Dip of 39 degrees, at 22 deﬁrees
west of north.

Observn ILocality Dip ~Bearing Corrected Current Type
No. of Bearing From
— Lineation
1 Haw Gill 39N22W 47 WofN 42 WofN N¥  Flute
2 n " 25N25W 46 WofN 4% WofN Nw "
3-5 " " 20N29W 44 WofN - NW "
6 Leck B 20N32% 66 WofN - WNW "
7 " " 19N31W 55 WofN - WNW "
8 " " 23N35W 45 WofN - NW "
9 " " 23N35%W 30 WofN - NW "
10 " " 22830W 31 WofN - Nw "
11w " 20N32%W 10 WofN - ?NNW Groove
12-13 Combe Scars 1ON25W 80 WofN - W Plute
14-15 " " ON45W 32 WofN - NW "
16 Grove Gill 56N10W 5 EofN 4 WofN N "
17  Teck Beck 19N25W 20 WofN - NW Groove
18 " " 19N35W 33 WofN - NW Plute
19 " " 19W40W 20 WofN - NN# "
20 " " 23N45W 45 WofN - NW Groove
21 " " 23N45W 45 WofN - NW "
w22 " " 29N32W 35 WofN 34 WofN N Plute
23 L " 30N35W 42 WofN 40 WofN N "
24 " " 30N35W 39 WofN 37 WofN NW n
25 " " 25N15W 10 WofN 10 WofN NNW "
26 " " 28N20W 75 WofW 72 WofN WNW Groove
27 " " 20N44%W 40 WofN - Nw Flute
28 " " 20N44W 40 WofN - NW "
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Observn Tocality

Bearing Cbrrected :

Dip Current Type
No. of Bearing From
Tineation
29  Smithy Hse  30N1OW 40 WofN 36 WofN N Flute
30  Aygill 18N55E 26 WofN - NIW "
31 " 20N58E 38 Wofl - NW "
32 " Z5N81W 34 WofN 40 WofN NW "
33 " Z5N82W 35 WofN 41 WofN Nw "
34 " 44NT76W 27 WofN 37 WofN NNW "
35 " 32N25W 51 WofN 48 WofN Nw "
36  whelprigg 32N26W 51 WofN 48 WofN NW Groove
37 E.whisky G. 31N42E. 28 Wofli 24 WofN NI Plute
8  on 31N42E 33 WofN 30 WofN N#  Groove
39 n 31N42E 35 WofN 32 WofN NW "
40 " Z1N42E 40 WofN 38 WofN NW "
41 " 26N35E 15 WofN 12 WofN NI Flute
42 " 28N37E 20 Wofil 16 WofN NIW "
43 " 28N39E 31 WofN 28 WofN NEW "
44 " 24N39E 28 WoiN - N "
45 " 27832E 19 WofN 16 WoIN NWW Groove
46 " 23N36E 5 WofN - N Flute
47 " 3ZN41E 32 WofN 28 WofN NNW "
48 " 33N41E 32 WofN 28 WofN NNW "
49 " 20N25E 15 WofN - NIW "
50 " 22N25E 20 WofN - NNW "
51 " 26N24% 20 WofN 18 WofN NNW "
52 " 24N26E 23 WofN - NNW "
53  Brackens G. 24N%0W 21 WofN - NIW "
54 " 20N35W 15 WofN - NNW "
55 " 22N35%W 55 WofN - NW "
56 " 20N33W 60 WofN - WNW "
57 " 20N35W 60 WofN - WNW "
58 " 20N35%W 52 WofN - N "
59 Iuge G. 32N21W 42 WofN 38 WofN Nw "
60 " Z0N20W 40 WofN 38 WofN N "
61 " 30N20W 34 WofN 32 WofN NW "
62 " 36N22W 25 WofN 24 WofN NNW n
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Corrected

