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ABSTRACT

This thesis describes two Carboniferous fluvio-deltaic sequences
in which river channel fills are dominant, the Roaches Grit Group (Namurian
R2b) in the south-west Pennines and Lower Pennant Measures (Westphalian C)
in the Rhondda Valleys. In addition, sedimentation in non-meandering
sandy rivers is reviewed and discussed.

Non-meandering rivers can be classified into straight and two
braided types. In the fﬁrmer, alternate bars attached to the channel
sides give rise to solitary sets of cross-bedding which are eroded during
falling stage. In braided rivers, channel fill characteristics vary with
discharge regime. These range from regimes with pronounced short lived
flood peaks with rapid rising and falling stages, probably producing
relatively uniform cross-bedded fills, to those which show limited variation
between high and low stage and where high stage sediments are mainly
reworked. Multiple channel braided rivers should have channel abandonment
sequences showing alternating periods of bedform movement and ponded water.

Palaeocurrents vary with regime and some braided rivers may show
a variance similar to that of meandering rivers.

The Roaches Grit Group is an overall coarsening upwards sequence
375m thick at maximum, with Deep Water, Delta Slope, Delta Top and Delta
Margin Associations. Within these, 20 lithofacies are described and
discussed. The lowest Deep Water Association is dominated by turbidites
which generally thicken up the sequence. The Delta Slope shows evidence
of syn-sedimentary faulting. Density currents deposited much of the
sediment and turbidity currents cut channels into the slope. Large fluvial
channel fills dominate the DelFa Top Association and large solitary sets of
cross-bedding witﬁin these were probably produced by alternate bars. Sand-
waves occurring in shallower parts of the channel produced cosets of

tabular cross-bedding, and smaller forms superimposed during falling stage



produced convex-up erosion surfaces within individual sets. There was
little low stage sedimentation and a discharge regime with a pronounced
flood peak plus é prominent falling stage period is enQisagéd.

Palaeocurrents are towards the north?west and the delta prograded
into a nw-se trending deep watér trough, filliﬁg this part of the basin
for the first time. The petrdgraphy'and‘sedimentology however suggest
a northerly sediment soﬁrce: Tectonic movemenf alongithé southern margin
of the basin diverted the river and at the Roaches led té chanhel fills
being successiﬁely offset towards the horth.

The Lower Pennant Measures, 550m thick at maximum, contain Fluvial
Channel and Delfa or Crevaése~délta Associations. lé lithdfacies are
described and discussed. The Delta Associafion, largely reétricted to
the lower Lynfi Beds, consisé of small, laterélly variable poarsening
upwards and fining upwards sequences, recordihg fhe fiiling of shallow,
bays. In most of the succession this early progradational phasé is
reworked by the suééeeding largelbraided river. This produced thick,
lateraliy extensive sahdstones composed of stacked channel fills with low
order Qertical facies sequenceél | |

Key sections in fhe éssociation show channél fills uninterrupted by
‘major erosion., These contain major channel base, conglomerate, main sand-
stone, alternating beds, siltstone and seat-earth/coal components. The
conglomerate records concentration in the thalweg, whilst the cleaner, main
sandstone component was deposted in topographically higher parts of the
channel. Sequences in this show little order and no upwards fining. They
were largely determined by discharge changes with larger bedforms being
commonly washed out during falling stage. The overlying alternating beds
fine upwards and formed during progressive channel abandonment. Widespread
coals record periodic diversions of the coarse sediment supply before a

further phase of progradation.



ACKNOWLEDGEMENTS

This research was carried out whilst I held a University
Demonstratorship in the Geology Department, Keele University.

Dr. John Collinson has supervised the work and I wish to
thank him for advice and encouragement over 3} years and for
allowing me a free hand in the choice and presentation of material.

Many people have discussed various aspects of the work and
in particular I wish to thank Dr. Neil Aitkénhead, Mr. John Baines,
Mr. Ian Chisholm, Dr. Alan Heward, Dr. Peter McCabe and Mr. Aidrian
Middleton, together with members of the Geology Department at Keele
whose research interests were less closely connected to mine,

Mr. W.B. Evans of the Institute of Geological Sciences kindly
made available unpublished maps and photographs. Mr. Julian Orford
at Keele Geography Department wrote the computer programmes used in
the analysis of the Pennant Sandstone sequences.

.I thank Mr. M.J. Stead and his staff for providing technical
facilities particularly Mr. David Kelsall for taking numerous

photographs and Mrs. Linda Bradshaw for diagrams.



CONTENTS

Cﬁapter 1.
1.1.
1.2,
1.3.
l.4,

1.5,
SECTION I.

Chapter 2,
2.1.

2,2,

2.3.
2.3.1.
2.3.2.
2.3;3.
2.3.4.

2.3.5.

2.3.6.
2.3.6.1.
2.3.6.2.
2.3.6.3.
2.3.6.4,
2.3,6,5.
2.3,7.,

2,3.8.

2.4,

Introduction

Aims of research

Layout of thesis

Facies Analysis - a definition
Terminology

Methods of study

BEHAVIOUR OF MODERN BRAIDED AND LOW-SINUOSITY

Introduction

Meandering rivers

Behaviour»éf non-meandering rivers
Introdﬁction;.

éédform types

Effeéts of varying discharge

Straight or low sinuosity channels

Straight channels braided at low or
falling stage:

Multiple channel braided rivers
Formation of islands

Channel behaviour

Lateral movement of the river
Scour and fill

Conclusions

Palaeocurrents

Formation and preservation of vertical

accretion sediments:comparisons between

meandering and non~meandering rivers

Conclusions

RIVERS

11
11
12
13

18

22
22
23
25
27
27
28

29

31

33



SECTION II.

Chapter 3.
3.1, -
3.2,

3.3.

3.4,

Chapter 4.

4,1,

4.1;1.
4,1.2,
h.1.3.
4.l.4.

4.1.5.

THE SEDIMENTOLOGY OF THE ROACHES GRIT GROUP IN

NORTH STAFFORDSHIRE AND AD&ACENT AREAS

The area’
Structure
Stratigraphic position .

Previous research on the Upper Namurian
of north Staffordshire

Previous research on the sedimentology
of the Namurian of northern England
Association A. Deep Water Sediments

Lithofacies descrlptlon and
interpretation

Lithofacies 1; Mudstone.

Lithofacies 2; Silty Mudstone
Lithofacies 3; Goniatite Faunal Bed
Lithofacies 4; Thin-bedded turbidites
Lithofééies 5; Thick Sandstones
Lithofacies 63 Parallel-sided Sandstones

Facies relationships w1th1n the
association

Page
36
36

37
38

39

43
43
43
n
45

49

54



Cﬁapter 5.
5.1,

5.2.
5.2.1,

5.2.2,
5-2.3.v .
5.2.4,

5.2.5.
5.2.6.
5.2.7.
5.3,

5.”‘

Chapter 6.
6.1.

6.2.

6.2.1.

6.2.1.1.
6.2.1.2.

6.2.1.3.
6.2.1.4,

6'2.l|5n

6.2,1.6..

6.2.1.7l

Association B, Delta Slope

Limits of the Association

Lithofacies description and interpretation
Lithofacies 7; Ripple-laminated Sandstone

Lithofacies 83 Micaceous, Carbonaceous
Sandstone

Lithofacies 9; Parallel-laminated .
Sandstone

Lithofacies 103 Trough Cross-bedded
Sandstone

Lithofacies 5; Thick Sandstones
Lithofacies 2; Silty Mudstone
Lithofacies 63 Parallel-side Sandstones
Discussion

Origin of Lithofacies 6

Associatibn C. Upper Slope énd Delta Top
Introduction

Assemblage A; Sub and interchannel
deposits

Lithofacies description and interpretation

Lithofacies 12; Lenticularly-bedded
Sandstone

Lithofacies 13; Channel fill
structureless sandstone

Lithofacies 2; Silty Mudstone
Lithofacies 7; Ripple-laminated Sandstone

Lithofacies 8; Micaceous, Carbonaceous
Sandstone

Lithofacies'g; Parallel-laminated
Sandstone

Lithofacies 10; Trough Cross-bedding

Page
57
57

57

58

59

59
59
60
60
61

64

66

66

66

66

67
68

68

68

68

69



6.2.2.
6.2.3.
6.3.

6.3.1.

6.3.1.1.
6.3.1.2.
6.3.1.3.
6.3.1.4.
6.3.1.5.

6.3.1.6.
6v302‘.o .

603.3.

6.3.4.
6.4,

6.5,

Chapter 7.
7.1.

7.2,
7.2.1.
7.2.2,
7.2.3.

7.2.4,

7.2.5.

7.3,

Inclined bedding

Discussion

Assemblage B; Fluvial Channel Sediments

Lithofacies description and interpretation

Lithofacies 143 Medium Scale Cross-
bedding

Lithofacies 15; Large Scale Cross=-
bedding

Lithofacies 163 Faintly-laminated
Coarse Sandston - :

Lithofacies 16a; Undulatory-bedded
Sandstone

Lithofacies 7; Ripple-laminated
Sandstone

Lithofacies 10; Trough Cross-bedding
Lithofacies relationships with channels

Interpretation of the channel fill
sequences

Discharge regime
Relationships within the Association

Morphology of the delta

Association D. Delta Margin Sediments

Introduction

Lithofacies description and interpretation

Lithofacies 17; Seat-earth and Coal

Lithofacies 18; Wave-laminated Sandstone

Lithofacies 19; Homogeneous Siltstone

Lithofacies 1 and 2; Mudstone and Silty

Mudstone
Lithofacies 3; Goniatite Faunal Bed

Vertical sequences and discussion

Page
69
70
75

75
75
87
91
93

oy
9y

95

97
103
105

107

112
112
112
112

11y

11y
114

11y



Chapter 8. Trace Fossils Page

8.1. Introduction 117
8.2, 4 Description and Interpretation 117
8.2.1. Pelecypodichnus 117
8.2.2. Inclined bivalve resting traces 120
8.2.3. Befgaueria | 120
8.2.4. Cigar shaped Ridge i2i
8.2.5, Cochlichnus ’;2;
8.2.6. Discontinuous Sole Trails ’ 122‘
8.2.7. Large Pipe iéé
8.2.8, Planoclites ‘ 123
8.2.9. Rhizocorallidae 12y
8.2.10. Rounded Sole Trail 124
8.2,11. Small Simple Pipes 124
8.3. Vertical distribution of Trace Fossils 125

Chapter 9. Aerial Variatons, Basin Analysis and Regional Significance

9.1. Earlier Namurian Sedimentation 128
9.2. - Late R2b sequence in the southern Pennines 130
g8.2.1. Thicknesses 130
9.2.2. Local Variations 130
9,2.3. Source of the sediment /, 134
9,2.4. Controls on sedimentation 135

9.3. Regional significance 136



SECTION III THE SEDIMENTOLOGY OF THE LOWER PENNANT MEASURES IN

Chapter 10.

10.1.
10.1.2.
10.2.
10.2.1.
10.2.1.1.
10.2.1.2.

10.2.1.3.
10.2.1.4.
10.2.1.5.

10.2.1.6.
10.2.1.7.
10.2.1.8.
10.2.1.9.

10.2.2.

10.2.2.1.

10.2.2120
10020203-
lo.2-2-"+o

10.3‘
10.4.

10.4.1.

10.4.2.

THE RHONDDA VALLEYS

Introduction
Previous Research
Lithofacies description and interpretation

Association A; Fluvial Channel Sediments

Lithofacies 1; Tabular Cross-bedding

Lithofacies 23 Trough Cross-bedding
Lithofacies 3; Cross~bedding with
undulating basal erosion surfaces

Lithofacies 43 Parallel-laminated
Sandstone
Lithofacies 5; Ripple-laminated
Sandstone

Lithofacies 6; Structureless Sandstone

Lithofacies 7; Conglomerate

Lithofacies 8; Laminated Siltstone

Lithofacies 9; Seat-earth and Coal

Association By Delta or Crevasse Delta

Sediments

Lithofacies 10; Ripple laminated
Siltstone and fine Sandstone

Lithofacies 11; Laminated Silty Sandstone

Lithofacies 12; Unlaminated Siltstone
Lithofacies 13; Mudstone

Description and interpretation of vertical
sequences in Association B,

Description and interpretation of
sequences in Association A,

Introduction

Problems of vertical sequence analysis

Page
138
139
142
143
143

143

14y

1u46

146
147
lu8g
150

150

151

151
152

152
153
153

156
156

157



Page

10.4.3. Statistical Analysis 159
10.4.4. Key Sequences | ) 162
10.4.5. Channel Size and Morphology ‘ 163
io.u.s. ' Palaeocurrents | | 165
10.4.6.1. Previéus Research 165
10.&.6.2. Present Study 166
10.4.7. Interpretation of the Composite Vertical

Sequence 167
10.4.7.1. Meandering River Models ; 167
10.4.7.2. Low sinuosity and braided river models 168
10.5. Evolution of the Pennant Cycles 171
-10.6. Discussion: ancient braided river

sequences, comparisons and problems of

interpretation ‘ 174



Chapter I. Introduction

1l.1. Aims of Research

A major feature of the rapid development of sedimentology during the
1960's was the erection of facdies models for different environments. One
of the earliest, and  most éuccessful, was the meandering river model,
developed largely by Allen (1963a, 1964ay1965a, b) and Bernard and Major
(1963).

Since that time thinking on fluvial sequences has been dominatedvby
the concept of the 'fining upwards cyclothem ', Many have been described,
and compared, sometimes uncritically, to those described by Ailen, op.cit.,
frém the British 0l1d Red Sandstone. More récéntly, a few workers have
attempted to produce models for braided, and low sinuosity sandy river
. sequences. Most suggest that these will contain few flood plain deposits,
although Moody-Stuart (1966), has described shallow low sinuosity éhannels
within thick overbank fine sediments. Commonly, channel fills of braided
rivers are assumed not to fine upwards, but Thompson (13870) regards
regularly fining upward channel fills as braided in origin because of the
low palaeocurrent range and absence of overbank fines. Selley (1969)
suggests that braided rivers deposit symmétrical'fine+coarse+fine cycles
in contrast to the fining upwards meandering cycles.

Most of these models seem to have little in dommon, and at present
there is no real consensus of opinion as to whaf yertical sequences should
look like, nor how the deposits of different types of braided rivers may
be distinguished.

This thesis describes two low sinuosity fluvial sequences from the
British-Carboniferous. Both form parts of larger deltaic sequences,
which have also been investigated but the greatest parts of the exposure
are of the fluvial channel fills. |

The first of these, which forms the major part of the research is



2.

the Roaches Grit Group (Namurian R2b) from north Staffordshire. [fig.1]
During the 1960's the Namurian deltaic sequences of the Central Pennines
were the subject of several sedimentological studies. = Allen (1960),

Walker (1966 a and b) and Collinson (1966, 1967, 1968, 1969, 1970a)
investigated the Namurian RIC succession of north Derbyshire and established
a broadly coarsening upﬁards'sequence of turbidites, delta slope, and delta
top sediments. . Within the delta top, Collinson, (op.cit), described large
"Gilbert Type" deltas. In the early 1970's, McCabe (1975) extended this
research to the north, and Baines (p.comm) investigated a similar succession
of Eqc age in the north of fhe basin. McCabe disagreed with Collinson's
interpretation of the delta top Kinderscout Grit, and demonstrated that

the supposed Gilbert type deltas occurred within channels and were -
therefore really large bedforms..

During the same period, Holdsworth (1963), Trewin (1969), Ashton
(1974) and Bolton (1976) investigated the lower and middle Namurian
sequence in the North Staffordshire Basin. They showed that this area -
had a different sedimentological history being dominated by thin, proto-
quartzite turbidite sequences with shallow water conditions restricted to
the south western basin margin. In the R2b zone a profound change
occurs in the north Staffordshire sequence with thé first widespread
appearance of coarse, shallow water sandstones similar in petrography to
the delta top sediments of the Central Pennine Basin,

The research in north Staffordshire reportéd here is a full basin
analysis type study with two major aims. Firstly to compare the sequence
with those in the Central Pennines, particularly, the delta top channel
facies which when the work began, (August 1973), were the subject of
considerable disagreement. Secondly to extend the work of Holdsworth and
co-workers on the sedimentation of the north Staffordshire basin.

The second part of the thesis describes the Lower Pennant Measures

(Westphalian C) in the Rhondda Valley§ area. [fig.l] Part of this



succession has already been the/subject of basin wide studieé by‘Bluck
and Kelling (1963) and Kelling (1964, 1968, 1969; 1974), whobshowed it to
be a cyclical, fluvial sequence dominated by rivers fiowing from the south
east. Kelling considered the rivers to have been mainly braided but also
partly meandering. Reading (1971) also suggested that the fluvial
sediments were mainly deposited byimeandering rivers, I

Here shortage‘of time has not permitted a full basin wide study.
The aim has been to look in detail at a smali area and to make detailed
comparisons with modefn fluvial environments information on which was not
available at the time of ﬁluék, Kelling and Reading's work.

1.2. Layout of thesis

The text of the thesis is divided into tﬁree sections, Section I
reviews the literature on modern, éandy,‘iow'sinuosity rivers, érects a
classification and discuéses the t&pe of sequencés which fesult and how
different forms may be distinguished. Sectionkll describes the Roaches
Grit Group in northvStaffordshire and adjacent areas léoking particularly
at the delta top fluvial sediments. Section III describes the Lower
Pennant Measures in the Rhondda Valiey's area of South Wales and compares
the two sequences,

1.3. Facies Analysis -~ a definition

The rock types observed in this thesis are mainly clastic. They
have been divided iﬁto lithofacies to facilitate description and inter-
pretation. The term lithofacies is defined as a group of rocks with a
characteristic association of grain size and sedimenfary structures.
Lithofacies were erected on the basis of detailed descriptions of rock
units in the field. Separate lithofacies schemes have been used for the
two seqﬁences studied, for although similar lithofacies types occur, for
example medium scale tabular cross bedding, they differ in detail.

Many of the lithofacies from the Roaches succession are similar to

those described from the Rl Central Pennine succession by Walker, (1966



b,

a and b), Collinson (1966, 1967, 1968, 1969, 1970) and McCabe, (1975, 197s6).
No attempt’has beén made fo apply their facies classification because of
the dangers of being subjective but_where similarities exist they have

been noted. [Table I].

The litﬁofacies froﬁ the Roaches succession have been subdivided
into four facies associétions, no particular lithofacies is necessarily
restricted to oneraséociation. |

The facies scheme used for the Pennant succession differs considerably
‘from that used by Kelling (op.cit.), but again there is an overlap and
similarities have been noted. |
1.4, Terminology

Grain-éizes are given throughout on the Wentworth (1922) scale or
on the phi transformation (Krumbein 1934). Most sedimentary structures,
rock types, process and environmental terms are used as by Blatt,

Middléfon and Murray (1972) unless stated otherwise. The term mudstone is
preferred to mudrock. The word ripple is used for all bedformé less than
4em iﬁ height and lémination caused by ripples is termed ripple lamination.
The words used for all larger bedforms are explained in the text, and in
Fig.2. Lamination produced by these large bedforms is termed cross bedding
or cross lamination. Trace fossils names follow the nomenclature of
Hdntzschel, ed., Tfeatise on Invertebrate Palaeontology, Part W1 1962,
unless otherwise stated.

1.5. 'Methods of study

In north Staffordshire exposure consists of either stream sections
or large gritstone escarpments with rare quarries. Stream sections have
been measured in detail with tape and abney level and drawn up on varying
scales depending on the complexity of the sequence. Many of the gritstone
edges have been photographed on a large scale and the photographs worked
on in the field. All exposures of any size in the field area have been

visited.



In South Wales the exposure consists mainly of road cuttings and
quarrles with some natural escarpments but few stream sections. The
larger outcfops have been measured in ;ertlcal seetlons and drawn up.
Photography has fac111tated the recordlng of lateral variations in some
of the largest outcrops.

Whenever possible sections have been‘correlated by feature mapping.
Generally the 6:inch to the mile maps’of the Institute of Geological
Sciences have been used as a basis for interpreting the structure and
little re-mapping has been carried out. The stratigraphic correlation
of the sequences also follows that in the I.G.S. maps and memoirs.

Numerous directional sedimentary structures have been recorded
fer palaeocurrent determination. Where the beds were dipping they have
been re-orientated‘to horizontal bthhe method of Potter and Pettijohn
(1963). Vecter meens}and tests of randomness have been calculated

following Curray (1965) using a computer programme written by P.J. McCabe

and modified by A.D. Middleton (see appendix).



Comparison of Lithofacies defined in the Roaches Grit Group

Table I

‘with those desc¢ribed from the Kinderscout Grit Group

Walker Collinson McCabe
Lithofacies (1966a) (1969) (1975)
1. Mudstone | D+F 1% 1%
2. Silty mudstone , G* 1% 1%
3. Goniatite Faunal Bed 2
Ly, Thin-bedded Turbidites A 1y 3
5. Thick Sandstones B+C y*
6. Parallel-sided Sandstones. K 3% 8
7. Rippie-laminated Sandstone 5 10
8. Micaceous, Carbonaceous Sandstone 2y .29
9. Parallel-laminated Sandstone -6 18
10. Trough Cross-bedding g% 13%
12, Lenticularly-bedded Sandstone 11 12
13. Channel-fill Coarse Sandstone 7% Y%
14, Medium-scale Cross Bedding 9% 13
15. Large-scale Cross Bedding 10 20
16. Faintly-laminated Coarse Sandstone 7% Y
16a. Undulatory-bedded Sandstone 21
17. Seat-earth and Coal 12 22
18. Wave-laminated Sandstone
19. Homogenous siltstone

% Part of



SECTION I. BEHAVIOUR OF MODERN BRAIDED AND LOW-SINUOSITY RIVERS

Chapter 2

2.1. Introduction

Leopold and Wolman (1957), recognise three types of river channelj;
meandering, braided and straight. It is often difficult to make sharp
distinctions between these patterns, channels are seldom stralght for more
than ten channel w1dths, (Leopold Wolman and Miller 1964), and the last
category includes those which may be irregular or of low sinuosity. Where
the sinuosity is greater than 1.5, channels are regarded as meandering
(Leopold et.al. 1964).

Meandering rivers have a single, sinuousvchannel, often approaching
the shape of a sine curve (Leopold and Langbein, 1966). In braided rivers
the flow is split into a series of seoarate channels et some stage in the
flood cycle, and these constantly sPlif and rejoin. In sfraight, or low
sinuosity rivers, the banks are essentially stfaight, but at highvstaée
the talweg meanders from bank to bank. If, during low stage, the flow is
split into separate channels it is more'appfopriete tottermtneeeoraided.

The behaviour‘of meandering rivers is faifly well understood thanks
to the work of Mackin (1937), Fisk (1944, 1947), Sundbofg (1956) and
Wolman and Leopold (1957). A model for point bar sedimentation in
meanderlng sequences has been proposed by Allen (1963, 1965, 19709 and
Bernard and Major (1963) Recently, variability wlthln modern meanderlng
rivers has beenvrecognised by McGowan and Garner (1970) and Jackson (1975
1976b). Straight and braided rivers,'are by comparison’even more
variable in behaviour and until the last decade there have been few
descriptions of modern examples’which are of much use to geologists

attempting to understand ancient sequences.

There is a threefold sequence of problems associated with ancient

braided river deposits. Firstly, to be able to reliably distinguish between



ancient meandering and non-meandering fluvial sequences. Secondly, to
distinguish between straight or low sinuosity and braided river channels.
Thirdly, to differentiate between different types of braided river
channels and in particular to assess the sedimentary response to
different discharge curves.

In order to approach these problems the behaviour of modern
meandering rivers, and some of the models proposed for the generation of
sequences by them, will be briefly discussed.

2.2, Meandering Rivers

In meandering rivers the channel is asymmetrical in section across
the meander bend. Erosion cuts a steep bank on the -outside of the
meander and sediment is transported to and deposited on the gently inclined
inner bank or point bar, (Matthes 1941, Friedkin 1945). Because of the
stress distribution across the channel, coarser sediment is usually
concentrated at the bottom of the point bar and sediment becomes finer
upwards, (Sundborg 1956, Bersier 1953).

In the 'classical' meandering river models of Allen (1963a, 1964,
1965a and b, 1970a) and Bernard and Major (1963), the lateral migration of
the méander by cut bank recession and point bar accfetién produces a
sheet sandstone with an erosive base in which sediment becomes finer upwards.
Cross-bedding sets should become smaller upwards, because smaller bed forms
occur in the shallower water towards the top of the point bar. In small
channels, where point bars ére steeper, successive increments of lateral
accretion may be recorded as Epsilon cross-bedding (Allen 1963c). ‘These
have been recognised in ancient sequences by Allen (1965c), Moody-Stuart
(1966), Beutner et.al. (1967), Cotter (1971), Puidefabrigas (1973) and

Elliott (1976).
Schumm (1960, a, b, 1963, 1968) has shown that many meandering
rivers have a high proportion of suspended load to bed load. In addition,

frequent meander cut offs should lead to a stablisation of the meander



belt in a particular part of the flood plain, preventing the river from
migrating laterally;= Thus ancient séquenceé should contain a thick
development of fine sediment deposited in flood plains during overbank
flooding as in the models of Allen (1%65a, b, 1974):and Schumm (1968).
Because of their high sinuosity, ancient meandering priver seqﬁences
should show a palaeocurrent patfern with a high variance (Allen 1965a).
There has yet to be any systematic study of this in modern rivers however.

The principal components of this 'classical' meandering river model

are listed in Table II.

Some of the basic assumptions of this model are now open to question.
In particular, the sinuosity of meandering rivers varies greatly, from 1.5
to about 4 (Leopold, Wolman and Miller 1964). It now seems doubtful
whether one unifying model will cover the complete range of sinuosities
possible.

For example, with high sinuosity meandering rivers meander cut
offs should be particularly fequent. This should lead to a sandstone
composed of lots of mutually erosive, curved channel fills, as shown
in aerial photographs of ancient meandering sequences by Puidefabriges (1973)
and Nami (1976). The sheet sandstones described by Allen, (1964, 1965b,
1970a) from the British 01d Red Sandstone are unusual in their scarcity of
abandoned channels and of lateral accretion surfaces.

It is in the high sinuosity meandering rivers that preservation of
flood plain deposits is most likely because of the stablisation of the
meander belt. With more moderate sinuosities, meander cut off will be
less frequent allowing easier lateral shifting of the river channel. 1In
addition, preservation of overbank fines depends greatly on external
factors such as tectonic and climatic changes as demonstrated by Allen
(197u); Where the rate of subsidence is low, a meandering river may be
able to erode away most of its overbank sediment.

Not all meandering rivers produce fining upwards channel fill
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sequences. McGowan and Garner (1970) have described bed load meandering
streams qf compapaﬁixely low sinuosity; and with a fairly irregular
discharge. At high stage, the thread of maximum velocity cuts across the
point bar as the course tends to straighten, cutting ‘chute channels' and
depositing 'chute bars' at the ends. Trough cross-bedding formed in
the deeper part of the channel is overlain by larger sets of tabular
cross bedding representing the chute bars. The overall vertical sequence
does not fine upwards. . Supposed ancient examples occur in Texas Tertiary
deposits.

Recently Jackson (1975a, 1976b) has shown that in tightly curved
meandering reaches of the Wabash River the channel fill also does not
fine upwards. Thus fining upwards fills appear to be restricted to.
meandering rivers of 'intermediate sinuosity'. In this type of river
Jackson (1975a, 1976b) has demonstrated the development of a 'transitional'
zone developed in channel sections between successive meanders, where the
talweg crosses from bank to bank. In this zone, a vertical section through
the sediment deposited showed no fining upwards, nor an upwafds decrease in
the size of sedimentary structures. *Presgrvation of different zones in
the river depends on the way in which the meander migrates laterally. With
some types .of meander migration observed in the Wabash River largely
transitional zone sequences are preserved.

Finally, the palaeocurrent variance in a river with a sinuosity of
4 would be expected to be much higher than in a river with a sinuésity of
only 1.5.

This review suggests that the classical meandering river model of'
Allen and Bernard and Major cannot be applied to many meandering rivers.
Other types of meandering river will deposit channel fill sequences which
do not fine upwards and some may show a poor preservation of fine grained
overbank sediments. At present, it seems doubtful whether their deposits

could be distinguished from those of braided and low sinuosity rivers in

ancient sequences.
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2.3. Behaviour of non-meandering rivers

2.3.1. Introduction

Channel fill sequences in non-meandering rivers depend on channel -
morphology and the discharge regime. Some rivers have only one channel at
high stage, whereas others may have several. Two types of channel occur;
[Fig.3a, b].