Observn Tocality Dip Rearing current Type
- No. of Bearing From
Tineation

63 Willhouse B  9N39W 19 WofN - NNW  Flute
64 " 350158 50 WofN 45 WofN NW "
65 " 40N30W 35 WofN 33 WofN NW "
66 " 4ON30W. 70 WofN 62 WofN WNW "
67 " 30N35W 40 WofN 39 WofN NW Groove
68 " 25N19W 34 WofN 33 WofN NW  _Flute
69 " 30N15W 43 WofN 40 WofN NW "
70 " 30N20W 38 WofN %6 WofN - N .
71 " 22N20W 70 WofN - WNW "
72 n 24N19W - 75 WofN - WNW "
73 " 24N22W 50 WofN - N4 "
74 " 20i730W 45 WofN - NE gGroove
75 " 18N28W 41 WoflN - W Flute
76 " 15N%36% 49 WofN - NW "
77 " 15N32W 52 WofN - W n
78 " 10N32% 51 WofN - NW "
79 Barkin B. 18w 40 WofN - NW "
80 " 20N100W 32 WofN - N "
81 Barkin F. 15N170% 40 WofN - W "
82 " 20N163W 43 WofN - W "
83 " 22N158%W 33 WofN - Nw "
84  Barkin B. 20S 29 WofN - NNW "
85 " 21s 15 WofN - NWW "

- 86 Rarkin PFell 8N135W 32 WofN - NW "
87 " | 21N 3E 50 WofX - N "
88 " 21N 3E 51 WofN - N "
89 " 24N10E 65 WofN - WITW Groove
90 " 24N10E 70 WofW - W "

91 " 26N11lE 66 WofN 64 Wofl WirW Plute
92 " 28N1SE 44 WofN 41 WofN NW "
93 Corn Clse 19N135% 58 WofN - N¥ "
94 " 19N135W 47 WofN - W "
95 " 19N13%5W 50 WofN - NW n
96 " 15N131W 38 WofN - N "

266



Observn ZTLocality

267

Dip Rearing Corrected Current Type

No. o of Bearing From

Lineation

97 Corn Clse 18N130W 42 WofN - N Flute

98 " 22N130W 39 WofN - NW "

99 " 24N127W 40 WofN - N "
100 AL 20N130W 40 WofN - W "
101106 Brow G. 20N 10E 43 WofN - W "

107 Jordan W. 391527 51 WofN 47 WofW Ny -

- 108 " 39N153% 46 WofN 42 WofN N Groove
1109 " 36N152% 40 WofN 37 WofN NW ~on
110 R. Dee 10N 85%W 58 WofN - WINW Flute
111 " 129 20 WofN - NNF "
112  Combe S. 3N 45W 5 WorN - N "
113 Holme K. 23N160W 48 WofN - N Groove
114 " 20N151¥ 48 WofN - NW "
115 " 18N151W 49 WofN - NwW Plute
116 " 22N155W 50 WofN - N "
117 Ruddl.G. 17v155W 40 WofN - N#  Groove
118 " 17N155W 25 WofN - NNW Flute
119 " 20N160W 20 WofN - NNW "
120 " 20N160W 19 JofN - NITW "
121 " 21N170W 22 WofMN’ - NNW Groove
122 " 18N155% 33 WoflN - NA Flute
123 " 178149W 40 WoiN - NW "
124  Barbon B. 17N 34E 17 WofN - NN n
125 w 20N 40E 30 WofN - NNi  Groove
126 N Dale G. 23N156W 90 WofN - w Flute
127 w 38N155W 10 WofN 6 WorlN NN Groove
128 " 24N150W 35 WofN - NW n
129 " 30N149% 40 WofN 37 WofN Nw Flute
130 " 40N132W 41 WofN 41 WofN NW "
131  Combe S. 10N124W 75 WofN - WNW "
132 Millh. B. 36N 27E 100VofN 95 WofN W "
133 " 36N 27E 98 WofN 94 WofN W "
134 " 36N 27E 90 WofN 85 WofN w "
135 " 26N 27E 60 WofN 58 WofN WY Groove
136 " 48N 69W 65 WofN 67 WofN WNW Flute



Observn Iocality Dip Bearing Corrected Current \Lype
- No. of Bearing From ‘
‘ Tineation
137 Millhs.B.  15N146% 62 Wofl - WNW Groove
138 n 15N146W 85 WofN - W Flute
139 " 15N146W 85 WofN - W "
140 " 20N145W 95 WotN - W "
141 n 20N145% 65 WofN - WN'W "
142-50 " 18N149W 35 WofN - NW "
151 Leck Beck 19N 30W 20 WofN - NNW Groove
152 " 20N 30W 25 WofN - NNW Flute
153 " 19N 32w 24 WofN - NNW "
154 " 15N 33% 22 WofN - NNW "
155 " 24N 31W 44 WofN - W "
156 " 24N 25W 30 WofN - Nw "
157 " 18N 32W 65 WofN - WIW "
158 " 20N 30W 18 WofN - NNW "
159 " 22N 40W 10 WofN - N Groove
160 " 21N 45%W 20 WofN - NN "
161 " 21N 41w 25 WofN - NWW  Flute
162 E.Whisky G 20N 30E 20 WofN - NWW Groove
163 " 26N 24E 18 WofN 14 WofN NNW "
164 " 22N 40E 22 WofN 18 WofN NIW Ilute
165 " 30N 45E 79 WofN 75 WofN W "
166 " 24N 45E 19 WofN - NNW "
167 " 241 45E 80 WofN - W "
168 " 26N 49E 41 WofN 39 WofN Nw "
169 " 28N 39E 42 WofN 40W ofN Y "
170 Combe S. 517 42w 23 WofN ~ NNW Groove
171 " 5N 42% 26 WofN - NNW  Flute
172 " 8N 43w 4 WofN - N n
173 " 6N 45W 10 WofN - N Groove
174 Ayegill 21N 65E 42 WofN - N "
175 " 21N 65E 40 WofN - NW "
176 Corn Close 12N125W 5 BofN - N FPlute
177 " 12N125W % EofN - N "
178 " 17wi21w T EofN - N "
179 " 18N119%W 38 WofN - Nw "
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269

Observn Locaiity Dip Bearing (Corrected Current Type
No. of Bearing From
Lineation
180 Corn Close 24N125W 41 WofN - NV Flute
181 " 21N131W 42 WofN - Nw "
182 " 19N135W 30 WofN - NWW "
183 N Dale G. 22N150% 2 WofN - N "
184 " 24N155W 12 WofN - N "
185 " 20N149%W 10 WoflN - N Groove
186 " 18N148W 10 WofN - N "
187 Combe Scars 8N 309W 15 WofN - NNW Flute
188 Holme K. 26N16%W 50 WofN 48 WofN NW Groove
189 " 23N160W T2 Wofll - WNW  Flute
190 " 23N160W 89 WofN - W "
191 Tuge G. 32N 25%W 49 WorN 46 WofN NW "
192 " 34N 230 39 WoflN 36 WofN Nw "
193 " 24N 29%W 38 WofN - NW "
194 " 24N 30W 51 WofN - v Groove
195 " 25N 35W 47 WofN - - Nw Flute
196 " 20N 31W 91 WofN - W "o
197 " 20N 31w 30 WofN - NWW "
198-9 " 22N 35% 31 WofN - NW Groove
200 Combe Scars horiz. N - N Flute
201 " " 10 WofN - NNW "
202 " 3N 35W 29 WofN - NNW Groove
- 203 " 3N 35W 28 WofN - NOwW Flute
204 " 5N 40W 32 WofN - NNW "
205  Aygill 15N 70E 30 WofN - NNW L
206 " 21N T71E 30 WofN -~ NNW "
207 Wyegrft G. 26 TW 51 WofN 49 WofN Ny "
208 " 26N TW 45 WofN 43 WofN Nw "
209 " 23N 10W 28 WofN - NNW Groove
210 " 20N 9% 31 WofN - NI IMlute
211 " 20N 9W 10 WofN - N "
212 " 20N 10W 23 WofN - Nw "
213 " 23N 15W 25 WofN - NNW "
214 Barbon ILF 15N 23 WofN - NNW "
215 " 161 32 WofN - NIW Groove



Observn Tocality Dip - Bearing Corrected Current Type

No. : of Bearing From

: ‘ Lineation
216 Barbon IF 16N 30 WofN - NNW Flute
217 " 16N 58 24 WofN - NNW "
218 " 21N10oW 40 WofN - NwW "
219 " 21N 42 WofN - NW .o"

220 Brow Gill  31N16W 15 WofN 15 Wofy  NWW - ®
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Abbreviations:~- Lithologies, G

APPENDIX VIIT

CLEAVAGE DIRECTION READINGS

GS

M
BU

guwun

Dip directions etec. eg. 36N160W =

Greywacke,

Graptolitic Siltstone.
Mudstone Top,
Banded Unit.