(i) Straight channels, where the thalweg meanders from bank to bank .

between side bars or alternate bars. At low stage these bedforms become
emergent at the sides of the channel and are eroded by the meandering
thalweg which now occupies only the centre of the channel.:

(ii) Straight channels braided at low stage, where at high stage the .

thalweg meanders between side bars-as in type‘(i). .Thése are covered by
smaller bedform; usually lingoid bars, and at low stage the bars are
emergent and split the flow into many smaller components.. This process of
braiding was first described from the River Platte by Ore (1964).

In many cases rivers have only one main channel at high stage so
that channel type and river type are synonymous. In some large rivers such
as the Niger, Brahmaputra and Yellow River, the flow is split by islands
into more than one channel even at high stage. [Fig.3c]. Within these

multiple-channel braided rivers individual channels may be of either of

the two types described above, but the channels do not behave completely .
independently. This type of braiding is quite different from the process
described by Ore.

In this section, after a description of the types of bedforms present
in non-meandering rivers and the effects of different discharge regimes, the
behaviour of the two channel types described above will be discussed. This
will be followed by a discussiqn of the more complicated multiple channel

rivers.
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2.3.2. Bedform types.

A wide variety of bedform types occurs in non-meandering rivers.

Some forms have only recently been described; énd it seems likely that others
still aﬁait recognition. It is not the intention here to discuss bedforms

in detail, but these will be referred to in'fhe text and a brief description
is neceséary.

Bedforms in modern rivers exhibit a’wide variety of sizes. Jackson
(1975c), has recently proposed a hierarchical classification and his scheme
will be followed here.

(i) Micfofofms - Thesé are the smallést éategory present and are
representéd by current rippiés,'fbrmihg at relatively low flow powers in

the lower part of the lower flow régime of Simons and Richardson (1961).
(ii) Mesoforms - Most of the’bedload in rivers is franspbrted by the
movement of iﬁtermediate éized bedformé, largé scale ripples, forming in

the upper parf of the lower flow regime, Two varieties of mesoform are
common but otheré aré‘also present. Egggg'afe sinuous crestéd bedforms
withba triangular prbfile and a height to chord length ratio of the order
of 1:10. Deep leeside scour troughs are charactéristic. The resulting
depdsit is a éoset of trough cross bedding, (Harms et.al. 1975). Sandwaves
also called lingoid bars (AllenA1968,LCollinson 1970b) and transverse bars’
(Ore 1964, . Smith 1970, 1971) méy be étféight‘crested or horseshoe éhaped in
plan, éndbhavé steep“a&alanche facesl The height to chord length ratio is
much lower than in dunes. Leeside scour troughs-are usually absent and in
these cases the resulting deposit is a coset, dr isolated set of tabular
cross bedding, possibly with interbedded cross laminated units deposited
from superimposed ripples. Sandwaves form at lower flow powers than dunes,

(Harms et.al. 1975). Longitudinal bars. These normally occur in gravel

bed braided streams and are composed of very coarse grade material, (Ore
1964, Smith 1970). Sandy longitudinal bars have been described from

fluvial regimes by Williams (1971), Boothroyd and Ashley (1975) and
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Jackson (1975a). Little is known about the formation of these bedforms at
present but their lozenge shape is similar to the larger‘braid bars.
Probably they develop in response to excess bed load‘ip the channel..

(iii) Macroforms - These large bedforms occur at a variety of flow powers
in response to the large scale flow circulation in the cﬁannel. The three
common types are side bars, alternate bars and islands or large braid bars
[Fig.2]. These will be discussed later. They usually carry superimposed
meso- and macroforms.

(iv) Upper Flow Regime Bedforms - Because of the depths frequently

attained in large,sandy, low-sinuosity rivers, and the consequent’lowering
of the Froude Number, upper flow regime bedforms occur rarely. In the
Brahmaputra, (Coleman 1969), however, current velocities during flood_are
so gréat that an upper phase plane bed is developed in depths up to at
least 15m.  Turbulent cells arranged in rowsparallel to the current are
often aséociatgd with upper flow regime conditions in straight sections of
rivers, forming longitudinal ridges 0.75m-1.5m in height and 8-30m apart.

2.3.3. Effects of varying discharge

The formation of mesoforms and mic;oforms in a river is closely
dependent on flow strength. This may be expressed in a variety of ways;
simply as mean flow velocity, (u), bed shear stress, (To), or stream power,
(w = Tou). Where there are large variations in watgr_depth, these lead to

changes in the Froude Number Fr = u

| e
where d = depth, g = acceleration due to gravity
so that upper flow regime bedforms may occur in shallowwater at éuite
moderate flow strengths, |
Flume experiments show that a partiéular type of bedform is only in
equilibrium within particular ranges of flow parameters (Simons and
Richardson 1961, Southard 1371). 1In a river of variable discharge, there

are large variations in flow characteristics with the result that bedforms
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are often not in equilibrium with the flow during the flood cycle. (Allen
1973b, Allen and Collinson 1974),°

In assessing the effects of variable discharge two parameters are
important. Firstly, the ratio of maximum to minimum discharge

Qmax
Qmin

secondly, the characteristic rate of rise and fall between peak discharge

and low water, Following Allen and Collinson' (1974) this may be expressed

as o AQ _ -1
( AT Qmax

where AQ is the rate of change of discharge in time increment AT,
River hydrographs are closely depéndent on climate (Beckinsale 1969).

In Megathermal Regimes developed under tropical climates three types are

common. In some equatorial areas the heaviest rains occur in spring and
autumn following the equinoxes, and there is novdry éeason. These aféas
exhibit a double‘ﬁaximum, for exampié the Riﬁer Céngo. In areas watered by
summer monsoon rains there is just one flood peak, the length of which
depends on the length and intensity of the rainy season. Tﬁe Brahmaputra
River in Bangladesh (Coleman 1969) has a five month flood peak [Fig.h].
With increasing‘aridity the flood peak becomes shdrter until eventually
permanent watercourses cannot be maintained and favoured watercoursés have

an episodié flood once or twice a year. Williams (1971) describes an example

from the Lake Eyre Basin, Australia.

Mesothermal Regimes are developed under sub-tropical and temperate

climates (Beckinsale 1969). Many of these have permanent flow with only
slight seasonal variations and often the rivers are meandering, such as the
Mississippi. The River Platte (Smith 1974), is a braided river with a
fairly regular hydrograph [Fig.4].

Microthermal Regimes develop in colder areas which expsrience winter

snowfall. These usually have a very short, sharp flood peak in May or June

following the snow melt. The hydrograph rises and falls very rapidly and
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during the winter the rivers are often iced over. The Tana River in
northern Norway (Collinson 1970b), [Fig.4] is the best documented example,
where the flood lasts for just one month,

The varying responses possible with different discharge curves have
an important effect on channel sequences, Indeed it seems likely that many
sequences in rivers withdvariable discharges will be flood dependent. A
variety of . bedform responses is possible,

Bedform response

When there is a change in discharge, bedforms have a minimum

relaxation time in which they may respond to the change in flow conditions

(Chorley and Kenneday 1971, Allen and Friend 1976a). Mest natural
populations of bedforms are not stable, even under steady stage conditionms,
however, (Allen 1973a). The rate at which new forms are constantly béing
created and destroyed under steady state conditions has been termed the

creation time (Allen 1876), Generally speaking, larger bedforms have

high relaxation and creation times,

The types of sequences of sedimentary structures which may be
produced, for example, during a fall in discharge, dépend therefore on a
relationship between the rate of fall of discharge, the natural lifespan of
the bedform at constant discharge(or the creation time), and finally on
the relaxation time for a given discharge change. For convenience this
may be expressed as a ratio between bedform size and rate of change of
discharge. Where the bedform is dunes, four different responses may be
possible [Fig.5].

1. Where the period of cbange in flow strength is very low in relatioﬁ
to the creation time the dune population will not be immediately affected,
However as-.new forms are created they will be in equilibrium with the new,
reduced flow strength and will be smaller. The older large dunes will

eventually be replaced. Under conditions of net sedimentation a thinning

upwards coset of cross bedding will form [Fig.S5].
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2. Where the rate of fall of discharge is fast in relation to the
creation time, older, larger forms will lag behind the change in discharge,
(Allen 1976), A mixed population, composed of older larger dunes and
smaller younger dunes will>be created. In the Brahmaputra, (Coleman 1969)
there is rapid sedimentation during falling stage so that dune shapes are
preserved, but the frontal scour pools disappear. Thi; produces large scale
ripple drift with broad shallow troughs in sections normal to the dip.
'3. Where the period of change in flow strength is shorter but still
longer than the reactiqn time, the dune field will disappear and new bedforms
will take their place, Commonly, where a reduction in flow strength is .
accompanied by a shallowing of the flow, the new bedforms will be ripples.
Occasionally, extreme shallowing may cause an increase in Fronde Number so
that a plane bed develops. As a result, trough cross bedding deposited
when the regime allowed dunes to form will be succeeded erosively by either
ripple lamination or upper phase parallel lamination. This will probably
only occur where the dunes are small (small relaxationvtime), as during
shallowing the reduced discharge and flow strength limit sediment transport.
Allen and Friend (1976b) describe small dunes in a tidal regime which have
been substantially modified by ripples.
4. If the period of change of flow strength is shorter than the relaxation
time, the dune shape will be substantially unaltered. This i; common in' tidal
channels with their rapidly varying currents, (Allen and Friend 1976a, b), but
also occurs in some rivers (Coleman 1969, Williams 1971, Singh and Kumar 1974).
If there is a large amount of‘suspended sediment in the river at low stage,
then the dune may be buried by the finer'sediment and its profile potentially
preserved in the geological record.

These observations also apply tq sand waves, but here the range of
sizes is greater, and sand wave height often responds to changes in flow
depth (Harms et.al. 1975). In large braided rivers such as the Brahmaputra,

Qmax/Qmin is great (Coleman 1969) and water depths almost double during floods.
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The discharge increases fairly slowly and high discharges persist for over
five months. At flood peak, very large sandwaves up to 17m in height appear
in some parts of the river, though a wide variety of other sizes of mesoform
are also present. As yet, the detailed pattern of growth of these bedforms
has not been documented, and little is known about the internal sedimentary
structures which result. Possibly they may resemble, on a much larger scale,
the climbing ripple drift described by Stanley (1974 Fig.lQ—B) where a coset
of small crossbedding passes downcurrent into a single larger set, with the
erosion surfaces at the base of the smaller set left hanging.

During falling stage the variety of responses possible is the same
as with dunes but the actual sedimentary response is slightly different
[Fig.6]. A very slow fall in discharge may produce a coset of thinning
upwards cross bedding as with dunes. This is probably the case in the
Weser and Parana Rivers (StuUkrath 1969, Wasner 1974) where superimposition
of bedforms does not occur. With a slightly more rapid fall a mixed
population is developed and the smaller bedforms adjusted to the reduced
discharge appear on the backs of the larger forms no longer in equilibrium
with the flow. This is well seen in a sequence of profiles from the Fraser
River (Pretious and Blench 1951), [Fig.7]. Migration of the smaller super-
imposed forms down the front of the larger bedforms produces multiple convex
upwards erosion surfaces (McCabe and Jones in press), [Fig.8].

If the flood falls very quickly, faster than the relaxation time,
the sandwaves will be left standing and often partially emergent, as in the
Tana River (Collinson 1970b). TFlow around the front of the bar erodes away
part of the slip face, sometimes depositing a coset of small scale trough
cross bedding orientated normally to the main foresets. During the next
high stage the bedform is reactivated, burying the falling stage features.

With the different types of hydrograph discussed earlier it seems clear
that these varieties of responses may occur. This may be illustrated by

comparing the river Tana (Collinson 1970b) with the River Platte (Smith 1370,
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1371, 1972, 1974). Both are relatively straight‘rivers at high stage,
when the channels are covered by lingoid sand wayes; As seen in %ig.u,
however, the hydrographs vary considerably. In the Tana, most of the
sediment movement takes place during a very short flood peak. The
discharge decreases rapidly and at low stage it is very small, the river
being also iced up for 6 - 7 months.  Most of the sedimentary structures
afe formed at high stage with limited falling stage modifications. Cosets
of tabular cross bedding produced by the migration of the sandwaves are the
dominant structure. |

In the Platte, however, the discharge is much less irregular through-
out the year [Fig.4]. TFew of the bedforms visible at high stage survive
falling and low stage modification. The result is a much greater variety
of structures (Smith 1974). Dunes coalesce to form sandwaves and the
characteristic tabular cross stratification is only locally developed,
forming at the front of cosets of trough cross bedding produced during
the earlier dune phase. During low stage channels often cut completely .
through the sandwaves which are substantially modified. This process was
the basis for Ore's original criteria for braiding in sandy rivers in 1964.

Williams (1971) describes another interesting example from a sandbed
ephemeral stream in Australia. Trough cross bedding produced by migrating
dunes active at high stage is overlain by tabular cross bedding produced
by sandwaves moving during falling stage. |

2.3.4, Straight or low sinuosity channels

These are the least understood of all three channel types. They are
not common, although straight segments‘occur within longer b#aided or
meandering reaches as in parts of the Benge,r(Ngdeco 1959). In additiqn,
delta distributaries are commonly straight. Much of our knowledge of these
forms comes from man-made channels with rigid sides, (Harms and Fahnstock

1965, Maddock 1969, Culbertson and Scott 1970); and from flume studies
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(Friedkin 1945, Vanoni 1946,-Wolman and Brush 1961, Stebbing 1963, Shepard
and  Komura 1968, Ackers and Charlton 1971, Schumm and Khan 1972).

Ackers and Charlton (1971) and Schumm and Khan (1972), claim from
flume experiment studies that straight channels have lower stages than either
meandering or braided types. Leopold et.al. (1964), however, showed that
naturally straight channels have a wide range of slopes, many as steep or
steeper than those of braided channels. Because of the meandering thalweg,
straight channels often have a tendency to become meanderiﬂg with time,
(Vanoni 1946, Schumm and Khan~1972). This may be checked where the bank
material is made of cohesive cléy as with the delta distributary channels
of the birds foot Mississippi delta (Shepard 1960).

Two types of flow'pafterns are known from straight channels. Several
flume workers have observed rows of circulation cells parallel to the channel
axis. Vanoni (1946), noted that these formed longitudinél ribbons of
sediment along the flume bed. It is still unclear, however, why these
circulation cells form, nor how generally important they ére, (Shen 1971).
The parallel ridges described by Coleman (1969) from the Brahmaputra, may
have formed because of this type of circulation.

Much better documented is the tendency for the flow to meander between
the straight banks. This is more pronounced in channels of iarge width
depth ratio, and so may be difficult to observe in flumes, but is common in
natural channels. The meandering leads to alternating erosion and
deposition on the channel sides, forming either side barsl or alternate bars
These then mdve downstream and are only preserved after channel abandonment.

Side bars are Semi-elliptical in plan with gentle upstream and
downstream faces. In straight reaches of the Benue (Nedeco 1959) and Rio
Grande (Harms and Fahnstock 1965), they occupy over three-quarters of the
channel width. They invariably have smaller bedforms superimposed on their

backs, in the Rio Grande these are largely dunes, (Harms and Fahnstock 1965),

1. These are often termed alternate bars.
2. This term is preferred to transverse bar as used by Allen 1968.
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Sections cut through side bars in this river show predominantly cosets of
trough cross bedding. The tops of the bars have a thin veneer of ripple
lamination deposited during the low stage period preceeding the excavation,
(Harms and Fahnstock 1965).

Alternate bars are triangular in shape with a gentlesﬁsyside but with
a steep avalanche face downstream. In the Rio Grande, the side bars
occasionally develop avalancﬁe faces at their downstream ends where they
are building into slack water (Harms et.al. 1965). In aerial photographs
of alternate bars in artificial channels (Maddock 1969) the crest lines have
a pronounced horseshoe shape similar to those in ling id sand waves.

Up to now none of the alternate bars described from active channels
have been much more than 1lm high., In straight channels within some braided
reaches of the Niger, however, bedforms of a similar type reach up to 3m
(Nedeco 1959), élthough they tend to occur as isolated forms rather than
in an alternating series.  Baker (1973), has described much larger structures
formed at very high discharges during glacial flooding on the Columbia
Plateau of eastern Washington. These, which he calls Pendant Bars, are
streamlined mounds of gravel which occur just downstream from bedrock
projections in the former channel floor. Although formed in a different
way from alternate bars of straight river channels, they are similar in shape
and reach up to 30m in height and 3km in length. : Smaller straight-crested
bars occur on their backs. Sections through these bedforms show very large
solitary sets of cross bedding. Straight channels with large alternate bars
should be dominated by large single sets of cross-bedding.

Both side and alternate bars are constructed during high stage flow
and move very little during low stage, (Harms an d Fahnstock 1965, Maddock
1969). Because there is much less water in the channel at low stage, the
meandering thalweg may have a small wavelength and the bars will be eroded
[Fig.9), (Harms and Fahnstock 1965, Popov 1965, Maddock 1969). The erosion

should be particularly noticeable where there are large alternate bars as
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large sections of these may be removed. Reactivation during the next
high stage then buries the erosion surface [Fig.10].

The depth of the thalweg in straight rivers is least at the point of
cross-over and greatest at the point of scouron alternate sides of the
channel. During low stage in straight reaches of the Niger, the water ponds
in the deeper part, whilst erosion occurs in the shallow cross-overs (Nedeco
1959). As a result a 'sand trumpet' or channel delta is constructed aqut
into the deep ponds [Fig.10]. It seems unlikely that these structures will
have a particularly high preser&ation potential as during the succeeding high
‘stage there will again be erosion in the pond areas, (Nedeco 13959).

Straight channels with side bars will be difficult to distinguish from
some types of braided river channels. The nature of the channel fill will |
depend largely on the type of smaller bedforms (mesoforms) present and on
the degree of low stage reworking. In the Rio Grande, where dunes are
superimposed on the side bars, sections through these show cosets of trough
cross bedding mantled by ripple lamination. The edges of the bars are cut
by shallow channels filled with tabular cross bedded and ripple laminated
sands (Harms and Fahnstock 1965). Abandonment of the channel may preserve
this sequence. If the bars are covered by larger lingoid sandwaves cosets
of tabular cross bedding will result.

Straight channels are unlikely to migrate laterally. ' Flume experiments
show that bankside erosion leads to the development of a meandering pattern,
(Schumm and Khan 1972). Straight channels in the birdsfoot Mississippi delta
have not shifted laterally for at least the last 100 years (Scruton 1860).
Instead the entire discharge tends to shift to other areas, and develop new
channels (Coleman 1969). Preservation of the channel fill will therefore

only take place after abandonment.
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2.3.5. Straight c¢hannels braided at low and falling stage

In this type of channel islands are rare, and at high stage the
thalweg meanders from bank to bank forming side bars. Examples are the
Tana River (Collinson 19700 Platte River (Ore 1964, Smith 1970, 1971, 1972,
1974), the Loup River (Brice 1964) and Red River (Neill 1969).

Usually the channel areas are covered af high stage by horseshoe
shaped sandwaves. During falling and low stage these bedforms emerge,
splitting the flow into many smaller components. At these times the river
may be said to be braided. It is difficult to make a clear distinction
between this type of river channel and the straight channels with side bars
previously described. However, with the latter type, the Rio Grande (Harms
and Fahnstock 1965) there appears to be just one sinuous thalweg occup&ing'the
centre part of the river with th e side bars emergent at the edges [Fig.3].

The channel fill sequence will probably depend largely on the nature
of the hydrograph as previously described. In the River Tana, where most
sediment movement takes place at high stage during a short flood peak,
extensive sets of tabular cross bedding produced by migrating sandwaves wili
predominate. In the River Platte, however, extensive falling and low stage
reworking produces a much more variable sequence, and many of the sandwaves
are cut through by channels (Ore 196h, Smith 1974). Iﬁ the Red River (Neill
1969) where Qmax/Qmin is large, scour and fill during floods is important.

This type of river may possibly be distinguished from the multiple
channel braided type by the absence of channel abandonment sequences. Indeed
it is unlikely whether the channel fill will fine upwards very much as there
appears to be no mechanism which could cause a pronounced grain size |
segregation.

2.3.6. Multiple channel braided rivers

In this type of river the flow is split up into smaller channels by

islands and submerged bars. {sThese are seml-permanent and may often be

recognised through several flood cycles even though their shape and size
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may change considerably. All of the channels will be active at high stage
but not necessarily at low stage. Modern examples are the Niger (Nedeco
1959) Yellow River (Chien 1961) and Brahmaputra (Coleman 1969). This type
of river usually has a highly variable discharge.

2.3.6.1. ‘Formation of Islands

Islands and bars are typically lozenge shaped with their longest part
parallel to the flow. They occur not only in sandy rivers but also in
~ gravel bed braided streams where they have sometimes been called longitudinal
bars (Ore 1964) orspool bars (Krigstrom 1962). An acceptable general term is
braid bar (Allen 1968). The larger islands are macro forms following the
terminology of Jackson (1975¢) and form not at a particular flow regime,
but as a result of the inability of the river to transport all its sediment
through a given reach. This will particularly tend to happen with a sandy
river of variable discharge carrying a large bed load.

In the Niger islands often join together, becoming very elongate,
some reaching 5 kilometers in length (Nedeco 1959). During floods scour
along their sides may break them up. Some islands‘have retained essentially
the same position for at least the last 100 years. - In the Brahmaputra
islands, called Chars, are very numerous and very variable in size; larger
ones exceeding 10km. Smaller islands may be formed or destroyed during
one flood cycle (Coleman 1969).

The development of a braided channel has been investigated in flume
experiments by Leopold and Wolman (1957). Initial deposition of coarser
material splits the channel into two and causes erosion of the adjacent banks
adding to the sediment load and enlarging the cross section. The water
surface is lowered and eventually the initial bar emerges as an island.
Further bars form adjacent to the first which continues to enlarge.
Eventually the flow is split into a number of separate channels.

Where the sediment load is well sorted as in the Niger, (Nedeco 1959),

and Brahmaputra (Coleman 1969), island formation takes place in a different
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way. When the rivgp is in flood it will tend to widen its cross section.
This usually results in a deeper channel along each edge. During falling
stage the river will decrease its now too wide cross section by deposition
in the channel. This accretion, combined with a fall in water level may
cause the mid river sand bank to become exposed. The intensified
turbulence along the original river banks will tend to maintain the two .
channels. During the next high stage the river will enlarge its cross
section again, depositiné some of the sediment eroded from the channel edge
on to the newly born island.

In the Niger (Nedeco 1959) islands sometimes form as a result of
differences in the erodibility of the river banks. If resistant bank
material projects into the river the channel will scour on its upstream side,
and deposit on the downstream side forming a sand bank. This bank will
eventually grow out into and down the channel. = As the meandering thalweg
moves down the channel it will eventually be able to attack the sand bank
immediately downstream of the resistant projection eventually severing it
from the bank and leaving an island in the middle of the: channel.

Once formed the islands in the Brahmaputra (Coleman 1869) undergo
scour on their upstream sides and are added to on their downstream sides,
so moving down the river. Usually islands have smaller bedforms, small
and large scale ripples on their backs. In the Niger emergent islands are
quickly colonised by vegetation, (Nedeco 1959), whilst in the Brahamaputra
aeoliandunes form. Internally therefore islands will consist of cosets
of various types of cross stratification. In the Volga (Shantzer 1951),
islands grow by a process of lateral accretion so that they resemble double
point bars. Conceivably lateral accretion surfaces and fining upwards

sequences may be preserved.

As yet, there have been no detailed descriptions of the internal
sedimentary structures of islands and they have not been recognised as

discrete bedforms in ancient sequences.
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2.3.6.2. Channel Behaviour

Islands split the flow into separate channels. Usually the
discharge is not divided equally between the channels, and often a channel
carries a large proportion of the flow. Within individual channels the
thalweg meanders from bank to bank between side bars or alternate bars as
in rivers where the flow is not split. Within multiple channel rivers,
however, the channels do not behave independently.

In the Niger, one channél is commonly partly blocked off by the
growth of a sjde bar which plugs the entrance. The water level immediately
downstream of the side bar is low because of the reduced discharge, but in
the case of a short island, is raised by the backwater effect from the
dowﬁ&ghd of the island. Thus the discharge through the partly blocked
channel is low. With a long island, however, the backwater does not
affect the water level so far upstream, resulting in a drop in water level
downstream from the bar and little feduction in discharge. During low-
water, however, the channel is effectively cut off by the side bar and may
be abandoned completely.

Downstream sediment transport causes side bars to slowly move down
the channel with an associated movement of the thalweg. Channel
configurations alter constantly as channels are blocked off and eventually
abandoned. In the Yellow River (Chien 1961), the main channel may be
completely filled and abandoned during one flood cycle. In the Niger
major changes take place more slowly, and none were observed during the
study period, but Nedeco (1953), suggests how channel abandonment may take
place over a period of 40 to 70 years.

On the basis of the Nedeco (1959) observations on the Niger the
following model for channel development is proposed [Fig.l12]. The flow
is split up into two deeper components [Fig.12-A]. As a result the
channel widens and an island forms in the middle [Fig.12-B]. Side bar X

moves down the river partially blocking the larger channel A [Fig.12-C].
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Thé'thalweg is divérted:into Channel B which now becomes the new main channel.
At high stage channél A’islstill‘éctiVevés)theifaii-in water>leVel‘imﬁédiately
déwnstream of the side bar maintains the discharge. During low sfagé,rthe .
side bar is emergenf and flcw‘isjresfrictéd‘to the éeeper'méin‘channel.
Water pondé in cﬁannel A.siBW1y dréihiﬁg ~ With further growfh of the
side bar channel A is active for a prbgfeésivelyfshor;er period during each
flood. Evéntﬁéll&ﬁit;silfé up and is abanééﬂéa;‘tyingithé island iﬁéo'tﬁe
flood plain [Fig.iZ -Dl.  TItis quité likgly'fhaf'tﬁe do;hfiver movement
of the next side bar;;Y,”wiil again‘defléét'fhe thalkengb that channel A
will be re;opéhéd and éhahnei‘B will now start to be‘abandoﬁéd;‘ Oniyﬁwith‘
a permaneht sideﬁafdé shift in fhézﬁééition of the méin river will abandoned
channels be preserved., | |

This pfocéss; which also-takes ﬁléce‘in the Yellow River (Chien 1961),

produces a fiﬁing;ngards-chanhel'aBahdonment'éegpenées'wﬁich should often

shbw’alfernafing bhases/of bedform movement aﬁdistagnétidn. of éoufse, if
the channel is rapldly cut off during one flood cycle the inactive channel
will slowly silt up w1th fine gralned sediment as happens with ox—bow cut
offs in meanderlng reglmes. In the Yellow Rlver, (Chlen 1961), rapid cut
off may occur because the main channel is'filléd'with sediment. This causes
the river‘sfage to rise and induces the fivéf toispiil more water into
another channel which has a lower elevation and more favourable alignment
with reépect to the upper river course. After fhé paésége'of'thé‘méig
flood, the flow completely shifts to the new couféé.:‘

Prior‘fa the4abahdohment;4thé channel will behave in a similaf’wajrr
to those in braided reaches which are nét permanently dividéd. The channel
fill will depend on the type of mesoforms or macroforms which.ha#e deQeloped,

and on the nature of the hydrogfaph.
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2.3.6.3. Lateral Movement-of the river:

Because of the constant changeé'in the configuration of channels
withih the river, bank erosion is variable. In the Brahmaputra (Coleman
1969), both sides of the rivér may widen or narrow simultaneously. In
other parts of the river one bank may widen and the other contract for a
few years and then the situation may reverse, = It seems quite possible that
this process will produce lateral accretion surfaces, Annual rates of lateral
erosion and deposition range from 50m to 500m per yeér. ' Where the river
banks cross old clay plugged channels erosion is much reduced.

| In additidﬁ to this switching of erosion and deposition, the river may
progressively shift in one direction over a longer time"péridd. The
Brahmaputra has steadily been shifting its course westwards over the last
150 years‘in reéponse'to faulting and and tilting of the adjacent Pleistocene
Sediments. As a result, a sheet of sand aveféging about 20m in thickness
has been constructed, although locally, in node areas, thicknesses are"
nearly twice as great.

The Kosi River (Gole = and Chitale 1966) is also shifting laterally
in one direction, and has moved about 115km in the last 200 years. The
fluvial sediments are forming a very large alluvial fan and the river is
progressively shifting from one side of the fan to the other.

2.3.6.4, Scour and fill

Within multiple channel braided rivers islands are not developéd
everywhere. Uspally there are narrow parts of the river, termed nodes
(Chien 1961, Coleman 1969), where the flow is undivided and the channel deep. :
These are often located where the banks are composed of clay. During floods
these areas accommodate the increased‘discharge by scouring more deeply.
Sediment eroded from narrow parts of the river channel tends to be deposited
in the next wide area downstream, (Lane and Borland-lgsu, Colby 1964,
Coleman 1969).  There is little informa%ion on how much scour occurs, In

the Colorado River at Cross Ferry, during the 1956 flood where the channel
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was. about:i.Sm deep at low stage and 7m deep at high stage the bed was eroded
by about 3m (Leopold et.al. 1964), [Fig.13-Al. = In the Yellow River at
Chiang Kou, in 1919, (Freeman 1922), the channel was about 4m deep at maximum
during low stage and 12m deep at high stage. = The river eroded down by Um

as far as bedrock, and also widened its channel, [Fig.l3—B]. The Colarado
River at Black Canyon has been known to scour by over 38m during flood,
(Leopold et.al. 196#),'hut these highivalues seem exceptional.

Widef areas of the river channel do not scour so deeply, but here
erosion may still occur because of the wandering of the thalweg. In the
Brahmaputra, (Coleman 1969) rapid deposition of sediment during falling stage
and a reduction of the amount of water in the channel causes the thﬁlweg to
move by over 1000m in only a few days.‘ Many new channels are formed,
function for a short time‘and are then abandoned. Similar observations
have been made on the Yellow River (Chien 1961). During low stage in the
Brahmaputra, little thalweg movement tékes;place, but during the next rising
stage, the river seeks a path with less curvature and again the thalweg
shifts.

From these obséfvations, it is apparent that the location and timing
of scour aﬁd fiil in a large river is very,variable. Some parts of the
channel may fill whilst simultaneously other parté are being eroded. Some
parts of the river scéﬁr during falling stage and fill during rising stage
and in other places the sequence is peﬁersed, The importance for the
geologist studying ancient sequences is that few channels are likely to be
filled completely and then abandoned without going through a phase of erosiop,'
and erosion surfaces should be common in o braided sequences of this
type.
2.3.6.5. Conclusions -

The preceding review illustrates the variety . and complexity of
processes operating in multiple channel braided rivers. It is difficult

to generalise about the resulting sequences. Probably different multiple
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channel rivers will produce different types of seqdences according to

the dominance of the various processes‘describe&} Also, different types
of sequences may be produced by one riQer in differenf parts of the
channels. For example, two mechanisms, progressivé'channel abandonment
and lateral accretion on islands may produce fining upwards sequence. .
Some channels may be straight with alternate bars whereas adjacent channels
become braided at low stage.  Much more work is'needed on modern rivers -
of this type before ancienf examples can be recognised and interpreted.

2.3.7. Palaeocurrents-

Measurement of palaeocurrents has traditionally played an important
parf in the study of ancient fluvial sediments. The subject is complicated,
not least because of the different types and scales of structure which may
be measured (Allen 1966, 1967, Miall 1974), and which give different
palaeocurrent patterns. Cross bedding is usually the most abundantly
preserved structure in fluvial sequences and most palaeocurrent studies
have used this. Most cross bedding is produced by the migration of"
mesoforms (Jackson 1975¢), sand waves and dunes (Potter and Pettijohn 1963),

Two main sources of variation.occur; variations of cross bedding
within individual channels and variable orientation. of different channels.
Thus because of their wide range of channel orientations meandering rivers
should show more variability of palaedcurrent vectors than braided and
straight river channels, where supposedly mos t channels are orientated more
nearly parallel to each other, parallél_to the regional palaeoslope (Allen
1968), Of course, deltas are a separate case because of the tendency for
channels to radiate.

Unfortunately, in spite of the very large number of studies of
.palaeocurrent directions in ancient fluvial sediments, there has yet to be
a systematic comparison of current vectors in modern channels of different
types. Some doubts may be cast on the assumptions made above, however,

Smith (1972) measured foreset dip directions of lobate sandwaves in the
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River Platte and found there was a consniderable diSpersion (vector magnitude
42,4% variance 5,073)., ~ Because the iébate shaped bedforms have sidewards
components of movement, he argued that ancient sequences with tabular cross
bedding formed by similar bedforms should also have a wide dispersion because
of this in-channel variability. Where sandwaves are straight crested,
however, a much lower dispersion would be expected.

Smith did not actually measuré cross bedding directions in the River
Platte; so as yet his theory is unproved. 'Bénks and Collinson (1974)
argued that most sandwave movement takes place at high stage where lateral
movement is limited., With only a forwards movement of the sandw;ve cross
bedding formed at the sides will bé_volumetrically much lower than cross
bedding forﬁéd at thé front, Thus the variance of the preserved cross
bedding should be much less than predicted by Smith.

Coleman (1969) undertook a large study of eross-bedding orientation
within three different reaches of the Brahmaputra River., These showed a
much lower variance (547-1109) than that predicted by Smith (1972), but only
small scale cross bedding (sets < 1 - 3m) was measured and the bedforms were
probably not- the same as those in the Platte. Coleman did not compare
the variance between the different channel reaches, but-in all these the
vector mean was similar (153° - 165°) and so the total variance would not
be very great,

The nature of the river hydrograph may have an important effect on
palaeocurrent range; In the River Platte substantial sand movement occurs
during low and falling stage and laferal movement of sandwaves is considerable
(Smith 1974). Small scale structures pfodﬁced by bedforms generated during
falling stage also have a higher variance (Collinson 1971, Miall 1974).

Thus a river with a variable discharge and undergéing considerable low and
falling stage reworking may exhibit a higher variance than one exhibiting
mainly high stage structures. There a system of weighting of different

scales of structure as proposed by Miall (1976), may be necessary in order

to make meaningfull comparisons.
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In the meandering Red River, Harms et.al.(1963), measured the
orientation of trough éfoss bedding exposed in the point bar. They found
a variance of 1220 - 4740, lower than the predicted by Smith (1972) but
higher than any value recorded by Coleman. Presumably, if several point
‘bars of different orientation had béen measured, the variance}would‘have
been considerably higher. It is important to remember that the sinuosity
within meandering rivers varies considerably, from 1.5 to about 4 (Leopold
.et.al. 1964). Potter and Pettijohn (1963) measured cross bedding in point
bar sands in the Vefmillion River, Indiana. This is a meandering river of .
fairly moderate sinuosity. The variance calculated from their measurements
is only 2,445 about half that predicted by Smith for the braided river Platte.
Probably it would be gre;ter if allowance was made for movement of the
meander belt over time.

In conclusion, present methods of palaeocurrent analysis, usually
consisting of cross-bedding orientationimeasurement and calculations of
variance and vector magnitude, do not provide a very reliable means of
distinguishing between meandering and non-meandering rivers in ancient
sequences. In particular, straight aﬁd braided rivers with lobate sand
waves such as are common in many modern rivers of this type, may show a high
variance where there is substantial lateral movement during low and falling
stages. This appears to be the case in the sequences described by High and
Picard (1974) and Cant and Walkenh(1976)t ' Meandering rivers of moderate
sinuosity may have a similar or éven lower variance. Other techniques,
such as concentrating on trough éross.bedding, or éonsidering only higher
ranked structures such aschannel sides may prove to be more reliable.

2.3.8. Formation and preservation of vertical accretion sediments,.

comparisons between meandering and non;megggering rivers.

Schumm (1960, 1963) found a relationship between the percentage of
total load carried as bed load and channel shape in Great Plains rivers.

Highly sinuous or meandering channels carry a high suspended load of clay
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or silt (bedload < 3%‘§f total load), and have large amounts of clay and
silt in their banks. "ﬁpw sinﬁésity_:iverseéﬁ the other hand carry less
suspended silt and clay (bed ldad > 11%), ahd have.moré sandy banks.,

This has three important impliéations!fbr the construction and
preservation of vertical accretion‘flood plain sediments.. Firstly, for
rivers of a given size, meandering chaﬁnels carry a greafer volume of
fine grained sediment. Secondly; clayey banks are more resistant to erosion,
therefore restricting lateral migration:of the channel and favouring a
higher préservation of overbank sediments. Thirdly, highly sinuous rivers
do not shift their courses laterally beyondva éertéin point, because of the
ilikelihood of meaﬁder cut offs. : These cauéetthe meander belt to becpme
stabilised in one position favouring preservation of overbank sediments.

As a résﬁlt, ancient meandering sequences should preserve relatively
large amounts of vertically deposited flood plain sediment as in the models
of Allen (1964, 1965, 1970) and Schumm (1968). In low sinuosity rivers,
however, thick overbank fines will tend to be absenf because of freéuent
lateral éhifts of the channel.

Whether the above arguments are always true‘is open to question.

Not all meandering rivers carry high suspended loads, McGowen and Gamer
(1970) have described meandering rivers of mode rate sihﬁosity with little
suspended sediment. The preservation of thick'fine grained flood plain
sediments depends also on external factors such as the rate of subsidence.

If this is low, even meandering rivers may efodea away their overbank sediment
as envisaged by Yeakel (1962), particularly in rivers of moderate sinuosity
where cut offs will be less common.

Not all braided and low sinuosity riversAh§ye,small suspended loads.
In Schumm's (1960) study silt cléy ﬁercentages in low sinuosity rivers
varied from 12% to nearly 90% of the total load. Generally speaking the
concentration of suspended sediment in rivers increases away from mountains

towards the centre of the drainage basin (Colby 1963). All-large rivers,
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braided or nét, will carry large susPénded loads. Few published figures
of -suspended loads in large braided rivers are available. The Brahmaputra
transports 7x10° tons of.suspended’sediment a da} during floods, (Coleman
1969) and has an annual average suspended load of over 7xlO8 tons (Holeman
1968).  The Colorado River traﬁsﬁorted up to 1 million tons of suséended
sediment a day during floods in the year 1967-1968 (U.S. Geol. Survey Water
Supply Paper 2098) and has an annual average of 135 million tons (Holeman
1968). The Yellow River has an annual average of over l.8xlO8 tons, 50
times as great as the Mississippi (Holeman 1968).

A considerable amount. of deposition of fine material seems possible
in drainage basins of braided regimes. Whether this is presérﬁed depends
on the nature of the movement éf the main chénnel, and this will be determined
to a considerable extent by external, particularly tectonic factors. The
Brahméputra River (Coleman 1959), for example, is steadilly shifting its
course westwards in response to tectonic movements. During floods vast areas
of the flood basin are'inundated, and ﬁp to lcm of fine grained sediment a
year.accumulates. Because of the climate, rapid growth of vegetation is
common and peat deposits i - 4m thick accumulate (Khan 1957). These vertical
accretion deposits overly the channel sand. - With continual subsidence a
considerable thickness will accummulate and these may be preserved from
erosion during the next change in course of the river.
2.4,. Conclusions

In this chapter some of the méjor factors influencing sedimentation
in non-meandering river regimes have been discussed and compared with the
present models of sedimentation in meandering rivers. Distinguishing between
the two types of regime is not as simple as has sometimes been implied.

A number of different types of channel seqﬁences may be produced in
meandering rivers and the presence or abéence of a fining upwards channel
fill is not diagnostic. McGowan and Garger_(1970) and Jackson (1975) have

both shown how meandering rivers may deposit channel fills which do not fine
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upwards, whilst thévprocess,of progressive channel abandbnment which takes
place in multiple channel braided rivers, such as the Niger, prbbably also
produces channel fills which fine upwards. The preseﬂce of lateral
accretion surfaces is probably not diagnostic. Coieman (1969) has shown"
how progressive sidewards migration of the banks takes place in thé braided
Brahmaputra River. Shantzer (1951) has shown that braid bars may also grow
by a lateral accretion.

Palaeocurrent variance is not a particularly reliable criterion at
present. The bahaviour of lingoid sandwaves in braided rivers is discussed
by Sﬁith (1972, 1974), and possible high variance of the result cross bedding
suggests that not all braided regimes have a low variance. ' This is the case
"in ancient presumed braided sequences described by High and Picard (1974)
“and Cant and Walker (1976).

The proportion of overbank to channel sediment in the sequence may
not always be diagnostic; its preservation depends to some extent on the
tectonic setting of ﬁhe basin of deposition.

At present, perhaps the onlj'undisPuted ancient meandering sequences
described are those where aerial photographs show the preserved meandering
channels with their_scroll bar t0pqgraphy (Puidefabrigeé 1973, Nami 1976).

The detailed characteristics of the channel fill sequence will
probably prove to be the most important distinguishing criterion. As
discussed above, most braided rivers have a variable discharge, and this
has an important ipfluence on sequénces. Scour and fill is more common
in braided rivers, where there are multiéle channels, abandoned channels
should be commonly preserved. Straight channeis with alternate bars
should also be distinguishable.

In Sections II and III two different examples of probable ancient
non-meandering.channels will be described and compared with others, described
in the literature. All are quite different from any of the meandering river

channel models proposed so far and are thought to represent different types

of braided and straight river regimes.



Table II

Essential elements of the 'classical’ meandering river models -

‘

Channel Fill. Fines upwards, cross bedding becomes
smaller upwards. May show lateral

accretion surfaces.
Overbank Sediments. Extensive pfeservation between channel fills.

Palaeocurrents. - High variance.

3s.



36.

SECTION II. THE SEDIMENTOLOGY OF THE ROACHES GRiT GROUP IN NORTH
STAFFORDSHIRE AND ADJACENT AREAS

Chapter 3

3.1.’ The area .

The Group outcrops in the extreme south-west of the Pennine district
of northern England between the towns of Cheadle in the south east,
Macclesfield in the west, aﬁd Chapel-en-le-Frith in the north, most lying
within the Peak District National Park. The greater ﬁart of the area is
high moorland, the remaining parts being mainly devoted td‘dairy farming.
Many roads criss-cross the area and no outcrops are morthhan a mile from
a road.

Most of the outcrops in the upper parts of the sequence are large
natural gritstoné escarpments. With the exception of a large working
quarry at Walker Barn (SS 852 763) stréam sections provide most of the
oufcrop in the lower and middle parts of the sequence. Most of the streams
are small, and there are only small areas of outcrop with many gaps in the
usual vertical sequences.

3.2, Structure

The area lies on the western side of the main Pennine Anticline
IFig.lu]. The rocks have beenrfolded into a number of subsidiary anticlines
and synclines with north soﬁth axes [Fig.15). The most important of these
is the Goyt syncline which extends from Upper Hulme, just north of Leek, to
the northern edge of the area. It is cut by a number 6f strikerslip faults.
The other major structures are the Todd Brook anticline in the north west
of the area, the Rushton Hall anticline in the mid-west and the flanks of
the Potteries syncline in the south. Small exposures occur in the much
thinner sequence on the northern flanks of the Cheadle Coalfield syncline.
Exposure is terminated abruptly in the west by the north-south trending

Red Rock Fault, which forms the boundary of the Permo-Triassic Cheshire Basin

and has a throw of several thousands of metres.
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3.3. Stratigraphic Position

The sequences lies in the upper part of the Marsdenian between the

Reticuloceras bilingue late form goniatite band and the R. superbilingue

band. It conformably follows the lower and middle Namurian sequences
described by Holdsworth and co-workers (op.cit.) [Fig.16].

Recent.work in Lancashire (Ramsbottom 1969a), and elsewhere, has
shown that there are three horizons with different mutations of R. bilingue.

These are, in ascending order, R. bilingue late form, (Bisat),

R. eometabilingue, (Bisat and Ramsbottom) and R. metabilingue (Wright).

All these forms have now been recognised in north Staffordshire
(N. Aitkenhead P.comm.) but not yet within the same section.

The highest form is only known for certain from three localities at
present, Brownsett Farm (SK 9926 6371) (N. Aitkenhead, P. Comm), and two
in Macclesfield Forest, (SK 9657 7130), (Evans et.al. 1968) and SK 9721 7293
(N. Aitkenhead, P. Comm). The first and third localities are below the
lowest mappable sandstones in the sequence, but the second locality is
mapped as within some of the lower sandstones. It seems likely that the
two bands are not time equivalents, and the Macclesfield Forest occurrence

may represent a local horizon. Morris (1969) describes R. metabilingue

from Cotton (SK 0617 4640), but Ashton (1975) suggests that this is a mis-

identification of R. eometabilingue.

R. bilingue late form and R. eometabilingue have been recognised

from a number of widespread sites within the study area. The R. superbilingue

band which defines the top of the sequence studied is a widespread and easily
recognised horizon throughout the Central Pennines.

Sandstones within the sequence are known by a variety of lithostrati-
graphic names (Cope 1946, Evans et.al. 1968, Stevenson and Gaunt 1971).
These have been retained. No new palaeontological work has been attempted,

but the sequence between 5,'metabilingue and R. superbilingue is here

termed the Roaches Grit Group [Table II].
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3.4, Previous Research on the Upper Namurian of north Staffordshire

The first important research on the area was at the beginning of the
Nineteenth Century. White Watson (1811) in his 'Strata of Derbyshire'
published a section across the Derbyshire Dome showing the main anticlined
structure. Between Buxton and Coombs Moss, he recorded above the limestone,
a thick 'Aluminous Shale sequence' followed by a thin 'Shale Grit' and above
this a thick sandstone which he called 'Millstone Sandstone' and is probably
the Roaches Grit. He realised that the sequence was widespread and could
also be found on the eastern side of the anticline at Ashover and Matlock.

In the same year, Farey, (1811) published the first geological map
of the area showing major structures such as the Potteries and Goyt synclines
and Derbyshire anticline.

Hull and Green (1864, 1866) substantially improved Farey's map and
delineated most of the important structures. . Following the work of
Phillips in Yorkshire they recognised in the.upper Carboniferous three
subdivisions.

Coal Measures
Millstone Grit
. Yoredale Quartzites

Within the Millstone Grit they identified, from the top downwards,
the 'lst Grit' or Rough Rock, the '3rd Grit', the thickest ssadstone in the
area, and now called the Roaches Grit -and the '4th' and '5th' Grits which
they correlated with the Kinderscout Grit in Derbyshire. They noticed the
*coarse, often conglomerific nature' of the 3rd Grit and the 'changeable
nature' of the 4th and Sth Grits which were often interbedded with shales.

Challinor (1921, 1929, 1930), mapped around the Roaches area.
Following chock (1906) he called the lowest coarse grained grit the
Roaches Grit, and fine sandstones beneath the Five Clouds Sandstone. His
discovery of R. bilingue in the upper Churnet valley, showed that here the

base of the coarse grained 'Millstone Grit' is stratigraphically higher
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than in the northern Pennines.  Subsequently Cope (1946) showed that the

Roaches Grit Group lay between the R. bilingue late form and R. superbilingue

band and is therefore of upper Marsdenian age. Mapping by Evans et.al.
(1968) and Stevenson and Gaunt (1971) has shown that a similar sequence
extends into the Macclesfield and Chapel-en-le-Frith areas. = Morris (1969)
proved a similar sequence around the northern flanks of the Cheadle
Coalfield, but here the equivalent of the Roaches Grit Group is much thinner,

The most important work on the Namurian of north Staffordshire since
thewaris]nquldsworth (1963). Although he did not study the Roaches Grit
Group in detail he noted the sandstones within it were rich in K felspar
and quite different petrographically from the protoquartzites which dominate
the lower and middle Namurian and which had, he considered, a southerly
derivatation.. He showed that during the lower and middle Namurian the
north Staffs Basin [Fig.53] was dominated by relatively deep water turbidite
sedimentation with shallow water conditions restricted to the basin margin.
The western margin of the basin appeared to lie along the line of the
present Red Rock Fault and to the west of this lay a platform of shallow .
water or emergent condition extending into North Wales. The eastern edge
of the basin was marked by the Derbyshire Block.

The area of exposure of the present sequence [within the rectangle
Fig.53] lies mostly within the torth Staffs Basin. There is no exposure
west of the Red Rock Fault, but a little exposure at the edge of the
Derbyshire Block.

Holdsworth suggested that the Roaches Grit represented the first
widespread occurrence of shallow water sedimentation within the north
Staffs Basin. |

3.5. Previous research on the sedimentology of the Namurian of

northern England

Phillips (1836), who worked mainly in Yorkshire, was the first to

carry out a facies analysis of the Namurian. He recognised seven rock types,
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shale, gray beds (alternatives of shale and sandstone), flagstone,
galliard (gannister), gritstone, ironstone and coal. He recorded trace
fossils in the flagstones and suggested they indicated a littoral

environment.

Sorby (1859) compared the "drift bedding" (cross bedding) of the
Namurian of Yorkshire and Derbyshire with that which he produced
experimentally. Recognising its palaeocurrent significant, he found that
"on average the current was from the north east", and after also looking
at the pebble petrography he concluded that the Namur@an of that area was
derived "from the waste of a south westwards prolongation of an ancient
Scandinavia, the sitg of which is now occupied by the northern North Sea".

Gilligan (1920) carried out a detailed petrographic study of the
Namurian and agreed with Sorby as to the sediment source. He was the
first to suggest that it was deposited by a river of very large size and
produced the well known diagram of a river Nile type delta superimposed on
a map of northern Engiand. »

The Geological Survey Memoir on the Rossendale area, (Wright et.al.
1927) was the first work which recognised coarsening upwards sequences and
interpreted them as delta sequences infilling a basin of water with repeated
transgressions producing rhythmic variation in sedimentation.

Trotter (1951) recognised seven sedimentation facies in the Namurian
of north-west England. The two most important are, the 'fluvial grit",
facies comprising the coarse grained cross bedded sandstones, which he
suggested was laid down in river valleys. Flanking this, a "grit-shale"
facies which he interpreted as estuarine to open sea deposits with
variations due to wave and current action.

The modern era of research on the sedimentology of the north of
England Namurian begins with Allen (1960). He showed that the Mam Tor
Beds in north Derbyshire, part of Trotters "grit-shale" facies were

turbidites. These he considered were derived off the front of deltas to

the north.
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Holdsworth (1963), described the lower and middle Namurian in
north Staffordshire. He showed that this area had a different sediment-
ological history being dominated by thin turbidite sequences derived from
the southf

Reading (1964) suggested that there were two maiﬁ stages of infill
in the Central Pennine Basin. The first in Eic, the Skipton Moor Grit,
the second in Ric, the Kinderscout Grit, which extended deltaic sedimentation
into north Derbyshire. He suggested that the Shale Grit and Grindslow Shales
of the Derbyshire sequencés were the deposits of the upper slope of an
advancing delta. » o )

Mayhew (1967) investigated the sedimentology of the Ashover and
Chatsworth Grits in south east Derbyshire. He recognised two major facies:
a lerr trough cross bedded non-pebbly sandstone which he suggested was a
distributary mouth bar depésit, and an upper coarse grained pebbly facies
dominated by planar cross bedding which. was deposited within fluvial
channels. |

Between 1961 and 1975 there has been detailed sedimentological
research on the Kinderscout sequénce by Walker, Collinson and McCabe.
Because of its close similarities with the Roaches Grit Group, this will

be described in detail later in the text.
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Studied

Sequence
studied by

Holdsworth 1963

Table III

Stratigraphic position of the sequence studied

R. superbilingus —_
ROACHES GRIT (locally SHIRLEY HOLLOW SANDSTONE) :
' ' , ' : Roaches
FIVE CLOUDS SANDSTONE (locally WALKER BARN GRIT, - i
- . ' Grit
RUSHTON HALL GRIT, CORBAR GRIT) _
: N . Group
[Lower part includes a probable local occurrence of R. metabilingue] :

R. metabilingue

"~ R. eometabilingue

R. bilingge late mut.
R. bilingge ss,

*Zh



43,

Chapter 4
Association A. Deep Water Sediments

4,1. Lithofacies description and interpretation

4,1.,1. Lithofacies 1. Mudstone

This contains clay, scattered fine silt and sometimes scattered large
mica plates. . Bivalves and fish fragments together with coprolites may also
occur. No trace fossils have been found but the lithoiogy makes their
identification difficult.- Small,-flat lying plant fragments are common.

Its appearance varies considerably depending on the state of
weathering. . When fresh it is usually light to medium grey in colour,
homogenous, breaking with a conchoidal fracture. Occasionally it shows a
faint light dark colour banding a few millimetres in +thickness - When weathered
it commonly has a very thin, fissile lamination with powdery Jarosite along
parting planes. - Alternatively it may be partly stained red by iron oxide
and break irregularly.

Spheroidal carbonate concretionsjup to 0.15m in diameter are common
and thin, 1-2mm carbonate bands parallel to the bedding may also occur.
Sections through concretions show disemminated pyrite along bedding planes.
The fissile lamination invariably bends around the concretions, it has
almost certainly a strong secondary component to its development resulting
from compaction and is not entirely related to an original sedimentary. : -
fabric.

Interpretation

The features of the lithofacies indicate deposition from suspension

in quiet water. It was deposited in a variety of associations but is most
common in the Deep Water Association.

4,1,2. Lithofacies 2,  Silty Mudstone

Light grey in colour with abundant scattered silt-sized quartz grains

and mica plates. Plant fragments and carbonaceous debris are common. No
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fauna has been found within this lithofacies.

. When weathered, it appears completely homogenous except for a poor
fissility similar to that found in LF 1. When traced laterally into fresh
exposure itsappearance sometimes changes to a well laminated rock consisting
of alternating light and dark layers. Light layers are 0.25 - lcm thick
with gradational boundaries and are mainly quartz silt,

No trace fossils have been fognd within this lithofacies but the
normal weathered condition of the rocks which tends to obliterate faint
lamination would also destroy any trace fossil evidence.

Interpretation

The lack of traction formed sedimentary structures implies deposition
from suspension in fairly still water. Again this lithofacies was deposited
in a variety of water depths and is common in the Deep Water Association.

4,1.3. Lithofacies 3. Goniatite Faunal Bed

This facies is very characteristic and easily recognised from a
distance in the field as a sooty black mudstone much darker than in LF 1.
Beds are thin, 0.3 - 1.3m and vary in thickness laterally. When weathered
it exhibits a very poor lamination with Jarosite and Limonite coating
bedding planes. Mica plates are absent but plant material fairly common.

The fauna consists of goniatites, pectinid biyalves, and
Posidonia sp. Most éf the fauna is adult but mollusc spat may also occur.
Preservation is mainly as impressions in mudstone but uncrushed preservation
of goniatites occurs in bullions. Most goniatites are flat lying. .

No systematic study of the faunal composition has been carried out
but there appear to be no marked lateral variations in fauna even though
the bands in the south-eastern part of the area were probably deposited in

a much shallower water than their equivalents from the north,

Interpretation

It is generally accepted that goniatite faunal bands represent periods

of high salinity, marine or near marine conditions in an otherwise brackish
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or fresh water basin, For many years goniatite bands were actually called
marine bands in Geological Survey maps and memoirs, although the non-marine
origin of the associated non-goniatite bearing sediments has still to be

conclusively proved.

Many bands are widespread, the R. metabilingue and R. eometabilingue

bands at the base of the sequence have also been recognised in Lancashire

(Ramsbottom 1969a). The R. superbilingine band at the top of the sequence

is a widely recognised horizon in the Central Pennines. Exact time
equivalence is difficult to prove however. The probable occurrence of two

R. metabilingue bands in the area, the one a local development suggests that

goniatites could survive in local areas if conditions were suitable.
Had there been no coarser sandstones in this part of the sequence to serve
as an independent marker horizon the two bands would probably have been
correlated as time equivalents.

The goniatites and pectinid bivalves were nektonic and presumably
fell to the basin floor after death. The presence of the benthonic Lingula

in the R. superbilinue band shows that here at least, conditions were not

euxinic. The R. superbilingue band which belongs to Association D was

probably deposited in considerably less depth of water than the four bands
in Association A.  Except for the presence of Lingula casual observations
show no differences.

4,1.4, Lithofacies 4, Thin-bedded Turbidites

Sandstone and coarse siltstones from O.lcm to 50cm in thickness.
Generally they have parallel bases and tops and may be traced laterally for
up to 20m, the limits of exposure, without showing any thickness variation
[Plates 1 and 2]. A few are lenticular, and disappear and reappear at the
same horizon. The beds alternate with LF 1 and LF 2.