Remarks on degree of Developments:- P

= Poor, G = Good,
E = BExcellent.
Dip of %6 degrees, at

-

160 degrees west of north.
Observn Tocality TLith  Dip Direction Dip of  Remarks
No. of Cleavage
Cleavage
1¢c Rash Mill GS 26N160W N52W T8N130W P
2C " " BU 23N145W N75W - P
20 1" 1" ] Hn n N35W - P
3G oo wo A2N151W N64W 82N153W G
4G " " GS 33N156W N62w 80N151w G
5C " " BU 20N150W N62W 60N152W G
6C Ruddles Gill BU 40N1L63W N9OW 25N1T79W B
6C " " " "o NT5W 88N165W P
70 " " GS  9NlO9W N65W 66N150% G
8C Rash Mill M 13N131W N66'W 56N154W G
9c, no GHL O w zaisay N65W 60N1567 G
10¢C " " GS 16N139W N43W T5NL33W E
1ic " " " now N43W 80N132W E
12¢ Corn Close GS 13N145w NS5W 90 G
13C " " G 12N75W N35W 80N124w P
14¢C " " GS  10N1l25W N45W 90 G
15C Rewthey Br. GS  20Nl128W  N63W  75N153W G
16C  Brackns.G. GS Horiz. N58W 68N148W G
17C Helm Xnott M 44N100W N46W 80N130W B
18¢C Brow Gill BU 31N14W N68W 55N158%W B
19¢C " " " 40N11W BE-W 555 P
20C " " " 19N16W N59W 88N150W G
21¢ " " " 8N150W N63W T517153W G
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Observa TLocality Tith Dip Direction Dip of Remarks

No. of Cleavage
. Cleavage

22C  Brow Gill - BU 20N 10E N5LW TON 40E E
230 " u n TN155W N49W 8TN139W G
240 " " " 10N130W N64W T5N154W E
25C " " " 21N145W NT4W 80N164W B
260 Jordn.Wood BU  4ON154W N69W 89N158W -G
27¢ " " " 27N118W N73W T6N163W B
280 n " " 3QN152W NT76%W 60N166%W B
290 " " " " oon N79W 69N1TOW B
300 L " " 39N152W N70W T3N160W E
32C Holme Fell M 30N159W N61W TSN149W G
330 R. Dee " 36N148E NS8OW - B
34C " " " 10N127W N2ow S58N124W B
350 0w GS 9N 60W NT3W 87NLE64W P
350 " "o, GS noon N15W 85N100W P
36 0m M 25N 10W N64W 83N155%W G
360 " " n noon N17w 68N109W P
370 " " GS 14N %5W N64w 4A8N154W P
38C Holme Fell GS 32N150W N65W 64N25F G
39¢ - " " BU  28N155W N54W  TON145W P
390 " " f "woon Niow 8ONT8E P
400 " " " 23N1T70W N54W 4051447 B
410 " " " 23N160W N62W 60N152W B
420 " "o " noon N51wW 52N141W B
43¢  PFellside Pm. M 27N 29E N53W 69N 37E P
44C  Midd Hall B. BU  26N1OOW N48W 7217138W e
450 moom o 29N 45W N55W 64N145W P
460 " " " " 14N 50W N66W 80N155W G
47C¢ Ridding Beck " 13N 85W N45W 54N135W G
480 n " " 9N130W N53W 82N143%W G
49C n now o 23N139W N62i 86N151W E
50C " " " T N6OW 68N150W E
51¢ Ruddles Gill GS 12N170W NT3W TON163W G
52C " " "o A3N145W N56W T5N145W G
53¢ Ridding Beck BU 25N 85W N53W TON143W P
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Observn Tocality ILith Dip Direction Dip of Remafks
No. - of Cleavage
— Cleavage