Bases are always sharp and usually flat, but a variety of bottom

structures may occur.
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(1) Endichnial trace fossils. - These are described in Chapter 8.
(ii) Load casts. T ‘ Bulbous depressions usually a few
centimeters in diameter, but some
relliptical depressions are up to
50cm in length and 3cm deep.
Occasionally they are found in rows
[Plate 3].
(iii) Flute casts. _ These are small, the largest recorded
being 25cm in length.
(iv) TFurrows. Parallel sides rows 0.75¢cm - 1l.5cm,
symmetrical in cross section. They
- extend lengthways for at least 40cm
sometimes pinching out between adjacent
structures. [Plate 4],
(v) Groove casts. - - Long straight ridges often asymmetrical
in cross section. [Plate 5].
(vi) Prod casts. . Up to 1Ocm in length but generally less
- than 3cm and with blunt ends.
(vii) Plant impressions.. - Large depressions resembling prod casts
but where the form of a plant is clearly
defined [Plate 6].
Of 32 bottom structures from which current directions have been
obtained the distribution is: Prods 16 (50%), grooves 12 (38%),
flutes 2 (6%) and furrows 2 (6%).
Within the beds up to four types of sedimentary structure may occur;
a massive di§ision, two types of plane lamination and a current ripple
division. The vertical order of the structures always follows.the Bouma
(1962) sequence. The massive division is typically a fairly clean and

fairly well sorted structureless sand with little clay. Towards the top
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there is an increase in the proportion of carbonaceous debris and mica,
- together with a decrease in the median grain size of the quartz. Scattered
angular mudflakes and large plants sometimes occur near the base.

The lower interval of plane lamination usually contains a much
larger proportion of clay, carbonaceous debris and mica. - The lamination,
about lmm thick, develops from an alternation of quartz rich layers, with
either carbonaceous material plus clay or mica rich 1ayérs the latter
showing primary current lineation.

The -current ripples are lingueid with a maximum height of 2icm. 1In
thin beds, containing this division only, the ripples exist as solitary
form sets and heights may be as little as lmm. Cross-laminations are marked
by mica rich layers and show an enrichment in mud towards their bases.’
Normally single sets occur and ripples are slightly erosive info the under-
lying plane laminated division. = Where there are two or more sets they occur
as mutually erosive troughs. Ripple drift cross lamination has not been
seen.

The form of the topmost ripple is preserved and buried by the overlying
mudstone. Sometimes in unweathered exposures it is possible to see finely
laminated micaceous silt draping over the ripple and forming an upper division
of plane lamination. Graded laminated beds (Piper 1972) do not occur.

Not every bed has the full sequence of structures. The massive
division in particular tends to be absent in the thinner beds. No attempt
has been made to assess types of vertical sequences quantitatively because
of the difficulty of recognising the two plane laminated divisions,
particularly the upper one, in weathered'exposures. - Common sequences using
Bouma (1962) rotation are: ABCE, BCE, CE, but AE and BE sequences also occur.
In the latter, the plane laminations become proéressively finerigrained

towards the top.
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Interpretation

The sharp based sandstones interbedded with fine grained mudstones
suggests a sudden influx of coarse sediment into an otherwise quiet water
area receiving sediment from suspension. The vertical sequence of
sedimentary structures suggests a waning flow (Harms and Fahnstock, 1965,
Walker 1965). The assemblage is similar to that seen in turbidites.
Evidence discussed later suggests deposition at depths in excess of 100m.

Three features which‘require explanation are the predoninence of
single sets of ripples, the erosive ripple bases; and nresence of AE and
BE sequences where ripples are absent.

Ripples in turbidites may fonm in the tail of the current (Walker
1965), by water swept aside by the turbidity current sweeping baek after the
current has passed (Kelllng 196ua) or by bottom currents (Hsu 1964) The
similarity in current mean dlrection between the ripples and turbidite
bottom structures [Fig.1l7] is con51stant with the first explantlon but does
not necessarily invalidate the other two. Other turbidites of Namurian
age in the Central Pennines, in the Todmorden Grit (McCabe 1975) and in
the Roosecote Mudstones (Eic) (personal observations) also haveidominently
solitary sets of ripples. In all three cases ripple palaeocurrent means
and bottom structure palaeocurrent means are the same, to the south-west in
the latter two cases and to the north-west_ln the Roaches sequence.

It is unlikely that bottom currents were responsible as the
coincidence between ripple and bottom structure ofientationsmseem too great.
The second mechanism fails to account for beds’where a rippled‘top is absent.
The first mechanism, formation in the tail of the turbidite seems the most

likely. Although Trewin and Holdsworth (1973) have suggested that erosively

'‘based ripples result from basinal reworking of the turbidite tops, McCabe
(1975) has shown that ripples with erosive bases may form during net
sedimentation providing the sedimentation rate is slow enough. The

predominance of single sets and absence of ripple drift cross lamination

does point to a slow rate of sedimentation.
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Where turbi&ifés do not have rippled tops the rate of deposition
méyvha;e’been too fast to allow time for ripples to form. Altérnatively,
lérgé amounts of suspended sediment may have inhibited their development,

o Whether the iﬁterbeddéd mudstones are of turbidite or *hemipelagic'
origin is difficult to assess. i Wélker (1966a) suggested that within the
Sﬁale‘Grit the mudstones belonged:fo tﬁe E division of fhé turbidite.
Sométimés.finely laminated silts above the turbidite C divisionvpass‘
upwards gradationaliy into fhe overlying mudstone and this probably
represenfs the fine téil of the turbidite. -

4.1.5. Lithofacies 5. Thick Sandstones

.Sandstones médium to coarse gréined‘in beds of‘50cmltol13.5m, the
maﬁority beihg lé;s than 5m. The greafer'paft of the bed is a‘;tructureléss )
fairly wellisorted clean sand. The lower parts frequently contain bands of
angular mudstone’flakés and.lérge‘piantrfraéments séafteréd within a sandstone
matrix. Toﬁé;ds'fhe top‘théfeiisvoften’an increase in the proportion of
small carfonécébu; ffagﬁents‘énd mica fbgether with a decrease in the
avefage quérfi‘graiﬁ‘size.': A pléne’lémination; and occasionally above this
ripple lamination may devélop toﬁafdé:the tbp in a similar way to LF 4. °

" The bases of beds are usuaiiy“flat./ The beds are parallel-sided -
and are laterally éxfénsive%oyef”tens of meters [Plates 7 and 8].%' Often
fhey aﬁaigaﬁéte togefher:to form thick sandstohes in the manner described
by wélker-(lQSSa).v "Lines of amalgamation are dommonlyjmafked by rows of
mudstone flakes [Plate 9] or horizontal joints. The percentage of mudstone

between-beds is much‘lbwer than in LT 4,
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Flute and tool marks are absent from the bases, . but load casts are
fairly common. These disturb fhe underlying lamination, and at Walker
Barn Quarry (SS 952 736) cne underlying bed has vertical to slightly
inclined pipes 5mm in diameter and up to 40cm in length filled with clean
sand. Some bases show small scale channeling [Plate 10] and two larger
channels occur. At Danes Mill (SK 0123 6119) part of the side of a
channel 1s poorly exposed and is at least 3.2m deep. A much larger channel
occurs within Association B.  This will be described in Chapter 5.

In a series of quarries near Walker Barn (SS 952 763) large spherical
concretions up to 3m in diameter occur [Plates 7 and 8]. Hardy (1870),
analysed several of these and found them to be chiefly ankerite  or calcite

with some siderite. Concretions of this size have not been found elsewhere.

"Interpretation

These beds are similar to LF 4 Turbidites with which they occur in
close association. The main differences are; the channeled bases,
amalgamation is the rule rather than the exception, the beds are predominantly
structureless, and much thicker than in LF 4.

Walker (1966a) described similar beds from the Shale Grit (Namurian
Ric) in north Derbyéhire (his Facies C), interpreting them as turbidites.

At that time few types of density underflow currents were recognised, but

now three other types of current must be considered.,

‘Grain Flows. These are concentrated dispersions of cohesionless sediment
which move downslope in response to the pull of gravity, the dispersion being
maintained by intergranular collision. McCabe (1975), suggested that grain
flows may have played a part in the transport of a similar facies, (his Fy)

in the Todmorden Grit and lithostratigraphic equivalents. They are necessary
he claimed to explain the presence of mudstone clasts floating near the tops
of the beds and also to transport the very large clasts near the base.

Grain flows may be observed on the leeside faces of bedforms and

deltas. These invariably involve relatively small volumes of sediment and
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form beds 5cm thick or less. Large examples are unknown, Middleton and
Hampton (1973), suggested that grain flow deposits are massive upgraded,
except for a possible reverse grading near the bése and with flat tops.

More recent work, Lowe (1976a) suggesté,zhowever, that grain flows of just
sand only occur onrslopés near.the angle of repbse'and cannot form very thick
units of sediment. In other words, they alwayévresemble thé small flows
observed on the slip faces of bédforms.A

Thick grain flowé of gravel sized debris and sandy flows with |
interstitial mud can move on much lower slopes and form thick sedimentation
units (Middleton 1970, Lowe 13976a). The sediments under discussion do not
contain gravel sized debris; the clay content is less than 3% and most of
this appears to be a breakdown product of K felspar. The mechanism cannot
therefore have operated as a primary process.

In the absence of an interstitial matrix, sandy grain flows might
possibly be driven by overriding turbidity currents which shear them from
above. It seems unlikely, however, ‘thal . very thick beds could be
transported in this way (Lowe 1976a). }

Debris Flows. These are downslope movements of poorly sorted mixtures of

granular solids including abundant clays and water in response to the pull
of gravity. Subaeriai debris-flow deposits have a poorly sorted fabric
with large clasts 'floating' in a finer matrix. They resemble tills.
Lithofacies §° is quite different. Hampton, (1972), however, has suggested
that only 10% of clay maj be necessary to support the sand sized material.
Such flows may be regarded aé intermediate between debris flows and grain
flows. Again, the low clay content suggests this mechanism is unlikely.

Liquified Flow. Coarse sediment liquified after slumping or by compaction

of underlying underconsolidated clay layers can flow down slopes of only a
few degrees (Lowe 1976b). The grains settle through the liquid displacing

it upwards. The resulting deposits show de-watering structures such as
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fluid escape pipes with sand volvanos and dish structure (Stauffer 1967).
Because of the concentration of the sediment it is unlikely that fluid
traction structures will form. (Middleton and Hampton 1973).

-Coarse grained liquified flows will resediment after moving only a
few metres (Lowe 1976b) and it is unlikely that liquified flow transported
the sediment to the basin floor. - Many turbidity currents however, go
through a short-lived liquified phase immediately prior to deposition
(Lowe 1976b). No dish structures have been observed in LF 5. 'Fake"
dish structure in the form of ropey weathering occurs but this has also
been seen in a variety of other lithofacies and is probably solely a
weathering phenomena. Fluid escape pipes occur in one bed, but here
dewatering appears to have been caused by the shear of the overlying bed.
Plane laminations, and rare.ripple lamination at the tops of some beds show
that grain traction occurred.

The absence of dewatering structures suggests that a liquified
phase was not normally developed.

Turbidity Currents. These seem the most likely agents of transport for

the sands..  The absence of flutes is probably a function of the relatively
coarse grain size. - Allen (1969) has calculated that velocities of 1.5m sec T
for medium sand, and 2m sec ! for coarse sand are necessary for flute growth.
Walker (1966a) recorded flutes on the base of a similar facies (his Facies C)
and flutes also occur on a similar facies in the Alum Crag Grit (R2) of
Lancashire (Collinson, Jones and Wilson, in press).

The deposition of a thick bed of structureless sand is still
difficult to explain, although a large number of mechanism have now been
proposed. Walker (1965) suggested that structureless beds may result from
the sudden freezing of a traction carpet with a high concentration of
dispersed grains, the shear becoming insufficient to keep the mass of grains

in transport. Walton (1967) has speculated that a rapid decel_eration of the

current may prevent an equilibrium bed from developing. Deposition in this
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"metastable" field would consequently be unlaminated. ' Middleton (1967)
suggested that syndepositional shearing may produce a structureless bed, as
was observed in experimental highly concentrated turbidites. Rapid
deposition from suspension on a surface without traction may also result
in a structureless bed.

If, during deposition a turbidity current changes into one of the
types of flow discussed above a s?ructureless bed may‘form. Lowe (1976b)
suggests that many high concentration turbidity currents go through a
liquified phase immediately prior to deposition. The absence of water
escape structures suggests this is unlikely in the present case. -Sanders
(1965) suggested that a grain flow may develop beneath turbidity currests, but
Lowe (1976a) now thinks this unlikely.

4,1.6, Lithofacies 6. Parallel-sided Sandstones

Sandstones in beds 2 - 20cm in thickness. Bases and tops are
parallel and may be sharp or slightly gradetional. Internally the beds
are a poorly sorted fine to medium sand with scattered mica, plant fragments
and clay, giving a characteristic 'greywacke' aﬁpearaﬁce. Usually they are
homegenous, but they may show a poorly.deveioped flat lamination. ‘[Plates

11 and 12.] Unspecific bioturbation is common and one bed contains

Pelecypodichnus.

Grain size varies irregularly through the bed and grading has never
been observed. Current formed bottom structures arekabsent, as also is
ripple lamination. Amalgamation between beds never occurs.

The sandstones may occur as isolated beds within sequences of LF &4
and LF 5 turbidites. Usually, they form thick sequences and are inter-
bedded Qith LF 2 and 3 mudstones. Generally speaking bed thicknesses and
bed spacing are more regular than in the turbidites.

Interpretation

This lithofacies is quite different from LF 4 and LF 5 turbidites from

which it may be distinguished by the absence of grading and Bouma
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sequences, by being generally more poorly sorted and by sometimes having
gradational bases.

The absence of traction formed sedimentary structures suggests that
deposition was mainly from suspension.  .The nature of the currents depositing
the beds is uncertain. A similar lithofacies occurs in Association B and

further discussion is given in Chapter 5.

4,2. Facies relationships within the association

Three LF 3 Gonlatlte faunal bands occur close together at the base of

the as3001atlon. The 1nterbedded sedlment is malnly LF 1. | LF 4 turbldites

flrst appear above the hlghest Gonlatlte band R. metabillngue. A second

band of R. metabilingue is mapped as occurrlng w1th1n a turbldlte sequence

of Macclesfleld Forest (SK 9657 7130) (Evans et al. 1968) but exposure is

I

very poor in this area.

Turbldltes of LF L4 and LP 5 are the most 1mportant members of the
deep water association except in the northern and southern edges of the area
where the sequence beglns to th1n rapidly (Chapter 9). Walker (1966a)
suggested that the tnroidites of‘the-Shale Grit formed submarlne fans, which
were preceded by thlnner 'ba81n plaln' type turbldltes. | Followlng more
recent work on active deep water fans in the present day ocean bas1ns
(Normark 1970 Haner 1971, Nelson 1971 Nelson and Kulm 1973), a fan model
for anc1ent deep water turbldltes has been developed (Rlcc1 Lucch1 1969
1975 Mutt1 and RlCCl Lucch1 1972 Walker and Mutt1 1973) |

It is now 1mportant to compare the delta front turbldltes of the
Central Pennine Ba81n W1th these more common, largely shelf derived
turbidites. In the model of Mntti and Ricei Lucchi’ (1972) progradatlon
of the fan resnlts in an overallicoarsening upwards sequence developed
between‘the basin plain and base of slope environments. Within the fan
channel fills show thinning upwards sequences, believed to result from the

progressive abandonment of the channel. Coarse sediments of a variety of
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facies predominate. Interchannel areas have a greater proportion of fine
sediment with thin turbidite CDB sequences. - In the outer and middle fan
channels are rare and in the middle fan turbidites are arranged in thickening
upwards sequences which are believed to form beyond distributory mouths as
prograding suprafan lobes.

Unfortunately, exposure in the Deep Water Association is poor and
there are few long continuously exposed sections, Large scale sections,
particularly 4, 5 and 6 in Fig.1l8 show a rough overall coarsening upwards
with an increase in the abundance of LF 5 at the expense of LT 4. Three
detailed sections are shown in Fig.18, where A shows a well developed
thinning upwards sequence of 1llm. The base is not exposed but mapping into
a nearby stream section shows that the sequence is virtually complete. Two
other sections, one with predominently LF 4, the other with predominently
LF 5 show no vertical organisation, although the thickness of the individual
beds varies considerably. Another thinning upwards sequence occurs at
‘Corbar Caravan Park (SK 051 740).

The thick multiple sandstone beds of LF 5, cannot be traced laterally
in exposed sections for more than 200m and e#cept for amalgamation show
little lateral variation. Feature ﬁapping near Walker Barn and at the
Five Clouds (SK 005 625) shows that these thick sandstones split into
thinner beds over distances of a few kilometers, and that the proportion of
interbedded fine sediment increases. [Fig.15]. It would be particularly
interesting to know whether these thick sandstones are parts of channel
fills, as Ricci Lucchi (1975) records channels up to several kilometers in
width. Channels of this size would be virtually impossible to detect here
where most of the exposure is within narrow stream sections. Hamilton (1967)
has described 'depositional' channels from abyssal plain turbidites off
Alaska. These channels are not erosive, the channel infill sediment passing
laterally into leveés. This type of channel may account for the lateral

splitting observed at the Five Clouds and at Walker Barn.
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Mapping on a larger scale [Fig.l5] shows that the thick turbidite
sandstones are developed in two areas. One of these, beneath the Roaches
et.the Five Clouds thins both to the north and south and mappable sandstones
extend for about'l2km normal to the pelaeocurrent mean. A second thick
furbidite sandstone sequence occurs around Buxton and to the north-west at
Walker Barn near Macclesfield. This also thine to the north and south.

These two areas with a thick developﬁent of turbidite sandstones are
thought to be two small fane‘which developed locally around distributary
feeder channels, The overall coarsening upwards sequences in the turbidites
result from fan progradation. ’The detailed vertical sequences withdrapid
changes in tdrbidite thickness are similar to those described from other
aﬁcient fan sequences by Ricci.Lucehi (op.cit.) andKruit et.al. (1975). The
rarity of erosive channels probably reflects the limited exposure, unless

the channeis are of the “depesitionar' type.

In the north-east_of the area, between Buxton and Chapel-en-le-Frith
the turbidifes thin oﬁt and disappear. Here LF 6 parallel-sided sandstones
become increasingly importanf and at Ridge Clough (SK 060 788) near Chapel-
en-le-Frith [Section 9 in Fig.18] constitute the greater part of the
Association. | |

In the soﬁth-east of the area, on fhe flanks of the Cheadle Coalfield,
where the entire sequence has thinned to only 70m, [Sections 1 and 2 in

Fig.18] the Deep Water Association is not recognised.
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Chapter 5. °"Association B~ ‘Delta Slope.

5.1, ‘Limits of the Association

The base of the‘association is ﬁsually taken at the first appearance
in the sequence of LF 7 Ripple laminated Sandstone. This usually appears
immediately above the highest bedded turbidites. At Ridge Clough (SK 060 788)
where turbidites are largely absent from the Deep Water Association the base
of the delta slope cannot be accurately fixed. At Shirley Hollow
(SK ou28 4870 - SK 0407 4835) and Cotton (SK 0604 4580 - SK 0601 4556) where
the Roaches Grit Group is much thinner and the’Deep Water Association is
absent,the base of the slope is ;1so difficult to delineate, but it probably
comes not far above the highest goniaﬁite faunal band.

The top of the Association is also difficult to fix. At Upper Hulme
(SK 0123 6121 - SK 0129 6247) [Section 4 in Fig.18] it is marked by the base
of a large .alluvial channel. At Cisterns Clough (SK 0330 6983 - SK 0370 6980)
[Section 6 in Fig.18], Ridge C;oug@l Section 9 in Fig.18 and Hogshaw Brook
(SK 0552 7483 - SK 0560 7471? [Section 8 in Fig;lel beds of LF 12 lenticularly
bedded sandstone appear below the lowest fluvial channel in the sequénce. The
base of the lowest defines the top of the Slope Association.

As defined the Association‘is 70m thickrat Upper Hulme, 60m at Burbage
Reservoir (SK 5654 6517 - SK 9663 6570) [Section 5 in Fig.18] and at least
100m in Cisterns Clough. The differences in thickness partly reflect the
difficulty of fixing the limits of the association accurately, though in
some sections the upper parts have probably been cut out by erosion in deep

delta top distributory channels.

5.2. Lithofacies - description and interpretation

5.2.1. Lithofacies 7. 'Ripple laminated sandstone

Medium grained sandstones with cosets of trough shaped cross
lamination 0.5 = 2cm thick [Plate 13]. The sediment is very micaceous and

carbonaceous partings pick out the lamination. Cosets occur in beds up to
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10m thick but usually they are 4 =20cm thick and interbedded with LF 8
[Fig.19]. They have parallel bases and tops and superficially resemble
turbidites in field exposures [Plate 14], the coarser éandstones weathering
out. Within the beds, the ripple lamination may pass up‘throhgh crudely
flat laminated sandstones into thicker laminations of darker unlaminated
fine sandstone. [Plate 15.] Bases of beds are sharp, or sharply gradational.
Only rarely is the ripple form preserved at the top of the bed, and these may
be sinuous crested or lingWid in plan. Ripplerorientations show a mean
towards the north-west [Pig.?O].

Bioturbation is very common and often all traées of the original

lamination are destroyed. Pelcypodichnus (Seilacher 1953a) is ubiquitous

and single beds continuoﬁsly burroWed‘héve been traced laterally for over
100m. Often this’trace fossil appearé at the base of the bed and disappears
somewhere in the middle, new forms appearing higher up above a carbonaceous
lamination [Plate 15]. Most have a prominent preferred orientation parallel
to the orientation of the ripple lamination. ' Cochlichnus (Hitchcock 1853),
'simple vertical pipes' (é.f. Chisolm 1968) and small cylinders (Chapter 8)
also occur, but these aré all rare.

" Interpretation

Small scale cross lamination is produced by the migration of ripples.
These occur in the lower flow regime (Simons et.al. 1961), and cosets form
when there is net sedimentation. Furthér discussion of this lithofacies
will be given in section 5.3.

5.2.2. ﬁithofacies 8. Micaceous Carbonaceous Sandstone.

Dark grey, poorly sorted fine sandstone with abundant carbonaceous
material and large mica flakes. The sediment is usually unlaminated but
breaks along sub-horizontal partings caused by the alignment of plant
material and mica. Occasionally thin quartz rich streaks and isolated

ripples occur.



59.

Interpretation

In spite of the'relatively coarse grain size, the general lack of
lamination suggests that deposition was largely from suspension;L‘ Periods
of traction movement produced isolated patches of ripple lamination.

5.2.3. Lithofacies 9. Parallel-leminated'saﬁdstcne.

Fine to ‘medium érained sandstohes in erosively based beds'uplto 0.35m
in thickness. These contain thin, flet well sorted laminations mafied by
mica rich 1ayefs. This llthofac1es is rare in Assoc1atlon B, it is always
succeeded by rlpple laminated or trough cross laminated sandstone.

Interpretation’

The presence of discreet well sorted laminations; suggests that
deposition took piece in the lower part of the upper flow regime, (Simons

and Richardson 1961).

5.2.4. Lithofacies 10. Trough Cross—bedded Sandstone

Medium grained sandstone with frough sets 4 - 20cm in thickness forming
cosets up'to 35cm. The orientation of the troughs is similar to the
orientation of the ripple lamination. [Fig. 20] This lithofacies is rare
in Assoc1atlon B, 1t is always seen in small exposures and whether the sets

are filling small channels or forming wider sheets is unknown.

Interprefation

Treugh cross bedding is~the deﬁosit of sinuous crested bedforms called
dunes. (Allen 1963b, Harms et.al. 1975) These form iﬁ the upper part of
the largescale ripple f1e1d of Simons and Rlchardson, (Harms et. al. op.cit.).
Turbulent eddies in the lee of the dunes cut scoop shaped hollows which are
then filied by the avalanche foresets>of the advancing bedform, so that
sections through the YZ plane show intersecting trough shaped erosion

surfaces (Allen 1963b),

5.2.5. Lithofacies 5. ° Thick Sandstones

In Association B this lithofacies is restricted to a large channel at
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the northern end of the Roaches. (SJ 997 636). The edges of the channel
are not exposed but the coarse grained channel fill forms a strong feature
which weathers out against the finer grained background sediments. It is
markedly assymmetrical in cross section [Plate 49].

The channel fill is approximately 20m thick and 500m wide at outcrop
although the true width is probably less than this as the outcrop is not
normal to the channel axis. ~ The fill consists entirely of well sorted,
structureless medium sand with rare scattered shale flakes. It closely
resembles the LF 5 sandstones in Association A, but lines of amalgamation
are not present.

Interpretation

~ - This is regarded as a turbidite feeder channel cut into the delta

slope. Similar channels have been described by Waiker (1966a, b) from the
Crindslow : Shaleé, the delta slope of the 'Kinderscout delta". He argued
that the channels were both cut and filled by turbidites and this
explanation is accepted here. |

. Only one channel has been recognised, but at many places the outcrop
of Association B in the Roaches Grit Group is covered by soliflucted material
derived from coarse grained sediment in Association C. This mantle of
recent sediment has probably obscured other channels.

5.2.6, Lithofacies 2. Silty mudstone ..

This lithofacies is rare in Association B. It is usually very
micaceous and often shows thin quartz rich laminations. It was deposited

from suspension in quiet water.

5.2.7. Lithofacies 6. Parallel-sided sandstones

This is similar to that described from Association A except that
traces of ripple lamination are occasionally present. It occurs in the
.ower parts of the slope association. Its origin is discussed in

tection 5.4.
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5.3.  Discussion

~ The thickness of the Slope Association suggests that the base .of
the slope was very approximately 100m below the water level in the basin.
LF 7 .Ripple laminated Sandstone, usually in thin parallel sided beds, occurs
throughout the slope sequence. Trough cross bedding and upper phase plane
beds occur rarely. A typical detailed log is shown in Fig.19¢. Intensive
bioturbation often destroys most of the originél structures in the sandstones.
Palaeocurrents show a pronounced mean towards the northwest [Fig.20],
parallel to the palaeocurrent mean in the turbidites and normal to the
presumed orientation of the delta slope.

Wave activity is unlikely to be felt at water depths of 100m, and
the lithofacies do not have the characteristics of tidal sediments. The
orientation of directional structures suggests that gravitationally
propelled deﬁsity currents were responsible, McCabe (1975) has suggested
that density currents operated during the formation of the delta slope in
the Kinderscout Grit Group, though the resulting deposits (his Facies 12)
have prod and flute marked bases and are often structureless.

Density currents occur where the sediment laden river water has a
greater density than the receiving basin and so flows down the basin slope
(Bates 1953). This usually occurs where a river is flowing into a fresh-
water lake or reservoir, and present day examples have been described from
Lake Mead (Gould 1960), Lake Geneva (Forel 1887, Shep,ard and Dill 1966,
Houbolt and Jonker 1968) and the Walensee (Lambert, Kells and Marshall 1976).

The presence of the trace fossil Pelecypodichnus the resting trace of

'non-marine' bivalves (Hardy 1970, Eager 1971, 1974) [see Chapter 8]
provides independent evidence that the basin water was fairly fresh.

In the Walensee (Lambert et.al. 1976) and in Lake Mead (Gould 1960)
currents of up to 30cm/sec have been recorded from tﬁe upper part of the
slope. In both cases current velocities diminish downslope particularly

on the flat floor of the basin. These velocities are capable of forming
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ripples in medium sand (data from Harms et.al. 1975) but are too low for
dunes, and for upper phase plane beds, unless the flow was exceptionally
shallow. Sheﬁ;ard and Dill (1966), however, have recorded bedforms up

to 50cm in height moving down the upper part of the slope of the Rhone
Delta in Lake Geneva. The predominance of ripple lamination in the Slope
Association suggests that current velocities were similar to those in
present day density underflows.

In all the modern examples the density currents have cut channels on
the delta slope. These are 200m in width in the Rhone delta, and range
from 100m - 300m wide by 2m - 6m deep in the Walensee.‘ Channels have not
been recognised in the Slope Association except for the one filled with
turbidites. Although this may be a result of the limited exposure, the
laterally extensive parallei sided sandstones suggest)that the currents
spread out widely. ~Hodbolt and . Jonker (1968) have described in detail
the sediments of the Rhone delta slope and submarine fan. Thin graded
beds, sometimes with Bouma (1962) sequences are common, but cross lamination
is rare. The sediments are therefore'Quite different from those described
here. In the Brushy Canyon Formation, another alleged ancient density
current deposit, (Harms 1974), typical graded turbidites are also rare.

Table IV summarises the differences between classical turbidites,
such as LF 4 from the Deep Water Association, and the dehsity current

deposits of the delta slope. Turbidites have erosive bases often with

current formed bottom structures, and a vertical sequence of structures

the Bouma (1962) sequence indicative~of a progressively waning flow regime,
(Harms and Fahnstock 1965, Walker 1965). Although the deposition of a
natural turbidite has never been observed it is probably a relatively short
lived event brought abouf when bottom friction slows the current. This
most commonly occurs at the base of a slope when the gradient of the basin
floor is reduced. River generated density currents are closely related

to periods of increased discharge and suspended load during floods (Gould
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1960, Lambert et.al. 1976). - In Lake Mead, density currents take séveral
days to cross the lake (Gould 1960). In the Walensee, Lambert et. al.
(1976) continuously monitored one flow for 192 hours and fluctuations in
sfrength and direction are common.

Although river generated density currents have a large suspended
load they are also powerfull enough to form ripples, and sometimes dunes,
as Shepard and Dill (1966) have observed on the delta slope of Lake Geneva.
With net deposition during proloﬁged periods of flow, superimposed sets pf
ripple and cross lamination are the likely deposits. Within a flood event
there is a period of build up and decline and discharge may fluctuate, so
that the deposits of a single flood may show variable sequences.

Most of the features seen in LF 7, 8 and 9 in the Slope Association
seem consistent with a density current origin.  Parallei sided beds of
rippled sand probably formed during individual flood events which transported
sand down the delta slope. - Fluctuations in current strength formed silty
laminations. During low discharges the delta slope received sediment
largely from suspension, and was colonised by bivalves. During floods

these moved up through the rippled sand to form Pelecypodichnus escape

structures.

Hardy (1970) described Pelecypodichnus from what is probably the

delta slope of the Bullion Mine Rock Sandstone (Westphalian) of Lancashire.
This too contains parallel sided beds of sandstone with escape structures
but he did not describe the sediments in any detail. From a careful

measurement of the sizes of Pelcypodichnus at different horizons he was

able to show that the bivalves represented different populations related
to separate periods of spat fall. These he believed occurred in

different years during periods of low stage.
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5.4, Origin of Lithofacies 6,

In Chapter 4 it was suggested that LF 6 parallel sided sandstones
were deposited from suspension, but the reason for these periodicT
concentrations of coarser sediment was unknown. In the Slope Association
ripple laminated sandstones, believed to ye deposited by density currents
extendiright to the base of the slope, but ére never found withinlthe
Deep Water Association.

 In the Walensee density currents decline in strength on the basin
floorwwhere4they range from 3 - l2cm/sec. Theée velocitiéé are too sléw
for ripple formation in fine fo medium sand (dafa of Harms et.al 1975).~
In Lake Mead currents on the Basin floor often become»too slow to;measuré.

Density currents slowiﬁg down and spreading out at the base of the
slope are believed to be responsible for dépositing the beds of LT 6.
Current velocities were here too low for traction moveﬁent of the sediment,

most of which was deposited from suspension.
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Table IV

Comparison of the major features of 'classical' turbidites and density current deposits

TURBIDITES

Beds are laterally extensive with parallel

bases and tops, interbedded with finer sediment -
of mud or silt grade.

Always sharp based.

Amalgamation may occur,

Flute and toal marks common.

Beds show Bouma (1962) sequences.

Upwafds decrease in grain size.

Ripple form normally preserved af the top of bed.

Superimposed sets of ripple cross lamination‘rare.

Bioturbation through the bed rare.

DENSITY CURRENT DEPOSITS

Similar

May be sharp\or gradatiohally based.

Amalgamafion does not occur.

Flute and tool marks are_abaént;

Bouma aequencesrare usua;1y absept.

Grain size is variable through.the bed.

Ripple form occasioaally préserved.

Superimposed sets of ripple‘aross lamination common.

Bioturbation common.

*69
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- Chapter 6.
Association C. Upper Slope and Delta po."

6.1. .. Introduction -

This association confains‘fwo'disfincf sedimenf assémblages. Large
fluvial channels dominafe fhe delfa %op sequéhce, and fhesé cons%itufe the
greater part of the exposure. Below and oc;asipnally befween fhese occurs
a distinctive assemblage containing sharp based lenticulafly bedded sand-
étoneé and sometimes units of inclined bedding.

6.2, AssemblagevA. ‘Sub_and inter channel deposits

6.2.1. Lithofacies description and interpretation
This assemblage contains 7-1ithofacies. Four detailed sections

are shown in Fig.21l.

6.2.1.1. Lithofacies 12. Lenticularly bedded sandstone

Fine to coarse grained sandstones occur in beds of lecm to 1m in
thickness. The bases are sharp and usually~flat,:but méy contain rare
grooves, flutes and shallow scours. The beds are often markedly lenticular,
usually because the top of the bed is convex upw;ardsvwith a well developed
crest near the middle ([Fig.22]. Many of even the thickest beds thin out
and disappear over distances of 20 - 30m, thgugh mést exposures are too
small to trace the beds very far [Plates 16 aﬂd_l7].i

Two lithotypes ocour. Firstly a massive or structureless division,
moderately sorted withv;cattered pebbles up to 3cm., and sometimes small
flat lying tree stems. Secondly a parallel laminated divisiqnb[Plate 14]
where the sédiment is fairly weli sorted into discreet laminations lmm - lcm
in thickness, marked by concentrations of very fine plant material. The
lamination is parallel to the top of the bed, and so may be sometimes
markedly convex upwards where the bed top is similarly shaped. Some beds
contain only the massive division and here there is a poorly developed

distribution grading in the top few centimeters of fhe bed. Others are
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wﬁolly plane laminated and some/confain both divisions, the massive
divisioﬁ always being_fhe'loﬁer'oﬁe. " Where pléhé laminéfions are developed
there is usually é fairly gobd disfribufion grééing fﬁrough'fhe bed,

Individual beds aré usually distinéf, eVe# when fhey rest oﬁe above
the other. Sometimés; amalgamafion 6ccurs.l'This takes é fofm similar to
that in LF 4, the join béing marked by‘a shale'flake coﬁglomerate.

Interpretafion'

This lithofacies resembles LF 4 turbidites with the erosive bases,

" Bouma (1962) sequeﬁces, gfadiné and amalgamatioﬁi The prinéipai difference
is the common lénticﬁléfity'énd iéﬁefal diSappeafance. The‘strﬁétﬁrés and
litﬁotypes suggest fairly rapid deposition from some kind of erosive
turbulent, but laterally restricted current. iFurfher diécussion will be
given in Section 6.2.3. " a

6.2.1.2. Lithofacies 13. Channel fill structureless sandstone.

" Medium to coarse gréined s&ndstonés in unitsxlm to 10m thick. Thé
bése is always an erosion surface wiﬁﬁ a relief~varyiﬁg‘from 3m to im;
[Plate 18i. The channel sides are coﬁmonly sféppéd with parallel
orientated flutes [Plate 19]. : Thé‘channel £i11 cdﬁsisfs almost.éntirely
of a fairly well sorted structureless sandstone wifh scaftefedvpébbles up
to %cﬁ.,, Occasionally thin beds of planevlaminAted sandgtoneAand thin
cosets of trough cross bedding occur Buf fhése are.aiways cut out from above
by further beds of-strﬁ;tureless(sandstoné. RoWs of shale flakes some-
times occur within the beds.

In the Dane Valley (SS 9683 6609 - 9730 6623)'3 bed is at least 520m
wide with neither edge exrosed and is probably a Qide channel. The fill
is 10m thick. Elsewhere.exposure is too poor to estimate channel Qidths,
but the thickness of the channel fills are considerably less and it seems

likely that these are not so wide.
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Interpretation

This li%hofacie§ occurs in close association wifh LF 12 lenticularly
bedded sands{one. <It ciosely”resemblés LF 5, furbidifes with the
predominantly strucfureless sediménf, evidence of‘amalgamétion'and tendency.
to fill channels. For LF 5 it was arguéd,fhat.amalgamafion of a sefigs éf:
separate.turbidity current flows formed %ﬁick”sfructureiess sandstones.
Sometimes these cut andkfilled channels.. . A similar process has probably
opefated,here. Currents, probably of a similar origin to thése forming
LF 12, have cut chgnnel; and filled them with thick structureless sandstones.
Further discussion of this lithqfééies will be‘given_in section 6.2.3. .

6.2.,1.3. Lithofacies 2. Silty Mudstone

This constitutes the finest grained backgrdynd sediment in the
assemblage. It commonly contains thin laminations of silt and sometimes

even fine sand. It was deposited from suspension in quiet water.

6.2.1.4, Lithofacies 7. Ripple-laminated Sandstone

'This is the same as that described from AssogiationiB. It forms

beds up to 10m, often with interbedded. finer sediments.  Pelecypodichnus

is very common:[PlateVéol and inclined bivalve resting traces and knob
shaped burrbws may also occur.v_ Often it is interbeddea‘wifh LF 12
lenticularly-bedded sandstone, on which it rests with‘slight erosion. At
Hogshaw Brook (SK 0546 7491), and Folly Mill (SS 9709 6641), where the

tops of two beds of LF 12‘are'strongly'convex in sﬁape the overlying rippled
sandstone forms small lateral accretion units about 0.5 thick and fills in -

the ifregu;af topography. [Fig.22,’Plates 18 and 21).

6.2.,1.5. Lithofacies 8. . Micaceoué;"Carbonacedus Sandstone

vTﬁis lithofacies is interbedded with ‘the coarser sediments. ' At
Chapel Station Quarry, (SK 0558 7932) and Dane Valley, (SS 9706 6621), it
fills two small channels, 0.5m and O.7mideep, cut,throﬁgh beds of LT 12.

6.2.1.6. Lithofacies 9. Parallel-laminated sandstone -

This lithofacies is rare. At Hogshaw Brook, (SK 0546 7491), beds
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of Parallel-laminated Sandstone alternate with beds of LF 7, Ripple-
laminated Sandstone.which cut into.it erosively. The tops of the ripples

are truncated by the succeeding bed of plane'lamination.

0 6.2.1.7. Lithofaciss-iéa'\ Tfongn:éndss;Bsddsd'Sandstone"

Sets . of trougn cross-bedding, 0.08m - 0.35m in thickness usually.
. isolated, or forming thin qosats, interbedded with.LF_lZIand LF 13. At
" ‘Folly Mill, some sets fill in concave deprsssions formed by the irregular
tops of LF 12 [Fig.22]. |

6.2.2. Inclined Bedding-“

Most of the bedded units in the. assemblage lie horizontally as far
as' is possible to tell in small stream é#posures. In the Dane Valley, -
however, two units of inclinedfbedding occur, |

" The first of these, (ss 9663 6548) is 8m thlck and the base 1s
unexposed. ‘The dip is about 30° to the south east, in a roughly reverse

directlon to the inferred reglonal palaeoslope. . The sediment is a coarse

grained, lamlnated sand with traces of rlppls lamination and felcypodichnus.
The upper part is cut into by.a channel with an irregular base, [Plate 22}
filled with structureless coarse sandstone, poss1bly LF 16, and then by two
sets of LF 14 Medium Scale Cross Beddlng. The eroston surfaces at the base
of the cross beddlng dip parallel to the local tectonis dip - and the channel
fill appears to be undisturbed. The relationship suggests that the sediment
“in the inclined units was tilted pfior to being cut into by tﬁé channel.
Regional mapning suggests that a much laréer nnit,ofbinclined bedding
occurs in the Dane Valléy'between Bartnmley Bottoms (SJ 9684 6605) and Folly
Mill (SS 9709 6641). W.This section is shown in Fig.?la and is the best
exposed in the assemblage. The top -of tne section is marked by a channel
of Assemblaée B filled with a thick coset ofVCOarse grained LF 14 Medium
Scale Cross-bedding. Mapping into a tribntary.talley;to the east shows
that .the base of this channel gradually cuts out the entire section and at

SJ 9744 6622 the base of the channel may be seen resting on fine grained
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sediments which occur below the section [Fig.23]. Altogethervabaut 70m
of sediment has beenﬂtemovad. ' o

It is unlikely that this is a straightgforward,erosion surface beneath
a large channel.as nowhere are éhahnalﬂfills(of.this thickness seen. Dips
in the section cut out.are»steepar,thanhthe regional.tectonic.dip‘by S - lOo,
the inclined unit dipping northwards.,‘ Again there appears to havé been a
‘large scale movement on the upper part.of.the.slopevpriop to the‘incoming-of.
a channel., = The maved block is at least 600m in width.
6.2.3. Diséusaion

The upper part:of the delta slope islarobably the least understood
entironment in the major delta fills of the Central Pennines Namurian. In
particular the generation‘otrthe turbidity currents which cut channels"
through the lower slope has still to.be satisfactarily explained. Often
this part of the sequence is cut out by deep distrlbutary,channels in the
delta top. ' |

In large modern deltas, such as the Mississippi, rapid deposition of
~sand at the distributary mouth causes_oversteepeﬁlng of the front of the
mouth bar. This is relieved by periods translational and rotational, shear
slumplng and faultlng, displaced blocks reachlng 6km in width (Coleman,
Suhayda, Whelan and Wright 1974) Cores through faulted blocks often show
lamination dipping by up to$30 in a landward direction (Coleman, Ferm
and Saxena 19725. .

The units of inclined bedding in the assemblage are believed to have
a similar origin. In neither case is the actual fault exposed, but the
angle and direction of dip in the first unit described is consistent with a
shear faalt origin. The second unit is unusual in that the dip appears to
be down the delta slope. In the Niger delta, however,‘Merki (1972) has
described complex tectonics .in growth faults a38001ated with clay plugs.
Here beddlng units dip both towards and away from the major delta slope and

are several kilometers across.
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inclined unifS'shbﬁld bé 6ommon'af the .top of fhe slope, but often

~ they will be eroded_byifhéfprograding disfriﬁutary channels. J.I., Chisolm
(p.comm)vhaS'describgd lafgé"growfh faulfs' from {he delta slope segquence
below the Ashover Grif. Mcdébé (1975, 1976),'has’deSCribed inclined units
up to 12m thick from {he'SlOPé Association of the Kinderséouf Grit Group,
Here, the.faults are exposed in Secfion. He originally interpreted them
as siope gullies, buflnéw believes them to be fegé;onal’grabens prodﬁced
by lateral flowage of‘sédihent, of fheAtypé deécribed>b;.Coleman et.al.

(1974) from the Mississippi delta élope.

Origin of LF 12 and LF 13 -
Four detéiled sections in the.assemblage.aré shown in Fig.21.
LF 12 Lenticularly-bedded Sandstone and LF 13 Channel Fill Structureless
Sandstone are the most common sediments. In sectién A,.there is a pronounced
coarsening upwards sequéﬁce, from LF 12 up'to LF 13, between tﬁe uom and
64m levels. Apért frdm'this the sequences appear random.
Collihson‘(1967), descfibéd a facies similar to LF 12, (his facies
13 shérp based clean sandstone) ffom the Delta Top Association of the
Kinderscout Grif Group. He interpreted it as a cfevassé splay sediment
occurring within an interdistribﬁtary bay. = Stanley (1968) has ‘aiso
inféfpreted turbidité—like sandstones occurring within a fluvial flood basin
sequence as crevasse splays. Leeder, (1973), offers a similar explanation
for thin graded beds also a flood basin sequence.
Critical in the interpretation of LF 12 and.13>is the environment
of deposifion of the assémblage. AlthoughAa crevasse splay origin cannot
be totéllyvexcluded,,the fbllowing lines of evidence suggest deposition on

therupper part of the delta slope, rather than in an interdistributary bay.

(1) Three of the sections (B, C and D in Fig.21), occur immediately
above the slope sequence of Association B and below fhe first

large fluvial channel in the succession.
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(ii) The thickest sequence (A), occurs above a fluvial channel, -

(see section 5 in Fig.l8); but here the section has probably

been disturbed by syn-sedimentary faulting. It is 75m thick

- and appears to be too thick for an interdistributary bay sequence,

as modern bays are only a few meters deep at most (Shepard 1960,

Saxena 1976).

(iii) Palaeocurrents from the assemblage are shown in Fig.24,  Bottom -
structures show littlé preferred orientation, but associated ripple
and trough cross-stratification shows a pronounced mean towards the
north-west down the regional palaeoslope.,

(iv) Root beds are completely absent, but modern delta interdistributary
bays are areas of active vegetation growth once they have been
filled by crevasse splay sediments, (Saxena 1976).

(v) The sequence in section A has probably been displaced prior to the
incoming of the overlying fluvial channel. This is most likely to
oécur at the top of the slope.

With this explanation, the total slope sequence in section 5 of Fig.l8
is over 200m fhick, approximately twice as great as in other sections. - This
increased thickﬁess can be accommodated where there is syn-sedimentary
faulting. Merki, (1972), has shown that sequences on the down throw sides
of growth faults may increase in thickness by .up to 23 times.

Because of the rapid dumping of sediment at distributary mouths and
oversteeping of the bar front, the upper part of the slope is an area of
considerable sediment instability.  Sometimes, large blocks of sediment
will be displaced, but within these, the oriéinal»characterisfics of the
sediment will be preserved, as in the two examples described, Where the
sediment is a fairly well sorted coarse silt shear fallure may be closely
followed by liquefaction (Lowe 1976b). The sediment will then move down-

slope as a liquified flow.
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) This process requires a slope of between 22° - 27° for normally
consolidated sand. Estimating the angle of the delta slope is difficult.
The modern Mississippi delta has a slope of only 1° (Coleman et.al. 1974)
and it is likely that the slope in the present sequence was also comparably
low. Towards the mouth bar crest, however, slope angles steepen, and it
is possible that slumping will occur there.

A much more likely method of liquefaction is the rapid dumping of
coarser sediment onto clay. With rapid consolidation of the élay, water
1is expelled into the overlying sand which liquifies and fails, (Moore 1961,
Shepard and Dill 1966, Lowe 1975, 1976b). This process seems quite.likely
to have happened at the mouth bar crest where sand is deposited rapidly on
the clays of the delta slope. It requires no slope, but if the liquified
mass is to propogate down-slope, this is unlikely to happen if the angle is
less than 3 - 4° (Lowe 1976b). If the liquified flow becomes sufficiently
dilufe; it may turn infé a turbulent density current, (Middleton and
Hampton 1973).

This process, outlined in Fig.25 is suggested as a possible origin

of LF 12 and LF 13, Turbidity currents generated from liquified flows
formed at the mouth bar crest move down the upper slope sometimes cutting
channels. Some of these channels on the upper slope probably connected with
the large turbidite filled channels in the lower slope Fig.25 as LF 13 and
LF 5 are virtually indistinguishable. Through these channels, the sediment
was transported to the basin floor.to form the turbidites of the Deep Water
Association. Where the flows did not become channelised, they deposited
sediments on the upper part of the slope to form LF 12 Lenticularly-bedded
Sandstone. The ripple-laminated and trough cross-bedded sandstones in the
assemblege were presumably deposited by density currents flowing continuously
out of the river mouths, in a similar way to the rippled sands in Association

B.
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Two principal arguﬁents may be laid against this theory. Firstly
there is no evidence of sediment build ﬁp at the distributary mouth, and
the deposits of these postulated liquified flows have never been observed.
Secondly, there is only a limited amoﬁnt of tiﬁebénd space for the liquified
flows to dilute and becoﬁe turbidity currents. The upper part of the slope,
however, is unlikely to be preserved because of erosion by the ﬁrograding
distributafy. Only after abandonment is there any likelihood'of seeing
this environment. The second objection is more difficult to explain at
present.

This theory of turbidity current genesis differs from that proposed
by Collinson, (1967, 197) for the Kinderscout Grit Grqup. He suggested
that fluvial distributary channels passed directly into turbidite filled
channels on the deita slope, although this transition has never beenractually
observed. The principal argument against Collinson's model is the difficulty
of haviné river generated turbidity currents fofm at the same time as the
river generated density currents postulated to have formed the rippled sands
on the delta slope. | Possibly turbidity currents were only generated for
a short beriod during peak discharges when sediment transport through the

fluvial channels would be greatest.
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6.3. ‘Assemblagé B. - 'Fluvial Channel Sediments

6.3.1. Lithofacies des¢ription and interpretation

6.3.1.1. ‘Lithofacies ‘14. ' 'Medium Scale Cross.bedding  (MSXB)

‘General Description

TaBular cross-bedded éoarsé pebﬁiy‘sandstoﬁes in sets up to 3m thick,
[Plates 23 and 24] forming coéets up to 35m;'but mostly 10-20m.’ Units of
this lithofacies may be tréced continuously exposed for up to lkm parallel
to the mean foreset dip direction and up to 300m normal to it. = It has
been maéped.for distan;es'of up to 3km and occurs therefore as sheets of wide
lateral extent.

Foresets may be angular, [Fig.27, A], but are commonly associated
with small'seté of frough cross bedding 5-15cm in thickness.  These may
occur as intrasets interfingering with tangenfial‘féresefs [Fig.27,‘Band c,
Plate 251, or as bottomsets lying in front of angular foresets, [Fig.27,D,
Plates 26 and 27]. In the latter cases, the bottomsets extend for up to
one metre in front of the main foresefs forming cosets which climb towards
the foresets.  There is a'sharp angular contact with the base of the
foresets.

The foresétﬂléminafioné; l%-7cmtthiék are generally well sorted and
weather oﬁt‘verj distinct&i[‘? [Plafe 28]. Most are normally graded, but :
reverse grading'alsé occurs. They become coarser towards the bottom of
the set. Moéf dip atﬁbétween 25 - 30°.

The erdsioﬂ'Sﬁffaces at the bases of major sets are normally flat,
but shallow tféughs occasionally occur. Commonly they are overlain by a
layer of small pebbles or a thin bed of coarse structureless sand [Plate 23].
‘The bases are usually Qery near depositional horizontal in attitude, and
ihdividual sets éxteﬁd fof tens, and at times hundreds of meters before
wedging‘out. At one locality (The Roaches SK 0052 6246) the erésion
surfaces gradually increase in dip down the XY plane over a distance of

200m becoming inclined by about 10° with respect to the original horizontal.



76.

Cross set orientation

This lithofacies has proved to be the most useful palaeocurrent
indicator. For each reading the dip and strike of the avalanché foresets
has been measured, together with the dip of the basal erosion surface, the
latter being used to determine the original horizontal, Because many
exposures are two dimensional, only about a half of thg sets have been
measured. No special sampling procedure has been used. Foreset dip
directions have been re-orientated, and vector means and variance calculated,
following the methods outlined in Chapter 1. The orientation of the small
toeset cross bedding with respect to the main foreset was also measured.

Palaeocurrents for different areas are shown in Fig.28 and the total
in Fig.29. In most cases the current roses include readings from more than
one coset, and therefore from more than one channel. It has proved
impossible to take measurements from individual channels, Thick cosets
probably represent the fills of two or more separate channels stacked one
upon the other, but because the erosion surfaces marking channel bases are
no different from those at the bases of individual sets, sepérate channel
fills cannot be recognised.

In spite of this, most of the local current roses show a unimodal
distribution with a fairly low variance (Table V). Within an individual
coset the variance is less. Typically a group of 3 or 4 consecutive sets
have a virtually identical orientation, successive groups differing by 20 -
40 degrees (Table VI).

The bottomsets have a wide range of orientation with respect to the
main foreset. Most dip in a roughly reverse direction but some dip roughly
the same way. The orientation of bottomset strike with respect to foreset

strike is shown in Fig.30C, Some bottomsets dip almost normal to the main

foresets.
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Internal Erosion Surfaces -

Inclined erosion surfaces separate adjacent groups of foreset
lamination, truncating the lower set. They occur within individual sets ,
and (using Allen's 1963c definition of set), are therefore termed intermal.
They resemble the 'Diastems' of Boersma (1968) and 'Reactivation Surfaces'
of Collinson (1970). In some cases however, the detailed geometry, and;
probably also the mode of origin is different from the interpretations of
the above authors, and for this reason genetic terms are rejected.

Internal erosion surfaces are common in this lithofacies and also
in LF 15. A descriptive terminology is shown in Fig 31. Most are
distinctly concave or convex upwards in shape although some may be virtually
straight.

(a) Convex Upwards Forms

When fully preserved, these éradually increase in inclination down °
the XY plane from a near horizontal top (Plate 29) ., Some have a height
equal to the full set thickness ending at the basal erosion surface of the
set, whereas others disappear within the set when their inclination reaches
the angle of foreset dip. The maximum height recorded is 1.5m and lengths
are typically 1 - 6m. The shorter surfaces have inclinations of 25 -_300,'
whereas the longer surfaces, which usually extend throughout the full .
thickness of the set, have inclinations as low as 8%, ~ The strikes of the
foresets and of the associated erosion surfaces are usually identical within
the limits of measurement., No surfaces have been traced along strike for
more than a few meters and all are planar over these distances,

Compared to the main sets the overlying foreset laminations tend to
be thinner and always have an angular base. Usually the foresets are
straight in the XZ plane, [Plate 30] as in the main sets although one curved,
vaguely trough shaped set is known. The orientation of the foresets is

not significantly different from those in the associated main sets.
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The erosion surfaces always occur in groups and are closely spaced
so that they resemble those in the compound cross stratification of Harms,
Southard, Spearing and Walker (1975). The maximum spacing at the bases
is rarely greater than 30cm decreasing towards the tbp, where the surfaces
often join. No topset occurs, unless there is a down dip passage into
LF 15. Frequently the join is not seen because of erosion at the base of
the overlying set. Groups of inclinéd erosion surfaces may be traced for
distances of up to 30m in the XY plane before being cut out by adjacent sets
or no longer exposed. In most groups the surfaces all have a remarkably
similar geometry and spacing so that they are all essentially parallel to
each other. Successive foresets all have a similar orientation.

Three exceptions to this normal reguiar pattern are known. At the
northermn end of the Roaches (SJ 9999 6410) [Fig.32, Plate 31] the inclination
of the erosion surfaces varies from about 8 to 20°. Groups of more steeply
dipping surfaces are truncated by surfaces of low inclination, which in
turn form the bases of another series of steep surfaces. All seem to have
a similar strike although exposure along strike is poor.

At the Roaches (SK 0003 6380) [Fig.33] avalanche foresets can be
traced for 1lm and then pass abruptly down the XY plane‘into foresets with
inclined erosion surfaces. The first to appear have lengths of about 1lm ..
and incliﬁations of 25°. They merge into the foresets in the middle part
of the set. AFurther down the XY plane they gradually increase in length
and decrease in inclination until eventually lengths of about 5m and
inclinations of only 8° are attained. These extend for the full set thickness.
After 17.6m they disappear.

A similar series of structures occurs at Hen Cloud. Altogether
16 groups of multiple convex upwards erosion surfaces have been seen in
LF 14, What proportion of the sets originally contained these structures.
is unknown, as all of them have had their uppeb parts eroded away prior to

the deposition of the next set.
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Concave upwards forms

These are rarer than the convex type. They occur in groups of 2 or
3 up to 15, and are generally spaced about 1lm to 1.5m apart, Three different
types occur,. [Fig.3u)
Type a

Here there is an abrupt passage from tangential foresets to aﬁgular
foresets. The latter hardly truncate the lower set. They usually become
more'tangentiél down the XY plane. [Plate 32]. |
Type b

This truncates the lower set, and the overlying foresets are angular.
In rare cases the erosion surface is overlain by a coset of small scale
trough cross beddiﬁg orientated obliquely to the foreset strike, ([Fig.34-B,
Plate 331. The example‘is part of an intermittently exposed series of at
least 10 inclined erosion surfaces which extend for a distance of 100m in
the XY plane. Most do not have the smaller trough sets.
Type ¢

This truncates the lower set and decreases in inclination in the X
direction until it reaches horizontal, after which it extends parallel to
the main set bounding erosion surfaces.

It has not been possible to trace these surfaces for more than a fw
meters along strike, but they appear to run parallel to the strike of the
foresets.,

Disturbed bedding

Occasionally the foreset laminae are disturbed into a series of tight
antiformal folds with corrugated linbs [Plates 34, 351 . The folds are
circular in plan and asymmetrical in section, pointing down the foreset dip.
In places the axes are néarly horizontal and sometimes slightly faulted.

In some cases nearly all traces of the original lamination have disappeared.

At the Roaches (SK 006 622) the disturbances extend through two sets

for 1.7m appearing abruﬁtly in above the base of the lower set, and reaching
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a maximum intensity towards the top. The second set shows progressively
less deformation upwards, and the disturbed bedding is truncated by the
erosion surface at the base of the overlying set. This horizon can be
traced for 400m to the limits of exposure.