54C  Raismoor B. BU  10N120W N59W T5N150% P
55C " n " 15N 85W N58W 80N148%W P
56¢C " " " 16W N50W 83N140W G
57C " oo 8w N53W TONL43W P
58¢ N v " GS 22W135W N6OW TS5N150W G
59¢ Wrestle G. G 26N120W N55W - P
60C mm  BU 21N 30W N59% 53N149W G
61C Helmside M 25N40E N4OW 55N139W G
620 " " 40W1l0W N50% T5NL40W P
63C " " 15N 65E N4TW T6NL3TW P
65C PFell House BU 45N T4E N43W - G
66C Barkin B. G 34N1538 N54W 87N 36E P
68C Whelprigg  GS 33N S5W N4OW 70N 50% G
69¢C Barbon L.F. GS 158 N3TW T6N12TW G
T70C Leck B. GS 12N123W NeTW 68N11TW P
71¢C " " " 14N 52W N49W - P
T2¢C Dry Gill G 338 5W N44W - P
13¢C FPell R4. GS 26N 20w N34w - P
74C  Gale Grth. M 27N 168 N45W - P
75C  Teck Beck G 28N N34W 90 G
76C Barbon B. G 31N 24E N41W 80N 50E P
T7¢C " " G 17N 348 N9OwW 50N P
T8¢ n " G3 24N 18EF - N39W 60N5 OF E
79¢C Bskholme P. BU 25N147W N4TW 45N137TW B
80¢ " " " 19N 42E N56W T4W 34E B
81¢ Brow Gill BU 14N 257 N66W 90 G
82¢ Thirnb. G. BU 30N b5E N37W 80N 53E P
"83¢0 Brow Gill " 31N 16W N51W 90 P
84¢C Wyegrft.G. G 26N W N43W 83N133W G
85C " " BU 178 58W N58W 8T 32E B
86C " " " 10N 56w N51W g0 G
87¢ noow " 251 N54% 90 E
88C " " "o 7NLO5W N55W 45N145% ¢!
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Observn Locality Tith Dip Direction Dip of Remarks
No. of Cleavage
o . Cleavage
89C Northd G. M 38N155W 1487 70M138% G
90C " " "o 23N 15W N9O'¥ AON G
91C Brackns G. GS . 1oM170W N6TW T4N15TW E
92¢ 0w  m "o 16N129W N49W 63N139W el
93¢ " " " 10N 95W N52W 90 P
" 94C Corn Close G 127 N46W 80N136W P
950 " " M 46N 5E N65W 66N 25E G
96C " " GS  21N133W NS1w 85N141W P
97C Rash Mill " 25N145W N6OW 83N150% G
98¢ noow G 8N 58W N64W 81N154W G
99¢ oo GS  29N135% N53W 85N143W G
100¢ nooom G 14N132wW N56W 90 P
101¢ Gawthrop M 23N 50E N20W 758 T0E G
102¢C " . " 20N 26E N28W 85N 62E B
103C Combe Scars BU 36N 18E N71W 551 19E G
104C " " " 41N125W N507 80N140W E
1050 " " " 16N131W N45W 8ON134W P
106G " " " 12N1607 N55W 65N145%W P
107¢ Millhse B. " 29N154%W NS4W T8N144W B
108¢ " " " 9N 51W N55% 52N144W E
109¢ " " " 17s N521 TSNL42W E
1100 " " " SON 22E N64W 79N 26F ¢!
111¢ " " " A6N119W N49W 88N1397 B
112¢ " "o " 33 36E N66%W 80N 24E B
113¢ " " " 15N146W 35w 40N125W G
114¢ " " " 24N146W N4OW 40N130W G
114¢ " " " 24N146W N6OW 50N148W G
115C Hélm Knott G 22N 35E N73W 75N 17E G
116C Rottenbutts W. "  29N154E N4TW 78N 43E P
117¢C " " M TNL30W N52W - E
118C Iuge Gill BU  26N1207¥ N58W 80N148%W P
119¢ " " BU  13N108W NSOW 60N140W P
120¢C " " " 25N140W N65W 88N155W E
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Observn ZIocality Lith Dip Direction Dip of Remarks

No. of Cleavage
Cleavage
121¢ TIuge Gill BU  25N140W N64W 80N156W B
122¢ " " " 25N140% N64W 85N154W E
123¢ " " n 14w N6OW 86N150W B
l24¢  mom " 15N139W  NS5W  8ON145W B
130¢ " " " 200 N62W 8ON152% B
131¢ " " " 15N135W. N63W T9N153% B
132¢ " " " 22N139%W N6TW 82N154%W B
133¢ " " " 18N140W N64w 83N154W B
134c " " " 14w - N70W 85N160W B
135¢ " " " 15N132% N69W 90 B

Vean Direction is 56 degrees west of north.
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£ )/ S R WL 52| THE GEOLOGY OF MIDDLETON FELL AND ADJACENT AREAS.
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