Interpretation

- Cosets of cross bedding with flat based erosion surfaces have been
interpreted as the deposits formed by the migration of bedforms with large
length to height ratios, usually called sand waves (Harms et.al, 1975).

In flume experiments sana waves form in medium to coarse sand in the lower
part of the large scale ripple field of Simons et.al. (1961), at lower

flow powers than the smaller, more sinuous crested dunes, (Pratt and

Smith 1972, Pratt 1973, Costello 1974). - In modern rivers fhese bedforms
may be straight crested (Shantzer 1951, fig 28, Jordan 1962, Williams 1971),
but more commonly they are lobate or horseshoe shapéd.» (Rich 1942, Brice
1964, Collinson 1970§,Smith 1970, 1971, 1972, Williams 1971).

With straight crested forms the avalanche face will usually be aligned
normally to the flow ‘direction, and there is a simple separation eddy
directed in a reverse directian to the main flow., With lobate sandwaves,
the crest line is largely oblique to the flow direction. In this case, the
flow lines of the separation eddy are orientated obliquely, and a spiral
eddy develops, (Nedeco 1959, Allen 1968, Collinson 19709.

The separation eddy may be powerful enough to produce small,
regressive bedforms, the direction of movement of which, with respect to the
main avalanche face, will depend on the type of eddy. With reverse eddy
direction the strike of the intraset cross bedding will be similar to that
of the main avalanche foresets, [Fig.30-A]. = Most intrasets should fall
in the 0 - 15° class of Fig.A. With a spiral separation eddy, however,
where the reversely directed current is orientated at approximately 45° to
the dip direction of the main avalanche face, the strike of the intraset

cross bedding will be like that in Fig. 30-B with most falling in the
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30 - 45° and 45 - 60° classes.

Intrasets are quite common within the sets of MSXB. The orientation
of the strikes of these relative to the strike of the associated major
foreset shown in Fig.30-C, is more similar to the distribution shown in -
Fig.30-B, expected with a skewed crestline. Thus the sets of MSXB are
tentatively interpreted as the product of lobate rather than straight
cre;ted beforms.

The shape of the foresets probably depends on the position of the
reattachment point relative to the avalanche face. Where the reattachment
point is Jjust in front of the base of the slip face the intrasets and
foresets will interfinger as in Fig.27-C and Plate 25 the intrasets
being directed in a roughly reverse direction. Where the reattachment
point is actually on the lower part of the avalanche foresets, there will
again be an interfingering of foreset and intraset, the latter'being
directed in roughly the same direction, Fig.27-B. Where the reattachment
point is some distance in front of the main foresets a pattern as in Fig.
27-D and Plate 27 will be produced., '

The cross bedding orientation variability in LF 14 is quite low
(vector magnitude 73.3% variance 2025), even though these readings were
taken from several different channel fills. Miall (1974, 1976), has found
a similar low variance in the orientation of tabular cross bedding of
fluvial origin. On the other hand Williams, (1966) High and Picard (1974)
and Cant and Walker (1976) all found a relatively high variance within
individual channel fills, much greater than that of associated trough cross
bedding.

The reason for these marked differences in variance is not clear.
Smith (1972) measured foreset dip directions in lobate sandwaves in the
River Platte and found a considerable dispersion, (vector magnitude u42.4%
variance 5,073). Because the sandwaves have a considerable sideways

component of movement, particularly during falling stage, he argued that
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ancient sequences with tabular cross bedding formed by lobate sandwaves
should similarly have a wide dispersion. With straight crested forms the
variance should be much lower.

This argument appears to conflict with the present data, where there
is a relatively low variance, even though the bedforms responsible are
believed to have had skewed crestlines, Banks and Collinson (1974) have
argued that in regimes where most sandwave movement takes place during high
stage, there is little lateral movement, With forewards movement, Cross
bedding formed at the sides of the bedform will be volumetricaily much smaller
than that formed at the front.  Thus the variance should be much lower than
that predicted by Smith.

The present results seem to support Banks' and Collinson's argument,
Here at least, probable lobtate shaped sandwaves produced cross bedding
with a low variance. The much higher variances noted by other workers
suggests that sidewards movement was considerable and that a difference of
regime might be implied.

Brice (1964), Smith (1970) and Culbertson and Scott (1970),>all
suggest that sandwaves develop from a coalescing field of dunes, If this
is the case, then tabular cross-bedding should pass upcurrent into smaller
trough sets, as observed by Smith (1970). This relationship is never found
in the Roaches Grit. - Cosets of tabular cross bedding are surprisingly
regular and monotonous, with hardly any interspersed trough cross bedding.

Internal erosion surfaces

Multiple convex upwards internal erosion surfaces have been
described from aeolian dunes (Reiche 1938, McKee 1966, Bigarella 1965,
Thompson 1968); deltas, (Howard 1966); tidal sand waves (Johnson 1975)
and recent and ancient fluvial sandwaves (Williams 1971, Mc6owan and Groat
1971, Jackson 1976a). Mayhew (1967), Collinson (1967) and McCabe (1975)
described similar structures from tabular cross bedded sandstones very

similar to LF 14 MSXB, in the Namurian, Ashover and Kinderscout Grits of
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the Pennines. Banks (1973) described downcurrent dipping crosssets from
fluvial sediments in the Pre-Cambrian of Finnmark, Norway. Although these
have a maximum inclination of only 8°, and are essentially straight in
profile, the presence of similar erosion surfaces in the Roacheé'Grit in
close association with the more common steeper convex forms, suggests that
the two structures may be genetically related.

McGowan and Groat (1971) suggested that each separate inclined erosion
surface formed as a result of a sudden increase in water depth. A new
sandwave forms upcurrent from the position of the avalanche face of the -
sandwave prior to the increase in water depth. After a slight water rise
this moves downsteam eventually overtaking and burying the old sand wave
avalanche face. A series of several inclined erosion surfaces therefore
result from a series of small but sudden increases in water depth. |

Banks (1972) suggested that low angle downcurrent dipping cross-sets
are formed where smaller bedforms are superimposed on top of a larger one,
under conditions of net sedimentation. Each moves up the back and then
down the front of the large bedform. With this mechanism, each separate
set forms at constant stage and does not require a change of depth,

The formation of multiple convex erosion surfaces has recently been
investigated in flume experiments (at Keele University), (McCabe and Jones,
in press). An artificial delta 1lOcm. high was constructed in sand and the
flume run for several hours so that an equilibrium assemblage of current
ripples formed on the delta top. The rate of erosion of the ripple stoss
side increased as the ripple washed out over the delta crest so that the
crest was romnded off., A convex upwards erosion surface is formed which
is buried by the avalanche sets of the next ripple. [Fig.8]. The migration
of a series of ripples produced a train of convex upwards surfaces.

These experiments show, contrary to the ideas of Mcgowan and Groat that
multiple convex erosion surfaces can be produced at constant stage where

smaller bedforms are superimposed on the top of a larger one,
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The origin of the low angle surfaces is still uncertain. - The close
association of these with the steeper convex forms suggests that a similar
process operated. It is emphasised that the process observed in the flume
experiments is quite different. from that envisaged by Banks (1972). 1In
Banks' model a series of smaller bedforms occur, one after the other, on the
inclined lee side of a larger bedform which does not possess an avalanche
face of its own. In the flume experiments the large bedform retains its
avalanche face and is still asymmetrical in profile.  The mechanism proposed
by Banks might operate on a very large scale, for instance where sand - waves
are moving down the front of larger macroforms such as side bars or large
braid bars. It seems unlikely to havé operated on the small scale observed
here.

Attempts to produce low angle.inclined surfaces by reducing the
height of the artificial delta and keeping the ripple height constant were
not successful. = Possibly they are formed near the edges of:.the major bed-
form where the superimposed forms move across the obliquely orientated bar
edge. Detalled sectioning of modern sand waves is necessary to solve this
problem.

- As outlined in Chapter 2, there is evidence to suggest that the size
of sand waves in rivers is somehow related to the scale of the river discharge.
Some cases of superimposition of different sizes of bedform are probably lag
effects (e.g. Pretious and Blench, 1951)., Most of the evidence in favour
of size lag so far produced consists of two dimensional echo profiles of the
river floor. These need to be interpreted with care. If, as now seems
likely, there are hydrodynamically distinct classes of large scale ripple,
dunes and sandwaves (see review in Harms et.al. 1975), then some observed
cases of superimposition may not be lag, but the result of dunes moving in
equilibrium, on the top of larger sandwaves. . Jackson (1975a, 1976a) claims

to recognise this situation in the Wabash River and dunes are commonly
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superimposed on top of sandwaves in tidal regimes, (Boothroyd and Hubbard
1972, Harms et.al. 1975).

As yet, the effects of different forms of bedform superimposition on
sedimentation have not been investigated. Where tﬁe superimposed beforms
are dunes, however, the resulting deposit will probably be a coset of trough
cross bedding overlying a solitary tabular set. This type of sequence is
common in ancient braided fluvial sequences. (Williams 1966, Smith 1970,
Mcéowan and Groat 1971, Cant and Walker 1976).

The multiple convex upwards erosion surfaces in LF 14 are flat and:
the associated cross sets are essentially a series of descending tabular
cross sets.  Superimposed sets of trough cross bedding are extremely rare.
These multiple convex upwards erosion surfaces are interpreted as the result
of the superimposition of smaller sandwaves on the tops of larger ones,
when the larger bedforms are no longer in equilibrium with the flow. It
seems very unlikely that superimposed sinuous crested dunes would produce
this type of structure.

The two unusual sequences shown in Figs.32 and 33 probably represent
changesin sandwave size and shape in response to continuously changing flow
conditions. = In the Fig.32 seqience it seems possible that two scales of
bedforms were superimposed the larger one cutting the low angle surfaces,
this in turn carrying smaller bedforms which cut the steeper surfaces.
Clearly much more detailed observations of sand wave response to changing
flow conditions are needed before these complex structures are adequately
understood.

Concave Erosion Surfaces

The origin of the concave erosion surfaces is uncertain, The one
example where a coset of trough cross bedding covers the erosion surface
[Fig.34-A and Plate 33] resembles the Reactivation Surfaces of Collinson,
(19708. These are produced by falling stage erosion: of and deposition

on the bar slip face. [Fig.35-Al. If they do represent bar slip face
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modification of the type described by Collinson, it is difficult to explain
why they always occur in groups whereas elsewhere foresets lacking erosion
surfaces extend for tens and sometimes hundres of meters. In the Tana,
Collinson found that some Reactivation Surfaces formed as a result of
fluctuation of discharge within one flood cycle. If it could be proved
that the concave erosion surfaces formed in the same way, their distribution
may provide evidence of the nature of the river hydrograph.

Unfortunately, it is likely that a number of other processes can
produce similar structures. Allen, (19739, investigated the behaviour of
ripples in a flume run at constant discharge. He found that although the
ripple field remained constant in a statistical sense, there was a
continuous creation and destruction of individual ripples. The formatién
of a new ripple usually associated with a temporarily invigorated eddy
resulted in a concave erosion surface which flattened out down the XY plane
[Fig.35-B] .

Whether this process operates on a much larger scale, and with a
different class of bedform is as yet unknown. There have been no detailed
observations on the movement of sand waves at high discharges. The types
of surface shown.in Fig.32-C may have formed in this way similar to the
small scale example figured by Allen.

The shape of the foresets vary with fluctuations in the strength
of the leeside eddy. The passage from tangential foresets to angular
foresets shown in Fig.34-A probably records a decrease in the strength of
the eddy [Fig.35-C]. (Jopling 1965). An increase in the strength of the
leeside eddy might result in erosion of the previously deposited foresets.
Allen (1973J, observed this in his flume experiments with ripples with
change in discharge. This process could form concave erosion surfaces of

type A where the overlying coset of trough cross bedding is absent.
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6.3.1.2. Lithofacies 15, Large Scale Cross-bedding (LSXB)

Cross bedded coarse pebbly sandstones in single sets 3 - 20m thick,
They reach a maximum observed width of at least 380m at Ramshaw Rocks
(SK 02 62), but the southern edge is unexposed, and the northern edge has
been eroded. - At the Roaches (SK 00 62) a set may be traced for 460m down
the XY plane but the downcurrent edge has been eroded. At Hen Cloud
(SK 0080 6170) the sets are also of fairly large dimensions but elsewhere
exposure is too limited to give any indication of their true extent.

Three types of foresets occur [Fig.38].

(i) Angular foresets, where the bottomsets are less than 1lm thick.
Individual laminae are 2 = iOcm thick, well sorted, with very rare scattered
pebbles, They fine up very slightly in the top lcm. They rarely exceed 1lm
in length, and the foresets consist of a series of impersistant, interlocking
laminations, [Plate 36]. . Dips are 25 - 30°,

(ii) Tangential foresets - concave upwards cross beds, horizontal near

the base, and increasing up dip to a maximum of 30°, [Plate 37j. -Individual
foresets reach 80cm in thickness but most are 5 - 10cm. - Many contain intra-
sets though they are not always easily seen because of weathering. These
are small cross sets, usually 5 - 1Ocm in thickness, reaching a maximum of
20cm. In sections parallel to the XY plane they occur in thick cosets, with
flat parallel bases with pebble lags. In the YZ plane they are usually
trough shaped, [Plate 38] . The orientation of the intraset current directions
is variable. At Ramshaw Rocks, the mean is almost pafallel to the foreset
strike, whereas at Hangingstone, (SJ 9739 6540), the mean is approximately
down the foreset dip. At Hen Cloud, (SK 0030 6170), the mean is
approximately up the foreset dip. Intrasets extend for up to 10m from the
base of the main sets and disappear when the dip approaches 30°,

At Hen Cloud, the large foresets become trough shaped near the base,
[Fig.37]. These are truncated on the downcurrent side of the trough, by a

low angle erosion surface which extends up into the main set. The erosion
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surface is succeeded by normally dipping foresets which are parallel to it.
Here the foresets do not contain intrasets..

(iii) Concave upwards foresets without intrasets.: : Here individual foresets

are around 50cm thick, poorly sorted and the bedding is indistinct.  Downdip
they pass gradationaliy into LF 16 Faintly-laminated Coarse Sandstone.

Inclined erosion surfaces which extend completely, or most of the way
through the set and separate two groups of adjacent foresets are very common
in this lithofacies. The terminology used for LF 14 will also be adopted
here. The main types are shown in Fig.38,

Convex upwards erosion surfaces

These are similar to those described from LF 1% but occur on a much
larger scale. Where fully developed they occur where LSXBtoverlain by
cosets of LF 14 Medium Scale Cross-bedding. At the Roaches (SK 004 627),
over 40 of these erosion surfaces occur within a horizontal distance of .
460m is the XY plane [Fig.39]. The first 12 of these extend from top to -
bottom of the large sets which here reach 5.8m in thickness. TForesets are
truncated by the horizontal erosion surface at the base of a coset of MSXB,
This surface gradually increases in inclination in the X direction,
descending the large foresets until it eventually disappears over a distance
of 35m., Furthér down the XY plane each succeeding erosion surface at the
base of the medium scale sets descends the large foresets,

The main difference from much smaller convex surfaces in LF 14, apart
from size, is that the cosets of LF 14 form a topset to the large foresets of
LF 15. In the section described above, the foresets of the large cross-
bedding increase from 5.8m to 1Om down the XY plane; but the overlying coset
of MSXB does not change appreciably in thickness, new sets appearing
successively to take the place of those which merged into the large foresets.

Multiple sets of convex erosion surfaces also occur at Back Forest,

(SJ 981 655).
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Concave upwards erosion surfaces

These increase in inclination up the XY plane and eventually disappear
into the main foresets when they reach the anglé of foreset dip, [Fig.38-2al.
Sometimes they may’pass up into a convex erosion surface, Fig.38-2c . Down
the XY plane they gradually flatten out and pass into flat, horizontal
erosion surfaces. Sometimes these surfaces are irregular, and overlain by
LF 16 Faintly-laminated Coarse Sandstone, [Fig.38-2b]., This passes up into
the large foresets,

The main face of Hen Cloud (SK 0080 6170), Fig.37 , shows most of the
features described above. One large concave surface, disappearing up into
the main foresets, occurs in the middle of the Face [A-A]. Below is an
irregular surface overiain by LF 16, [B-Bl. Sometimes only the toesets of
the cross-bedding are preserved [2 and 3]. The dip of the foresets overlying
A-A changes from 300° to 250° down the XY plane. The foresets are‘truncated
by an erosion surface, [C-C] which differs in strike by 50°. The succeeding
foresets dip parallel to the erosion surface,

At the main face of the Roaches [Figs.39, 40] (SK OO4 627), most of
the erosion surfaces are of the convex upwards type. Sevencdhcaveupwérds
surfaces occur towards the northern end. In three cases the overlying
foresets pass down into LF 16, FLCS, which rests erosively on the under-
lying cross-bedding, [Fig.u0]. These three erosion surfaces extend for
distances of up to 200m, each cutting at a successively higher level into
the main set. Two of these pass up dip into convex upwards surfaces and
eventually form the base of a typical medium scale set of LF 1u,

In most cases the strike directions of the internal erosion surfaces
and of the preceding and succeeding foresets do not differ by more than 10°,
The second erosion surface from the right in Fig.u40, however, cuts obliquely
into the preceding foresets and differs in strike by 65°, the succeeding

foresets dipping almost parallel to it.
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In conclusion, multiple convex upwards erosion surfaces tend to be
associated with angular foresets [Fig.39], whereas concave erosion surfaces,
tangential foresets, and foresets passing downdip into LF 16 FLCS tend to
occur together, [Figs. 37 and 40}, At the Roaches, where a set of LSXB
extends out from a channel edge, the sets nearer the channel edge are angular
[Fig.39], but farther out they pass down dip into FLCS with associated concave
. erosion surfaces, [Fig.40].

Palaeocurrents

Cross-set orientations have been measured for each set of LSXB, and
for each subset between major concave erosion surfaces. The sharp differences
in orientation between some successive subsets have already been noted. The
vector mean, however, is very similar to that in LF 14 [Fig.u4l],

Interpretation

Collinson, (1967, 1969) described large scale cross bedding in sets
up to 40m thick from the Kinderscout Grit in Derbyshire. He considered them
to be the deposits of 'Gilbert Type' deltas built into standing water
following a sharp rise in water level,

McCabe (1975), who worked on the northern Kinderscout Grit, where
there is -a similar lithofacies, has shown beyond doubt that the large sets
lie within channels., He considers a variety of origins are possible;
charnel confluence deltas, channel infill deltas or large sandwaves. He
suggests that the majority, however, were large transverse bars. (This
follows the definition-.of transverse bar in Allen 1968. The term "alternate
bar" is now preferred, see Chapter 2).

Baines (p.com.) has described large scale cross-bedding from the
Skipton Moor Grit of Yorkshire, also suggesting that they lie within channels.

In other sequences cross bedding of this scale has been interpreted as
aeolian, (McKee 1966, Thompson 1968, Gradzinski and Jerzy Kiewicz 1974), as
the deposits of large marine sandwaves (Jerzy _Kiewicz 1968) and as 'Gilbert

Type" deltas, (Gradstein and Van Gelder 1971, Cotter 1975).
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In the present sequence the lithofacies is clearly the product of
slip face accretion because of the high dip.’ The coarse grain size
discounts an aeolian origin, . Further discussion of this lithofacies will
be given after its relationship to the other channel infill sediments has
been outlined.

6.,3.1.3. Lithofacies 16. Faintly Laminated Coarse Sandstone (FLCS)

Coarse grained sandstones, usually with scattered pebbles up to 3cm.
Beds reach 10m in thickness and have been traced laterally for up to 675m.

The bases are erosive, usually with considerable relief, [Plate 39].
At Ramshaw Rocks, the section consists of 4 sets of LF 15 Large-scale Cross
Bedding in strike section alternating with beds of LF 16 the bases of which
cut erosively into the cross bedding. One erosion surface can be traced
laterally continuously for 150m. At the southern end of the outcrop it
consists of a series of undulations up to 5m in height and 10 - 25m in width
with gently dipping sides. Towards the north it becomes extremely
irregular, the sides having dips of up to 70°, and a relief of up to 10m,
[Fig.u2]. Most of the steep sides have approximately the same orientation
and are roughly parallel to the dip of the associated cross bedding, but
some may be orientated normally [Plate 40l.

The lowest parts of the erosion surface are roughly concave in shape
and 10 - 4Om in width, [Plate 41], some cutting into each other Plate 42 .
As a result of this extreme irregularity the overlying beds of LF 16 pinch
out and locally disappear laterally between succeeding sets of cross bedding.,
The surfaces are very sharp and make a clean cut into the underlying sand
which is usually undisturbed, although at the Roaches (SK 0053 6247) the
lamination in the adjacent sand is bent.

The overlying beds often appear completely structureless,
particularly in relatively young exposures or where there is intense

weathering or jointing which fractures the rock. In favourably weathered
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outcrops, however, faint lamination is visible. This shows up because
the coarser pebbles have a tendency to be slightly concentrated in thin
bands, the pebbles showing,a poor alignment; or because of a crude bedding
10 - 50cm in thickness marked by differential weathering.

The lamination is undulatory. The smallest undulations are as little
as 5 - 10cm in height and 2m in width; ([Fig.43a, Plate 43}, many are SOcm -
Im in height and up to 7m in width, ([Fig.43b, Plate 4y], At the Roaches
near Rockhall (SK 0061 6218) even larger scale structures occur but these.
are not sufficiently well weathered to determine their true size, Dips
on the limbs may reach 30° but many are only 5 - 10°. Usually the - lamination
is parallel to the erosion surface at the base of the bed., At Ramshaw
Rocks (SK 0190 6206), for example, a concave upwards surface 15m in width is
overlain by LF 16 with concave upwards lamination parallel to the sides,
towards the top it gradually flattens. [Plate 411,

It is difficult to trace the structures for large distances laterally
as they frequently disappear in unfavourably weathered outcrops. It is
clear, however, that in some cases the undulations change in size laterally
and often flatten out, [Fig.43-C]. They usually also flatten out towards
the tops of beds, this being accompanied by a crude coarse tail grading.

Very little is known about the three dimensional geometry of the structures
but the limited evidence suggests they are ridges.

The beds ¢ommonly contain internal erosion surfaces. These are
similar to those at the base, some are flat or gently undulating [Fig.43d,e,f,
Plate 45], others have steeply dipping sides, Again, the overlying lamination
is parallel to the erosion surfaces., [Fig.43g, h, Plates 45, 46] .

Usually the beds are overlain erosively by LF 14 or LF 15, At
several localities along the Roaches however LF 16 in beds 10cm - 1lm
alternates with LF 10 trough cross bedding in cosets up to 0.7m [Plate 47},

Sometimes the cross sets are overturned.
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Interpretation:

Collinson (1966; 1967, 1970a) described structureless sandstone,
his Facies 8, Massive Beds, from the lower part of the Kindeyscout Grit in
Derbyshire., - He suggested that they were the product of very rapid
deposition in the upper flow regime where sorting processes had insufficient
time to operate.

~"McCabe '(1975) described a similar facies from the northern Kinder-
scout Crit.  (His F 4 unlaminated sandstone.) He showed that some beds
occur in fluvial channels in association with large scale cross bedding,
whereas others, slightly lower down in the sequence occur in channels where
large scale cross bedding is absent. ' The latter he suggests are coarse
grained turbidites. McCabe did not describe any lamination but X radio-
graphs of the beds lying within fluvial channels showed a concentration of
certain grain sizes along planes.

In this sequence LF 16 is regarded as the equivalent of the parts of
Collinson's Facies 8 and McCabes Facies 4 which lie within fluvial chanels.
Favourable weathefing shows -that the beds are not structureless but contain
faint lamination.:

McCabe (op.cit) suggested that the unlaminated sandstones within
fluvial channels were formed as a result of intense scouf and fill at the
reattachment point of eddies within the lee of large bedforms represented
by the large scale cross bedding. Further discussion of the origin of
this lithofacies will be given after the relationship to other channel infill
sediments has been outlined in more detail.

6.3.1.4, Lithofacies l6a. Undulatory-bedded Sandstone.

This lithofacies is rare being found only at the base of the main
escarpment at Hen Cloud (SK 008 616) [Fig.371. It is a coarse pebbly
sandstone well bedded in units of variable thickness from 5cm to 90cm. The

bedding is unduiatory, about 6m in wavelength and about lm in amplitude.
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Small intrasets of cross bedding are directed away from the crest, other-

wise the beds are completely structureless.

Interpretation

| McCabe (1875) described a mucﬁ better exposéd example of a similar
fécies from channel fili sééuenées‘in the Kinderscout Grit Group. He
suggested the bedding represented sections through fidgés formed at the
foot of, and alignéd normal to the foresets of lérge scale cross bedding.
These are related td the devéloPment’of parallel cork-screw eddies in front
of avalanche faces orientatéd oblique to the mean flow direction. (Allen
1968).

The lithofacies described here may have formed in a similar way.
Although McCabe did not observe a lateral passage from undulatory bedding
into large scale cross bedding, the beginnings of such a relationship are
seen in the main iarge scale set at Hen'Cloua [Fig.37]'deécribed in section
6.3.1.2. Here the tangéntial foresets pass into undulatory bedding at the
base. | “

Many examples of ﬁuch fainter\uhdulatory’iamination occuf in LP.lQ,
and this may have a similar origin. Further discussion of this will be
given in section 6.3.5. after the lithofacies relatipnéhip have been
described in detaii;

6.3.1.5. Lithofacies 7. Ripple‘laminated Sandstone

This is similar to that described earlier., Ripple drift never occurs
and most sets are less than 2cm thick. The sediment is'usually very

micaceous. Pelcypodichnus is ubiquitous,

663.1.6. Lithofaciés 10. Trough Cross-bedded Sandstone

Medium and coarse grained sandstoneé. Within the assemblage this
lithofacies occurs in association with LF 14 MSXB and LF 16 FLCS.

In association with LF 14 it forms cosets up to 2.7m. Individual
sets are 10 - 20m thick and 1.5 - 4.0m wide. Exposures are too limited

to determine its lateral extent. In association with LF 16 it occurs as
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isolated sets or thin cosets alternating with beds of structureless sand-
stone [Plate 47], beneath which tpe cross bedding may be overturnea. Some=-
times a coset of trough cross bedding occurs at the top of a bed of LF 16
[Plate 48], and this may be cut out laterally by an erosion surface at the
base of another bed of Lé 16 [Fig.43d]. At Ramshaw Rocks (SK 0196 6228),
small trough sets overlie a concave shaped erosion surface 4m deep, cut
into a bed of LF 16. Fig.u4 shows a field sketch where most of the trough
sets are seen in the XY plane. _ Near the’bottom the bases of the sets lie
at an angle slightly less steep than the erosion surface, Towards the top
they decrease in inclination and eventually become horizontal.r The
orientation of the individual sets is difficult‘to measure accurately but
appears to be fairly variable.

Interpretation

Trough cross bedding is the deposit of sinuous crested and linguoid
dunes (Allen 1963b). (see section 5,2.4,) .

6.,3.2. Lithofacies relationships within channels.

The six lithofacigs described are all parts of channel fills, The
maximum dimensions of the channels are unknown, but they are certainly great.
The great extent, transverse to the current of beds of FLCS at Ramshaw Rocks
(section 6.3.1.3.), suggests that channel widths of up to lkm seem likely,
Cosets of MSXB have been mapped for larger distanees, (section 6.3.1.1.),
but whether these large sheets represenf just one channel is uncertain.‘
Where MSXB is the channel fill lithofacies, steep channel sides are invariably
absent, and channel béses usually flat Qithout substantial lags. Thus many
of the wide sheets may represent more than one channel.‘

The vertical thickness of channel fills is also difficult to estimate
because of the tendency for channels to be stacked one upon the other, and
the difficulty of sometimes recognising channel bases. Atnthe Roaches and
Hen Cloud, channel fills reach 23m and 20m respectively, sets of LSXB

accounting for the greater part of this,
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Where all three major lithofacies are present in a channel, FLCS
usually lies in the deepest part, overlain by a set of LSXB and this by a
coset of.MSXB. At the northern end of the Roaches (SK 0008 6366 to |
SJ 9999 6386) a coset of MSXB 10m in thickness representing aﬁvalmost
complete channel fiil appeafs'to pass downdip'into a single set of LSXB at
least 9m thick over a distanée of 300&. Unfortunatély, the transition is
not well exposed bécausé of.the severe frost shattering of the escarpment,

At two localities sets of LSXB are orientated obliquely to steep
erosion surfaces at channel edges. At the'Roaches (SK 0053 6246) a channel
side dips at 45° and is mantled by a thin bed of FLCS [Fig.u5]. Above this
foresets extend out, their strike diverging by 18° from the orientation of
the channel side. These reach 4.5m in thickness before being cut out by
another channel. A little further to the north (SK 0053 6256), [Figs. 39,
ysl, a largé set exteﬁds.ou; ffom the left hand side of a channel. Here
the orientation of the channel side can only be estimated, the foresets
diverging from the channel margin at an angle of 70°.

In this large set, which extends down dip for 460m until being cut
out by another channel, the foresets nearest the channel edée are angular.
Here the LSXB is overlain by a coset of MSXB and each of the smaller super-
imposed sets merges down dip with the larger foresets as previously described,
[Fig.39]. Further down dip [Figs. 39, 40] concave erosion surfaces are
present within the large set and the foresets become tangential in shape.
Eventually they pass into beds of FLCS as explained in section 6.3.1.2.

The other three lithofacies found in the fluvial channels are much
less common. LF 16a Undulatory-bedded Sandstone occurs only at Hen Cloud
where it is overlain by toesets of LSXB. LF 10 Trough Cross-bedded Sandstone
usually occurs in association with FLCS. Thin cosets of trough cross-bedding
occasionally occur within thicker cosets of MSXB. A 2m thick coset of

- Ripple-laminated Sandstone with Pelecypodichnus overlies a bed of FLCS in a

quarry near Coldspring Reservoir (SK Ouu7 7463). This is overlain erosively

by another bed of FLCS. At a small quarry south of 0ld Dollands Farm
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(SJ 9538 6919), towards the top of a sandstone feature, a coset of MSXB is

overlain by an alternation of Ripple-laminated Sandstone with Pelecypodichnus

and Trough Cross-bedding.

The apparent rarity of these last two lithofacies is probably partly

a result of the nature of the exposure. Most of this is within natural
gritstone edges which only weather out where the sandstone is coarse. It

is clear, however, that the greater part of the channel fills are represented

by lithofacies 14, 15 and 16.

The types of relationships observed, summarised in Fig.46 show that
some parts of the channel were occupied largely by the smaller transverse
sandwaves responsible for the cosets of MSXB, and that sometimes these passed
downcurrent into the larger bedforms responsible for the sets of LSXB, The
smaller bedforms were also superimposed on the backs of the larger ones,

LF 16 FLCS forms in the lee of the large bedforms.

6.3.3. Interpretation of the channel fill sequences

Interpretation of the fluvial'channel assemblage is difficult because
of the unusual lithofacies present, and the absence of aﬁ apparent modern.
analogue. Crucial in the reconstruction of the channel morphology is to
know what type of b edform was responsible for the sets of Large Scale Cross
Bedding. It is also important to know whether the two types of bedform
responsible for the two scales of cross bedding were in equilibrium with
the flow at the same time, or whether they represent different responses
to different discharges.

At present a number of alternative models seem possible, though not
all are equally likely. McCabe (1975) has discussed four possibilities for
a similar facies association in the Kinderscout Grit. Two of these,
assuming the large bedforms were either channel confluence deltaé or channel
infill delta have already been adequately discussed by McCabe (1975) and
seem unlikely. Any model must not only account for the facies relationships
discussed in the preceding section, but also for the internal erosion surfaces
common in the Large Scale Cross Bedding and also for the association of

different types of erosion surfaces with different types of forset. Four

possibilities are discussed below.
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1. Sandwave Model, Fig.il.

This assumes that the bedfbrms represented by the LSXB were very
large sandwaves, such as those described by Coleman (1969) from the
Brahmaputra. They are thus the same class of bedform, mesoforms, as those
responsible for the cosets of MSXB, but as in the Brahmaputra, the larger
bedforms developed at peak discharges. The common superimposition of
cosets of MSXB on top of the single sets of LSXB, which merge down dip into
the large foresets may represent a lag effect similar to that described in
section 6.3.1.1. to account for the smaller multiple convex upwards erosion
surfaces within individual medium scale sets. The concave erosion surfaces
may have been produced by dissection during falling stage as the main thalweg
shifted across the channel.

Although this theory cannot be entirely discounted at present, it
seems unlikely for two reasons. TFirstly, there are very few sets of cross
bedding intermediate in size between the medium scale sets, which are always
3m or less in thickness and the large scale sets which generally exceed 10m,
Secondly, except for the poorly exposed example at the northern end of the
Roaches described in section 6.3.1.2. there are no cases of cosets of MS B
passing downcurrent into sets of LSXB. This would be expected if the two
lithofacies do represent a similar type of bedform developed at different
discharges.

2. Alternate Bar Model.

This assumes that the large bedforms were altermate bars., These
form in straight channels where the thalweg meanders from bank to bank.
[Chapter 2, Figs. 9, 10]. They are macroforms (Jackson 1975¢c), a higher
class of bedform than sandwaves. McCabe (1975) has suggested a similar
origin for large scale cross bedding within channels in the Kinderscout
Grit.

The main evidence for an alternate bar model in the Roaches Grit is

the oblique relationship of the LSXB to steep channel sides. As explained



99,

in Chapter 2, alternate bars tend to be eroded during low and falling stage
when the thalweg reduces its wavelength to correspond to the lower discharge
[Figs. 9, 10]. The concave erosion surfaces within the LSXB may have
formed in this way. Sometimes as at Hen Cloud, only the toesets were
preserved. If the thalweg shifts downriver between successive floods, as
occurs in straight sections of the Yellow River (Chien 1961), then the bars
may begin to build forwards in a different direction in response to the new
flow pattern. This appears to happen at Hen Cloud and the Roaches where
successive groups of foresets differ significantly in strike.

Three main types of foresets occur in LSXB [Fig.36). With angular
foresets the separation eddy was weak. A much stronger separation eddy was
present with tangential foresets. Where the intrasets point down the fore-
set dip the reattachment point was relatively high up on the lee side of the
bedform. With intrasets dipping in a reverse direction to the main foresets
it was in front of the bedform. Often the intrasets are orientated obliquely
to the main foreset dip. This should occur where the crestline of a bedform
is aligned at an angle to the flow direction, so that a spiral separation
eddy forms (Allen 1968).  This type of flow pattern has been observed in
large natural bedforms with skewed crestlines by Nedeco (1959) and
Collinson (1970b).

A third type of foreset is represented by the downdip passage into
FLCS. This lithofacies contains faint undulatory lamination, often of .

a large size. It is not dissimilar to the structure in LF 16a Undulatory
bedded sandstone, and the two lithofacies are probably of similar origin.
The steepsided irregular erosion surfaces at the base of the lithofacies,
and the poorly developed lamination suggest rapid erosion and deposition,
probably within a powerful turbulent eddy. Sets of trough cross bedding
within the more structureless beds were formed during slower periods of
deposition when smaller dunes had time to form. These eddies occurred

periodically in the lee of the large bedforms. Coleman (1969) has described
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intense turbulent cells in the lee of giant sandwaves in the Brahmaputra
River. '

Where the bedform crestline is highly skewed relative to the flow a
series of parallel helicoidal cells develop, (Allen 1968), Spurs in
front of bedforms with skewed crestlines such as those described in front
of alternate bars by Harms and Fahnstock (1965) were probably cut by this
type of eddy pattern., McCabe (1975) suggested that eddies of this type
formed undulatory bedding (his Facies 21) in front of large alternate bars
in the Kinderscout Grit Channels. The presence of faint undulatory
lamination within the FLCS lithofacies suggests that the short-lived turbulent
cells envisaged may also have had a helicoidal shape.

" The different types of foreset described above may have developed at
different discharges or at different positions of the bar crest, or due to
a combination of both,  With the alternate bar model envisaged, [Fig.u8l
the area nearest to the channel edge probably contains a relatively weak
eddy. Here angular foresets should occur, Further out towards the edge
of the bedform a more powerful eddy should occur. ' Here the crestline is
skewed relative to the flow direction favouring the development of spiral
or paired helicoidal eddies. The FLCS lithofacies was probably deposited
very quickly at high ‘discharges.

Evidence in support of the ideas expressed above comes from the
section along the main face of the Roaches (Figs.39, 40, 48] ., This may
be interpreted as forming from the movement of an alternate bar down a
channel. Because of the orientation of the exposed section, relative to
the channel edge, the section shows different parts of the bar, beginning
with the parts nearest to the channel edge and then moving downdip out
towards the centre of‘the channel, - The LSXB forming near the channel edge
has angular foresets with convex erosion surfaces. Here the separation

eddy was weak. Further down dip, the foresets become more tangential in
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éhape and eventually pass down into FLCS, ' Several concave erosion surfaces
occur here, formed during periods of thalweg migration during falling stage.
The overlying foresets often pass down into FLCS, probably deposited very
quickly at high discharges as a result of lee scour and rapid dumping of
the sand in front of the large bedforms. As the bars continue to build
out into the channel the large foresets overlie the beds of FLCS. These
are markedly tangential with well deQeloped regressive intrasets. No
angular foresets occur in this part of the section.

Accepting an alternate bar origin for the LSXB it is still necessary
to explain the relationship to the ‘MSXB, as in some parts of the channel
the alternate bars are not present. Three relationships seem possible
[Fig.u7].
1. Here the alternate bars are assumed to occur in narrows deep channels

in a braided river, whereas the smaller sand waves largely occurred in wider

areas. A similar type of relationship appears to occur in the Niger
(Nedeco 1959) where side bars and alternate bars are best developed in the
narrower channels.  Lateral migration of the shallower parts of the channel
may lead to the common superimposition of MS+B cosets over solitary sets of
LSXB.:

This is essentially the model proposed by McCabe (1975). The main
evidence in favour is the wider lateral extenf of the MSXB cosets. As
explained earlier, however, it is not certain whether these large sheets
represent just one channel. Another problem is the similarity in orientation
of the large scale and medium scale sets, Collinson (1967, 1969) notes a
similar close association in the Kinderscout Grit. A third difficulty is
the absence of channel abandonment sequences., These should occur in
multiple channel braided rivers when channels are blocked off (Chapter 2).

2, Here the channel is assumed to be straight. Alternate bars form on

opposite sides. Smaller sandwaves are superimposed on their backs, and also
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upstream in areas where the thalweg crosses over from one side of the
channel to the other, [Fig.47a]. Thus in some parts of the channel where
only sandwaves are present, cosets of MSXB are produced. In other parts of
the channel occupied by alternate bars solitary sets of LSXB are overlain by
cosets of MSXB.

The main argument against this model is the wide lateral extent of
the MSXB cosets. This can be discounted, however, if the wide sheets are
assumed to represent the fills of more than one channel. Another problem
is the absence of steep channel sides and erosion surfaces within the MSXB
cosets. With the falling stage reworking envisaged to account for the
large concave erosion surfaces with the sets of LSXB, it is difficult to
see why similar structures should not occur within the MSXB cosets. A
third difficulty is the mutually erosive relationship of the separate
channel fills which often occur as sheet sandstones [Fig.45]. This relation-
ship is more likely to occur with braided channels rather than straight
‘channels, which in most modern deltas occur as isolated forms surrounded
by finer sediments.

3. A final possibility worth consideration assumes that the alternate
bars were not in equilibrium with the flow at the same time as the smaller
sandwaves [Fig.u47a 2] . In a straight channel intense scour at the channel
sides by the meandering thalweg during peak discharges forms alternate bars
on either side of the channel. During falling stage thalweg migration
dissects the bar cutting the concave erosion surfaces. At a lower discharge
sand waves form in the channel both on top of the bars, and in the area

_ between the bars where the thalweg crosses the channel, The first
occurrence accounts for the usual association of LSXB succeeded by a coset
of MSXB. Where the sandwaves reached the crests of the now ‘'inactive!
alternate bars these would continue to move forwards even though no longer

in equilibrium with the flow. This may be an alternative explanation
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for the association of angular large scale foresets and multiple convex
upwards erosion surfaces passing up into MSXB seen at the Roaches [Fig.39].
Sandwaves forming in the cross over area form channel sequences with just
thick cosets of MSXB. |

Not all channels necessarily developed alternate bars. If the
discharge was not great enough channel fills would be dominated by cosets
of MSXB as appears to be the case in the Rough Rock (Heath 1973) and
Crawshaw Sandstone (Guion 1971).

Ripple-laminated sandstones with Pelecypodichnus may have formed in

the deepest parts of the channel at low stage or during periods of channel

'~ abandonment. The presence of Pelecypodichnus indicates the ability of

basin water with bivalve spat to move up into the channels at some stage.
In the Mississippi, a salt water wedge extends for 216km up from the mouth
during low stage, (Moore 1970). The major channel fills exposed at the
Roaches must have been deposited within only S5km of the river mouth, as
beycnd this distance the Delta Top Association is absent.

6.3.4. Discharge Regime

In Chapter 2 it was suggested that there is a range of possible
bedform responses to different changes in flow strength. Falling stage
modifications have the gfeatest preservation potential, and sandwaves are
generally a more useful indicator than dunes because of their greater size
and slower response.

Lithofacies 14, Medium Scale Cross-bedding occurs in thick,
relatively undisturbed cosets. - No structures definitely resembling the
Reactivation Surfaces of Collinson (1970a) occur, the main évidehce of
falling stage modification being the multiple convex upwards erosion surfaces.
This suggests, that unlike the Tana River, when the sandwéves are left
standing and substantially unmodified during the rapid fall in discharge,
here the rate of fall of discharge was sufficiently slow to allow bedform

superimposition. These smaller bedforms substantially modified the larger
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sandwaves in equilibrium with a higher discharge. In addition, there is
no evidence of low stage modification in this part of the river channel,
unlike the River Platte, for example, where the considerable low stage flow
substantially‘modified the high stage features (Smith 1974),

This evidence suggests that the river which deposited the Roaches
Crit had a regime similar to that of the present day Bréhmaputra. In
this river, Qmax/Qmin is high, [Fig.u4], and the low stage flow is restricted
to the narrow deepést part of theAchannel, many parts of the high stage
channel being completely abandoned, (Coleman 1969). .The falling stage
period however is long enough to allow bedform superimposition over wide
areas of the channel.

In LF 15, Large Scale Cross-bedding there are also multiple convex
up erosion surfaces indicative of bedform superimposition. It is uncertain,
however, whether this is a lag effect or whether the relatively smaller
sandwaves were superimposed in equilibrium with a different class of bedform
such as an alternate bar. In addition LF 15 contains the large concave
erosion surfaces indicative of large scale erosion and dissection. This
is only to be expected. Because of their larger size, the bedforms
responsible for LF 15 would have a much greater relaxation time for a
given discharge than the smaller sandwaves responsible'for LF 14 MSXB.

In conclusion the avéilable evidence suggests that during falling
stage the smaller sandwaves adjusted to the discharge change by being covered
by even smaller superimposed bedforms, whereas the giant bedforms represented
by LF 15 could not adjust and suffered extensive dissection as they lay

largely inactive in the channel.
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6.k, Relationships within the Association

The Delta Top Association is dominated by Assemblage B,
fills of the large channels. Assemblage A usually occurs below the
lowest channel in the sequence at the top of‘the Slope Association. ‘The
relationship of the seéarate chénnel fills is best seen at the southern
edge of the Goyt Syncline, particularly between Hen Cloud (SK 008 615) and
Roach End (SJ 996 644), where there is 3km of almost continuous exposure.
The northern part of this is shown in Fig.u49.

In some sections there is only one channel fill in the Association,
but elsewhere two or thfee or foﬁp. These may be stacked erosively on
top of each other as at Ramshaw Rocks, or separated by finer grained
sediments as at the northern end of the Roaches, [Plate 48], Where there
is laterally continuous exposure, as in the middle part of the Roaches,
channel fills are sometimes seen to cut into each other, lying side by
side to form laterally extensive sandstones [Figs. 45, 49], Some of

these may be mapped for several kilometers.
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. The Roaches Grit Group between the R. metabilingue goniatite band
and the base of the Delta Top Association is about 250m tﬂick at the
Roaches. This was deposited immediately prior to the deposition of the
Delta Top Association and would still have been relatively uncompacted.
About half of this sediment is fine grained mudstone and siltstone, and
mudstone will compact eventually by about 50%, (Westoll, 1962). Thisﬁ
compaction will result in a sinking of the delta top so that the level of
successive channels will be adjusted to a higher relative sea level. ' This
compaction alone will account for most of the thickness of the Delta Top
Association.

- Between Hen Cloud and Roach End, where there are at least 1l separate
channel fills, these do not only lie at successively higher levels in the
sequence, but are also systematically offset so that all channel fills
become progressively younger towards the north,  [Fig.u48],  This i§
particularly well seen at the northern end of the Roaches [Plate 48}. The
coarse grained channel fills form features, whereas the relatively finer
grained interchannel sediments form slacks, but’are not exposed. = Here
three separate channels occur at successively higher levels separated by
15m - 20m of finer sediment. The channels are offset towards the north.

Brown (1969), has described offsetting of series of 2 or 3 channels
from a Pennsylvanian deltaic sequence in Tegas.? He suggests this is a
result of differential compaction. After channel abandonment the sand
£i11 will compact relatively little, whereas the adjacent finer sedimenté
into which the channel has cut will compact more, [Fig.50]. This will
result in a slightly irregular relief in the delta top with the areas
underlain by abandoned channelé being slightly higher. When a second
channel occupies the area, its course will run along the zone of lower

relief, so that the two channel fills will be offset.
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At the Roaches, many more channels are offset, and it seems unlikely
that differential compactlon alone w111 account for the relationship,
Several modern rivers are systematically shifting their courses in one
direction. The Kosi River has moved westwards by about 115km in the last
200 years, (Leopold et.al. 1964, Holmes 1965, Gole and Chitale 1966),
each time shifting in a series of short steps. The Indus has likewise,
shifted laterally a comparable distance, though at a much smaller rate of
approximately O. OSkm/yr, (Wllhelmy 1966, Holmes 1968) In Bangladesh, the
Brahmaputra River is also systematically shifting westwards; whereas the‘
Ganges is moving north-eastwards, (Coleman 1969)t Althohgh the causes of
these movements are not known for certain, the Bengal Bas1n is an area of
con51derable seismic act1v1ty and 1t is likely that structural tilting is
affecting the positions of the river courses. (Coleman 1969) Faillng
has shown that the coursesrof>the Trinity and adjoining rivers have‘changed
as a result of tectonic movements in the Galveston‘area of the'U.S;A. Here
the development of ah anticline and syncline, probably only in the last
8,000 years, has shifted the rivervcourses to the west, | |

These examples show that small tectonic movements can have marked
effects on the courses of rivers, The northerly offsetting of the channels
at the Roaches is mostvlihely the result of slight tectonic tilting to the
north. The area is only about 20km north of the southern edge of the basin.
Beyond this was a land area Stlll supplying sedlment to the South Wales Ba81n
(Kelling 1974). The Roaches Grit Group thins rapidly southwards and is
absent to the west and southwest of Stoke, suggesting that this area ras
still land although no longer supplying sediment to the north. Slight
uplift of this area would be sufficient to tilt the basin.

6.5. Morphology of the delta

The Roaches Grit delta was built out into a deep water basin where no
evidence of tidal action has been recorded and wave activity was limited. It

is therefore of the high constructive fluvially dominated type (Fisher 1969,
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Wright and Coleman 1973). The best known modern example is the birdsfoot
delta of the Mississippf River (Fisk 1961). McCabe (1975) ﬁas suggested
that the Kindefscout Grit delta is of this type and fhét the coarse grained
channel fills Qerg elongate distributories similar to those in the
Mississippi. | |

There are, howéver, important differences between the pattern of
sedimentation in the Mississippi delta aﬁd that which can be deduced for
the deep water deltas in the.Central Pennines Namurian. Firstly, most of
the deposition of sand in the Mississiépi takes place in the mouth bar region.
As the distributories Build out they construct what Fisk (1961), has called,
'bar finger sands'. Little deposition takes place within the channels., A
vertical section through the Mississippi, (Coleman-and Wright 1975) shows a
thick mouth bar sequence but very little channel fill sediment. The
' Roaches delta sequence is quite different, here, most of the deposition took
place within deep channels and mouth bars have not been recognised. In
most cases the mouth bar sediments if they ever existed have been eroded
away by the channels.

Secondly, the channels in the Mississippi delta are extending outwards
but not shifting laterally. The present birdsfoot delta is about 250 years
old (Frazier 1967) and the major channels have not shifted positién for at
least the last 100 years (Scruton 1960); Eventual abandonment of the delta
will leave a series of narrow radiating sand bodies surrounded by finer
grained sediment, (Fisher 1969). Iﬁ the Roaches sequence, however, the
delta top contains sheet sandstones composed of many channel fills with
erosive contacts.

A birdsfoot model therefore seems inapplicable., The other type of
high constructive delta, the lobate form, produces much more widespread sands,
but here the flow splits into many small channels. The size of the channels

in the Roaches sequence suggests that the flow was confined to just one or at

most a very small number of major channels,
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The Roaches Grit delta wés unusual in that it was building out
into a relatively fresh water basin and that the discharge was proﬁably
highly variable. No modern example of a large variable discharge river
building out into a fresh water basin is known to the author, and as yet
there seems no reasonable modern analogue.

The relationship of the channel fills suggests that the channels
behaved like those in modern sandy braided rivers as discussed in Chapter
1. Frequent lateral shifts’in the coursé of the river resulted in the
construction of sheet sandstones. Little is known of the interchannel
areas because of the limited exposure. In the Kinderscout sequeﬁce
McCabe (op.cit.) and Collinsoﬁ (op.cit.) describe small scale coarsening

upwards sequences which were probably formed as crevasses.



Table V

Directional and other properties in Lithofacies 14 from different areas

Area N Vector Direction Vector Magnitude Variance
Wildboarclough 24 3u6 73 2025
Rudyard 12 269 | 69 2500
Cisterns Clough 11 . 290 - 86 1156
Allgreave Wood 36 312 | a1 1600
Helmesley Wood 38 300 76 1936
Roaches ~- south 34 323 90 729
Roaches - north 3l au7 I 2025

TOTAL* 220 - 319 : 73 -~ 2025

% Includes a few readings from other areas.

‘OTT
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Table VI

Two vertical sections through cosets of LF 14, from base upwards, showing

variations in cross-set orientation -

A, B,
Cross set number ' Orientation - Cross'set number Orientation
1 3u8 1 026
2 305 2 NM
3 306 3 Several small sets
N 308 Y 330 N
5 Not measureable S -6 NM
6 320 7 332
7-8 NM 8 338
g 346 9 NM
10 321 10 - 278
11 NM - 11 340
12 334 12 NM
13 CNM 13 332
14 336 14 3u6
15 328 - .15 292
16 . 334 16 - 302
17 - 20 NN 17 NM
21 063 o 18 330
22 NM Total thickness 17m
23 288
24 NM
25 282
26 NM
27 316
28 - 30 NM Location of sections
a1 324 A SK 006 622
32 NN . B SK 005 624
33 334
3y 332

Total thickness 16m
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Chapter 7
Association D.  Delta Margin Sediments

7.1. Introdﬁction

This association is génerally quite thin, and only exposed in a
small number of stream sections. It extends from the top of the'highest

fluvial channel in the succession up to the R. superbilingue goniatite

band. Six lithofacies occur in the association.

7.2, Lithofacies description and intérpretation

7.2.1. Lithofacies 17. Seat—earthiahd Coal

This lithofacies is now oniy exposed in section'C [Fig.51] in‘
Shirley Hollow. This éoal is jﬁsf a ?éfy thin accumulation of coélised
plant debris o&erlyiﬁg>a coaréeysahdsféne. | Roots penetrate tﬂroﬁgh the
sandstone andyinto“an underlying mudstone for a total of 0.6 m. A few
roots alsvoverlie the coal. |

Elsewhefe, thih coéls have been reéorded near Thickwithéns Farm
(SJ 9561 7044) (focéck 1906) and in the stream section opposite Westwood
Hall (SJ 9592 5602) (IGS 6" map SJ 95 Nt).nun and Green (1864) recorded
thin céals in a nﬁmber of areas. It seems clear, however, that a laterally
persistant coal is n;t devel;ped.

Interpretation

This lithofacies provides evidence of emergent or near emergent
conditions. Coals can develop in a variety of sub-environments (Jansa
1972). Further discussion will be given in section 7.3.

7.2.2., Lithofacies 18. Wave-laminated Sandstone

Fine grained sandstones and coarse siltstones in beds 0.5 -~ 2.5 m
thick, with fairly sharp bases. The sediment is parallel laminated with
very thin laminae, usually less thaﬁ 1 mm thick, picked out by concentrations
of carbonaceous debris or mica. They may be plane, usually inclined by a

few degrees in various directions, or undulatory. Flat or curved erosion
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surfaces with a rellef of up to about 10 cm occur throughout the beds.
The succeeding lamlnatlon is usually parallel to an erosion surface or
may "back fill" an eroded)hollow. [Plates 50, 51]. Some of the more
undnlatory lamination resembles small scale trough cross-bedding but the
regular intersecting trough shaped erosion surfaces do not occur. Instead,
when traced laterally, the erosion surfaces here invariably merge with and
disappear into the lamination..

Rarely small 'ohannels' with a relief of up to 0.7 m occur. Thin
'lags' of plant stems are present in the 'channel' bases. ~ Bioturbation
is very common in thls llthofac1es and at.many horlzons the lamination
has been completely destroyed [Platev52]. Specific ichno species are
dlfflcult to 1dent1fy but some have retrusive spreite similar to those

found in the famlly Rhlzocorallldae (Sellacher 1967)

Interpretation

This lithofacies is,unusual both in structure and lithology.
Nothing resembling it occurs in the other three associations. The
parallel lamination and erosion surfaces indicate powerful current activity.
Close modern analogues are difficult to find; but the structures bear some
31m11ar1ty to those formed by wave act1v1ty. The horizons of intense
bloturbatlon show that there were periods of little net deposition during
which the sediment was reworked. "Howard (1971), describes a similar
situation in shoreface sands from the Georgia Coast, U.S.A. The area
lies within the zone of possible wave reworking, but except for storm
conditions, it is below strong wave disturbance. The most abundantly
preserved structures are parallel—laminated sands, produced by wave
activity during storms, and towards the top of these intensely burrowed
horizons formed when the animal community re-establishes itself on and
near the sediment surface. The interbedded siltstone units in the

Roaches sequence were presumably deposited during quieter conditionms.
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7.2.3. Lithofacies 19. Homogeneous Siltstone

Dark grey siltstone with much dark carbonaceous material and
scattered mica. Small plant fragments are common. Sand sized sediment
is absent, and the rock.is completely unlaminated. Essentially it is a
finer grained version of Lithofacies 8.

Interpretation

The characteristics of the lithofacies suggest deposition from
suspension in fairly quiét water. .

7.2.4, Lithofacies 1 and 2. Mudstone and Silty mudstone.

These resemble thé sediments described from Associations A and B.
They were deposited from suspension in quiet water.

7.2.5. Eithofacies 3. Goniatite Faunal Bed.

This is represented by the R. superbilingue goniatite band which

forms a widespread and apparently perSistéht horizon.at the top of the
sequence studied. Like the goniatite bands in the Deep Water Association
the sediment is a sooty black colour. The main difference is the presence
of the benthonic Lingula.

Interpretation

The R. superbilingue band records the return to quiet water offshore

conditions following the final abandonment and modification of the delta.
The depth of water was almost certainly much less than when the bands in
the Deep Water Association were formed, but except for the presence of

Lingula, there is no other obvious difference.

7.3. Vertical sequences and discussion

Three sections in Association D are shown in Fig.51. Only
section C from Shirley Hollow represents a complete sequence. Sections
A and B are only 3.1 km apart, and the tops and bases are believed to lie
roughly at the same horizon. In this paft of the basin, where the Roaches

Grit Group is thickest, the association reaches 30 m in thickness.
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In section B, which starts above the highest fluvial channel there
is a well developed coarsening upwards fromhomogeﬁeoussilts through poorly
sorted fine sands into a fairly well sorted development of LF 18. [Plate 53].
Section A begins with LF 19 Homogeneous Siltstone into which is cut a small
channel. Above this, fine sands and coarse silts of LF 18, often
extensively bioturbated, alternate with thinner beds of LF 19. Towards

the top the sequences fines upwards through siltstone and mudstone being

capped by the R. superbilingue band.

In Section C a thin coal occurs above the highest fluvial channel.
Above this occurs a straightforward fining upward sequence up to the

R. superbilingue band.

These three sections providevalmost the only evidence of the
delta top succession marginal to the major fluvial channels. For this
reason they have been descfibed in some detail in spite of the limited
exposure. Within modern deltas, marginal environments are found in
active interdistributary areas and abandoned parts of the delta top.
Although all of the sections occur above the highest channels in the
vertical sequence it is quite possible that they are partly laterally
equivalent to higher channels elsewhere and as such represent overbank
as well as abandonment conditions.

If the origin of LF 18 outlined in Section 7.2.2. is accepted then
the sequences in sections A and B show that the delta was subject to a
fair amount of wave activity.

Wave reworking in modern deltas becomes most important following
abandonment, when the development of barriers on top of the former active
lobe, and their subsequent shorewards migration produces a coarsening
upwards sequence, (Otvos 1970, Elliott 1974a, 1975). This provides a
possible explanation for the sequences in sections A and B, but the thickness
of the coarsening upwards component (4.5 m) and of the wave formed sandstone

unit (14 m) makes this explanation unlikely. More probably sections A and
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B represent some form of interdistributary environment where finer sediment
swept out of the fluvial channels in suspension was reworked. With this
interpretation Sections A and B represent the approach and then cut off
of a fluvial channel a few kilometers away.

All of the coals in the Roaches sequence appear to be local
developments only. Widespread coal seams of the type which cover
abandoned delta lobes (Frazier and Ozanik 1969, Elliott1974a) and which
appear to occur in many of the succeeding cyclothems in the Namurian and
lower Westphalian (Stevenson and Gaunt 1971) are absent., The coals in
this sequence may have formed in a number of local environments in the
delta top such as interdistributary flood basins, abandoned‘channels and
marshes between beach ridges (Jansa 1972). The absence of a widespread
abandonment phase coal, may possibly be a result of the high rate of

subsidence in the thick deltaic pile.
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Chapter 8

Trace Fossils

8.1. Introduction

A considerable varietyrof trace fossils exist¢in all four
associations,vthough most occur in Association B, the main delta slope.
Some forms occur in more than one association whereas others are restricted.
A crude depth zonation exists, but with only limited collecting the completé
depth range of the ichnosﬁecies cannot be established.

8.2, Description and interpretion

" Trace fossil names in this section follow Hantzschel (1962) and
terminology follows Martinsson (1970).

8.2.1. Pelecypodichnus sp Seilacher 1953.

Material A large number of specimens from many localities.

Mothologz Ovalepichnial depressions and hypichnial casts, also as a

V shaped endichnial disturbance wusually in groups. [Plate 541, Endichnial
disturbances result from a down turning of the adjacent sedimentary
laminatioﬁ into a V.‘ (Plates 15, 20]. Sometimes the lamination is
completely destroyed and replaced by a plug of structureless cleaner sand.
[Plate 55].  The disturbances may be as little as 0.5 cm in length, but
commonly exceéd 30 cm. They are usually vertical, but may be inclined

by a few degrees.

'Pelecypodichnus varies in length from 13 cm to 3} cm. Generally speaking
forms at a particular horizon vary little in length. Hardy (1973) found a

similar narrow size grouping in Pelecypodichnus from the lower Westphalian

in Lancashire. Groups usually occur closely spaced with a strong preferred
orientation., [Plate Sul.

Occurrence, Pelecypodichnus is found in Lithofacies 6 and 7. It is

very common in Association B and single horizons have been traced laterally

for over 100 m. Sediments repeatedly disturbed by Pelecypodichnus reach

12.8 m. One occurrence is known from the Deep Water Association, and two
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from Association C where it is found in ripple-laminated sandstones within

fluvial channels.

Ecologz'

Seilacher (1953) interpreted Pelecypodichnus as a resting trace

formed by bivalves lying edgewise in the sediment, ~ Pelecypodichnus occurs

in the Upper Carboniferous Central Pennine Basin associated with the bivalves

Carbonicola cf extenuata, (Hardy 1973, Eager 1971, 1974). Hardy has found

the bivalves in life position. He suggested that Pelecypodichnus is a-

resting trace with the bivalve lying vertical buried up to the umbo with
the inhalent siphon pointing downcurrent.

Eager (1971, 1974), on the other hand regardé Pelecypodichnus as a

burrow, and shows a life reconstruction with the bivalve almost completely
buried with the posterior just protruding above the sediment surface., He
suggested that the cavity was infilled with later deposited sediment.
Osgood (1970) has described Lockeia (James 1879), probably a junior

synonym of Pelecypodichnus from the Ordovician . of Cincinnati, U.S.A.

He also suggested that the bivalves burrowed, SUbsequent erosion removing
most of the cavity.

Burrows result in a break in the lamination which 1is plugged with
sand, whereas resting traces ideally form an unplugged vertical disturbance,
(Chisholm, 1970) [Fig.52]. Both forms occur and the V shaped structures.
are undoubtedly resting traces, similar structures being produced by the

recent bivalve Mya arenaria (Reineck 1967), Massive plugs are most

commonly found in Lithofacies 7 Ripple-laminated Sandstone, but they do
not necessarily indicate a burrow. Flume experiments with the shells of
similarly shaped recent bivalves pushed into a bed of sand on which ripples
are active bedforms show that the shells offer considerable resistance to
the flow. With a parallel orientation, scour on either side of the shell
caused the shell to fall over in less than a minute when the ripples were

moving quickly.
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The living bivalves anchored themselves to the sediment by means of a foot.
Active movement and repositioning of the foot was probably necessary to
keep them secure. Such movements could easily result in the formation of
a massive plug. There is therefore no unequivocal evidence to suggest the
bivalves burrowed.

Long endichnical disturbances are produced when the animal moves
" upwards duringperiods of rapid sedimentation. At Bosley (SJ 91 64) the
Slope Association consists of alternations of Ripple-laminated Sandstone
and Micaceous, Carbonaceous Sandstone deposited mainly from suspension.

Pelecypodichnus usually occurs at the bases of the rippled sandstones.

This suggests that the bivalves colonised the surface during periods of
slower suspension sedimentation and then moved upwards through the rippled
sandstones during periods of more rapid sedimentation brought about by
density currents operative on the slope during floods. The wide lateral

extent of some horizons of Pelecypodichnus shows that large colonies of

bivalves colonised the delta slope., Presumably later solution removed
the shells, as is common in acid rich waters.

Pelecypodichnus is uncommon in the Deep Water Association, but it

does not follow that bivalves were also rare in this environment. Most of
the sediments are not of a type which would easily preserve resting traces,

the mudstones are too fine grained, and the turbidity currents probably

swept away the shells. Only in Lithofacies 6 is Pelecypodichnus found
and this lithofacies is comparatively rare in Association A.

The presence of Pelecypodichnus in sediments withinfluvial channels

shows that these had passive connection with the basin at some period. This
may have occurred during low stage when as in modern delta distributaries

basin water moves up the channel (Moore, 1370) or after abandonment,
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8.,2,2. Inclined bivalve resting traces

Material A number of specimens from Chapel Station Quarry (SK 055 793).
Mogphologz

Hypichnial ridges of structureless fin€ sand, about 0.5 cm in width
and 2 cm in height, vertical, but more commonly inclined at between 10° and
30° to vertical. In plan they are oval in shape 1 - 2 cm in width., They
are found in groups on the soles of thin, fine sandstone beds, interbedded
with finer grained silty mudstone. Usually they have a consistent orientation.
Ecoiogz

They occur within the upper part of the delta slope in fine grained
sediments interbedded with coarser LF 7 Ripple-laminated Sandstone and LF 12
Lenticularly-bedded Sandstone. (Section D in Fig.21). Their size and oval
shape suggests they are probably bivalve resting traces. No bivalves have

been found but associated ripple-laminated sandstones contain.Pelecypodichnus.

Wherever bivalves have been found in life position in association

with Pelecypodichnus in the Central Pennines they have always been vertical

(Hardy 1973). However, Wagner (in Eager 197%) has found Anthraconaia in

'burrowing' position inclinéd to the bedding by about 40° in the Stephanian
of Spain. The shape of the trace fossil from the Roaches Grit Group
suggests that here also, the bivalves sometimes rested inclined within

the sediment.

8.2.3. Bergaderia sp. Prantl 1946

Material Specimens from Hogshaw Brook (SK 0547 7u92)'and Dane Bridge

(SJ 9661 6521).

Morphology
Sub-rounded hypichnical cast up to 1.5 cm in diameter and 0.75 cm
deep. The specimen shown in Plate 56 is asymmetrical in cross section,

one half with a near vertical side, the other with the side inclined at

about 30°.
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Occurrence

Occurs at the base of LF 7 Ripple-laminated Sandstone and LF 4
Turbidites in Association B. Bergaueria has been interpreted by various
authors as the cast of burrows made bi sedentary organisms sucﬁ as coelentg@tes,
arthozoans and actinians (Alpert 1973). Baines (p.com.) on the other hand
suggests that Bergaueria found on the Sases of turbidites within the Pendle
Grit (Namurian Eic) in the northern Pennines may be the dwelling place of a
worm living at the sandmud interface. No trails have been found
leading in to the structure in either of the present examples, or those
figured by Baines, and his suggestion-seems unlikely.‘ It is just as likely
that Bérgaueria is a dwelling cavity in the muddy sediment surface, casted
by sand brought in later.

8,2.4. Cigar Shaped Ridge

Material Specimen from near Burbage Reservoir (SK 0346 7216)
Morphology

Cigar shaped hypichnical ridge 3.8 cm x 1 cm and about 0.5 cm deep.
Semi-circular in cross section with fairly steep sides [Plate 57].
QOccurrence

Base of a bed of LF 4 Turbidites within the Deep ﬁater Association
8.2.5. Cochlichnus sp. E. Hitchcock 1858,

This form has also been referred to Sihusites (Demanet and Van
Straelen 1938), which is still widely used.
Material Loose and in situ specimens from a number of localities, .
Morphology

Regularly sinuous endichnical burrows, hypichnial depressions and
epichnical ridges, resembling sine curves. They are circular in cross
section, with a diameter of about 1 mm. Wavelengths vary from 1 - 2 cm
and are constant within an individual structure., Length is highly variable,
the ma#imum recorded being 17 cm, though some are as short as 1} cm.

.Several trails may criss-cross the same area [Plates 56, 58, 60].
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Ecologl

Cochlichnus occurs within Lithofacies 4, 7 and 8 in the Deep

- Water, Delta Slope and Upper Slope and Delta Top Associations. The
meandering trail was probably made by a worm moving on or just within the
sediment surface.

8.2.6., Discontinuous Sole Trails

Material . Loose and in situ from a number of localities.,

MogEhologz

Siﬁuous to meandering hypichnial ridges [Plate 5381 ‘1 « 5 mm
diameter and up fo 13 cm in length. The structures vary in thickness and
ofteﬁ,thin out altogether for distances of up to 1 cm forming a discontinuous
trail. |

They resemble forms described by Holdsworth (1963) referred to
Granularia but the occasional branching which he observed is not present.
McCabe (1975) and Baines (p.com) describe similar structures and refer theﬁ
to Planolites, although these are less variable in thickness. The
tinterrupted meanders' figured by Ksiazkiewicz (1970) are also very similér;
Ecology

These occur on the soles of Lithofacies 4 Turbidites within the
Deep Water Association. It is not clear whether they pre date or post
date theqcasting‘sediment asvcritical relationsﬁips with turbidite bottom
structures have not been seen. In the specimen shown in Piatev59 rare
fine grooves occur in un~bioturbated areas, but most of the bioturbatién
seems to have obliterated the current formed structures.

The trails are probably formed by worms, burrowing along the saﬂd
mud interface, periodically passing material through the alimentary canél.
Both Seilacher (1962) and Holdsworth (1963) consider the similar Granularia

to be post-depositional.
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8.2.7. Large Pipe
Material One loose block in stream section above Upper Hulme (SJ 0125 6129).

The specimen is incomplete.
Morphology

Hypichnial cast, circular in cross section, 1 - 2 cm in width, and
4 - 5 cm in length. Slightly sinuous in plan and inclined sub-horizontally.
The pipe is entirely sand filled with traces of a concentric lamination
parallel to the sides [Plate 61].
Occurrence

Occurs within LF 7 Ripple-laminated Sandstone within Association B.
8.2.8, Planolites sp. Nicholson 1873.
Material In situ material from near Burbage Reservoir (SK 03u6 7216)
Morphology

Straight,“cylindrical, unbranched endichnical burrows 1 mm in width
and up to 5 cm in length. They occur within the Bouma B division in
Lithofacies 4 Turbidites,’which consists of interlaminated aranaceous and
argilliaceous layers. They are now preserved along laminations as ridges
where the underlying sedimentary lamination is argillaceous 6r as grooves
where the overlying sedimentary lamination is argillaceous.
Occurrence

Planclites occurs within LF4 Turbidites‘in the Deep Water Association
and is probably formed by worms burrowing withinvthe éediment. Where the
animal moved along the junction between two laminations of different

composition, the cavity was filled by4collapse of the upper lamination.
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8.2.9. Rhizocorallidae

Material In situ specimens from Cumberland Brock (SK 994 698)
Morphology
Endichnial disturbances up to 1 cm in diameter and 2 cm in length,
iinclined by about 5° from vertical. They contain a series of thin, gutter
shaped léminations or spreite. [Plate 52}. The associated sediment is

extensively bioturbated with little structure.

" This type of structure occurs with Rhizocorallium, Diplocraterion

and Teichichnus. None of the specimens are well enough preserved to assign

a genus and are referred to the Family Rhizocorallidae (Seilacher 1967).

Occurrence

Found only in LF 18 Wave-laminated Sandstone, in Association D.

8.2.10. Rounded Sole Trail

Material In situ specimen from stream section Burbage Reservoir (SK 0346 7216)

Morphology :
Round hypichnial trail 3.5 cm in diameter and 0.5 cm deep. Slightly

asymmetrical in cross section [Plate 62],
Occurrence

Base of a bed of LF 4 Turbidites In the Deep Water Association.

8.2.11, Small Simple Pipes
Material Loose block from Bosley.Stream Section (SJ 91 64) and in situ

material near Burbage Reservoir (SK 0346 7216).

Mogghologz

Small simple pipes, cylindrical in shape 0.5 - 1 mm in diameter.
They give rise to round hypichnical casts regularly spaced at about 5 per
square centimeter. [Plate 57]. In section they occur as vertical to
slightly inclined pipes up to 3 cm in length.” They are usually only
visible in laminated and thinly bedded sediments, whefe endichnical forms
are filled with darker, more a:gillaceous sediment brought down from the

overlying bed, and exichnical forms are filled with lighter coarser grained
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sediment. Quite often there is a slight‘bending'down of the adjacent
sedimentary laminatioﬁ’[Plate 63].

These trace fossils are very éimilar to the 'small simple pipes'
figured by Chisholm (1968), but neither bent, nor horizontal forms have
Been seen.,

Ecology v

Small sihp;e pipes occur within lithofacies 7 and 8 in the Slope
Association and in Lithofacies 4 in the Deep Water Associatiop.Chisholm »
(1968), notes that among present day forms, similar burrows‘are produced
both by small worms whiéh‘eat sediment below the surface and those which

find their food on the surface or above it.

8.3, Vertical Distribution of Trace Fossils

The vertical distribution of the forms described within the main
Facies Associations are shown in Table VII. There has been insufficient
collecting to establish the complete range of the ichnospecies. The forms

most common in the Delta Slope Association, Pelecypodichnus, discontinuous

sole trails and small simple pipes also occur in the Deep Water Association,

but Pelecypodichnus, very common on the slope, is rare. Within Association
D, in spite of the intense bioturbation of the sediment only one form may be

actually recognised. Pelecypodichnus does not occur here, perhaps because

of the approach to more marine conditions following the cut off of the
fluvial supply.

The vertical sequence in the Roaches Grit Group reéords the filling
inofa fairly deep water basin and the establishmeﬁt of shallow water
conditions. It is difficult to estimate the water depth during the
deposition of the Deep Water Association because of the unknown effects
of compacfion and subsidence, but it is likely to have been in excess of
100 m.

Seilacher (1967) has claimed fhat trace fossil communities are

mainly bathymetry-controlled. He has erected four major communities ranging
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from the littoral Skolithos Facies with its vertical burrows and other
domichnia, down to the deep water Nereites Facies characterised by more
regular grazing trails. This type of depth zonation does not occur in

the Roaches Grit Group. The Deep Water Association contains vertical
burrows but regular grazing trails are absent. This is almost certainly
because the turbidite sequence here was deposited at much shallower depths
than the thick Flysch sequences from where Seilacher has recognised deep
water communities. It does show, however, that vertical burrows and other
probable dominichnia - such as Bergaueria can occupy a coméaratively wide

depth range and are not always restricted to a very shallow water environment.



Table VII

Distribution of trace fossils within the Associations

ASSOCIATION D

Rhizocorallidae

Much unspecific bioturbation

ASSOCIATION C

Fluvial Channel Assemblage

" Pelecypodichnus

Upper Slope Assemblage.

Bergaueria
" Cochlichnus
Peleypodichnus, very common

Inclined bivalve resting trace

ASSOCIATION B

Bergaueria

Cochlichnus

‘Pelecypodichnus, very common
Discontinuous sole trails
Large pipe

Small simple pipes

ASSOCIATION A

Pelecypodichnus, - Rare
Planolites -

Cigar shaped Ridge
Discontinuous sole trails.
Rounded sole‘trail

Sméll‘simple'pipes

127,
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Chapter 9

Areal Variations, Basin Analysis and Regional Significance

9,1, Earlier Namurian Sedimention

By the beginning of the Namurian a fairly deep basin had been
established in northern England. The southern edge of the basin lay
against the Midland Landmass through mid-Staffordshire and south Derby-
shire [Fig.53). . The northern edge is marked by the Craven Fault forming
the boundary of the Askrigg Block. The western and eastern limits of .
the basin are unknown. .

During the early part of the Namurian, a number of structural
blocks had a considerable effect on sedimentation facies and thicknesses.
In the central area, the East Midland Shelf and its south west extension
the Derbyshire Block were areas of shallower water and condensed
deposition, the El sequence being locally unconfprmable on the edge of
the Derbyshire Block around Buxton, (Kent, 1966, Trewin and Holdsworth
1973). In north Staffordshire, the north-south trending Red Rock fault
seems to correspond with the western margin of a wide Western Shelf
covering most of Cheshire and North Wales. The El sequence thins rapidly
across the fault (Trewin and Holdsworth 1973). The Askrigg and Alston
Blocks were also positive areas of condensed deposition and provided a
link to other basins further north.

Between these blocks were three areas of deeper water, [Fig.53].
The large Central Pennine Basini to the south the small North
Staffordshire Basin lying between the Red Rock Fault and Derbyshire
Block, and to the east of this, the narrow east-west trending Widmerpool
Gulf (Falcon and Kent 1960),

Prior to the beginning of the Namurian paralic conditions were
restricted to north of the Craven Fault. The earliest phases of

deposition during the E Zone in all three basins were turbidites.
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During the Namurian the basin was progressively filled so that by
Westphalian times parelic environments were widespread across the entire
area. In the Namurian the middle and northern parts of the area experienced.
three major phases of fill, [Fig.58}. The first, during the Elc Zone,

the Pendle and Skipton Moor Grits (Reading 1964, Baines p.com.), the

second during the Rl Zone, the Kinderscout Grit Group (Reading 1964,
Collinson 1967, 1969, McCabe 13975), and the third during the lower R2 Zone,
the Alum Crag Grit in Lancashire (Collinson, Jones and Wilson in press).
The Kinderscout Grit Group ié the most thoroughly investigated, although
the other two incursions are similar, where there is a thick sequence

with a threefold subdivision into turbidites, delta slope and delta top
environments. Each phase of fill represents the first establishment

of shallow water conditions in the area. All of these sediments are

rich in felspar and are considered to be of northerly derivation, (Sorby
1859, Gilligan 1920).

During the same period small volumes of sediment were derived from
the southern Midland Landmass into the north Staffordshire Basin and
Widmerpool Gulf. These are protoquartzites with little felspar or mica
and are petrologically quite different from the northerly derived felspathic
sandstone. Here too, shallow water deltaic sedimenté are flanked by
deeper water turbidites (Trewin and Holdsworth 1973). By the beginning
of R2b, progradation from the south had established shallow water
conditions around the southern margin of the basin extending just to the
south of Leek, (Ashton 1974). Further to the north west, in the central
and northern pars of the North Staffordshire Basin, deep water, mainly
turbidite sedimentation persisted, (Ashton 1974). In the Rlc - lower
R2b north Staffs sequence palaeocurrents in protoquartzitic turbidites
are towards the north east, whereas palaeocurrents in northerly derived

felspathic turbidites are towards the south east, (Ashton 1974, and
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personal observations); ;The'latter 6riéntation suggests derivation
possibly‘over a siil around the wésferh ﬁérgih of the Derbyshire Block
which was still a‘poéitiveifeatufe, and where a‘félatively condensed
mudstone sequénéé was deposited between the E and lower R zones.
(Ramsbottom et.al. 1962).

9,2. Late R sequenée in the southern Pennines

9,2.1. Thicknesses

Isopachytes:for the R. bilihgue late form to R, superbilingue

interval in the southern Pennines are shown in Fig.54., In marginal areas,

where the R. bilingue late form band has not been reéogniéed, the

R. bilin e‘éé. band has been used as the lower stratigraphic marker.
This makes little difference to the thicknesses‘és‘the two horizons are
normally close togethér.

The greatest amounts of sediment were deposited in an elongate
north-west, south-east trending zone about 80 km long and 30 km wide. The
sequence thins rapidly to the north,‘particulafiy between Buxton and Chapel-
en-le-Frith. It also thins rapidly south westwards, alfhough there is
little detailed information outside north Staffordshire. Unfortunately
there is no eXposuré'adjacent to the thesis afea’to the west of the Red
Rock Fault.

9.2.2. Local Variations

Regional variations in the vértica} sequence in the thesis area
are shown in Fig.i8. The full vertical sequence with both deep water,
and delta top aésoéiations, [Fig.55] is restricted to area A. Almost
complete, but intermittently exposed sections through the whole sequence
occur at Upper Hulme, [Section 4], the Dane Valley [Section 5], Cisterns
Clough [Section Gj and further north in two stream gulleys near Buxton
[Sections 7 and 8]. All of these localities are too wide apart to permit

any detailed correlation.
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At Upper Hulme turbidites in the Deep Water Association are exposed
in the stream section below the village [Fig.l15)}. They pass abruptly into
rippled sandstones of the Slope Association at the top of the waterfall
below Dane's Mill (SK 0123 6122). The top of the Slope Association is
cut into by a large fluvial channel. This and other‘channels are exposed
in the nearby escarpments at Hen Cloud and the Roaches. There is no
continuous exposure in the sequence between the top of the fluviallchannels

and the R. superbilingue band in this area.

In the Dane Valley, the Deep Water Association is exposed in the
stream bed upstream from Hammends que (SJ 9544 6407) to the wéir |
(SJ 9570 6421). Above this the sequence is repeated py compléx folding
and faulting. The top of the Deep Water Associatibn occurs below the
bridge at Danebridge (SJ 9654 6417). A thick discontinuously exposed
section in the Main Slope Association occurs upstream. As explained
previously, this part of the sequence has probably been disturbea by
syn-sedimentary growfh faulting but the actual féults are not exposed.

The top of the slope is cut out by a large fluvial channel at
Gibbons Ciiff probably at a higher level than the channel above Upper Hulme,
This channel consists entirely of a cbset of Medium Scale Cross-bedding
exposed in the gorge at Allgreave Wood. A coarsenihg upwards sequence
in the Delta Margin Association above the channel occurs at the entrance
to the gorge (SJ 9722 6681) and is pepeated by faulting upstream from
Allgreave Bridge (SJ 9699 6739) [Fig.51B]. |

None of the stream sections north of this area exposes the Deep
Water or Slope A;sociations. Sections in-the Association D,
occur in Cumberland Brook (SJ 993 699) [Fig.51.A] and further east in the
River Dane below Culthorne Hill (SK 00 67).

A long section through the complete sequence occurs in Cisterns
Clough [Fig.18]. The Deep Water Association is poorly exposed, but mapping

suggests that the turbidites are much thinner here than further south at
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Upper Hulme. Most of the lower part of the Slope Association is now
concealed by the new roadworks. The upper paft of the slope sequence
consists mainly of ripple laminated sandstones, above this a thick coset
of medium scale cross bedding represents one or more channels in the
Delta Top Association.,

In the two sections at Buxton the lower part of the Deep Water
Association is dominated by LF 6 parallel sided sandstones. Turbidites
appear higher up the sequence forming the lower part of the escarpment at
Corbar Hill. They thin out rapidly towards the north. A well developed
slope sequence is again present though it appears to be considerably
thinner in the River Wye section above Burbage Reservoir (SK 036 721),
[Fig.18]. Possibly hidden faults or folds occur in the thick unexposed
section.

The Delta Top Association extends westwards as far as Rudyard and
northwestwards into Macclesfield Forest. Beyond this it disappears but
the actual zone of disappearance is virtually unexposed.

In area B there is only one long section through the sequence
[Fig.18-3] and this is very intermittently exposed. No turbidites
occur in the Deep Water Association here but there are many gaps. The
Delta Slope Association extends to near the top of the sequence close to
a mudstone with fish fragments which is probably very near to the horizon

with the R. superbilingue band. Good sections in the Slope Association

occur at Bosley Works (SK 9138 6477) and in Ravens Clough Wood (SK 915 631)

which is mostly mudstone. The R. superbilingue band occurs above this

sequence at (SK 9106 6321).
In the southern part of area B poor sections in the Deep Water
Association occur in the stream running through Lee Wood (SK 92 63) where

turbidites come in above the R. eometabilingue band, and the stream below

Woodside Farm (SK 9053 6460) where turbidites pass up into ripple laminated

sandstones of Association B,
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Further to the nortﬁ around Macclesfield a very thick turbidite
sequencé occurs in the Deep Water Aséociafion. These are the Walker'“
Barn Grits of Evans et;al.‘(lQGB), and are well exposed in quérries around
Walker Barn and in the stream section above Lamaload Reservoir (8J 96 75).
Above this ripple laminated sandstones of the Slope Association occur in
the River Dean (SJ 9600 7560) . The upper part of the Association is not
exposed.

Turbidites in the Deep Water Association extend northwards into
the Todd Brook area gradually thinning out.

In area D, in which there is just-one long section, Ridge Clough
(SK 06 79) [Fig.18] the sequence thins to about 200 m in the thesis area.
Turbidites are absent from the Deep Water Association which consists mainly
of LF 6 Parallel Sided Sandstones. These probably extend up‘into the
Slope Association. Abové this the slope contains alternations éf
lenticularly bedded and riﬁple laminated sandstone. A fluvial channel'

. with a coset of Medium Scale Cross-bedding caps the sequence. The upper
part of the succession is not exposed. | )

In area C, there are two long éegtions in Shirley Hollbw‘[Fig.lB:i]"
and near Cotton [Fig.lB-ﬂ. Here the sequence has thinned substantially
to about 60 m. The Deep Water Association is absent and a Slope Association
of about 40 m passes up into a thin fluvial channel sequence (The Shirley
Hollow Sandstone of Morris, 1969) with Medium Scale Crdss-bedding. The
Abandonment Association éxposed in Shirley Hollow contains a seat earth
and very thin coal ét the base followed by a mudstone sequence up to the

" R. superbilingue band.

In east Derbyshire, the late R2b sequence, dominated by the Ashover
Grit shows a similar vertical subdivision with turbidites passing up
through slope sediments into delta top fluvials (J.I. Chisholm p.com.).

Palaeocurrents show a mean towards the north west.
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9.2.3. Source of the sediment

The sandstonesqf the Roaches Grit Group, and of the‘Ashover Grits
are rich in felspar quite different from the southerly derived protoquart-
zites [fig.SB].ns;i éi@ilar.to the northerly derived felspathic sandstones.
The palaeocurrents, however, are from the south east, whereas in the three
previous major phases of fiil palaeocurrents are from the north east [Fig.56].

This apparently anomologs“direction hés‘led to a difference of
opinion over the last 15 years as to the source of the sediment in the
Roaches and Ashover Grits. Mayhew (1967) suggested that the Ashover Grit
was derived from the Midland Landmass which was uplifted at this time,
This uplift also temporarily established a south to north dipping palaeoslope.
Stevenson and Gaunt (1971) also suggested a southerly derivation. Harrison
in Evans et.al. (1968) and Holdsworth (1963) on the other hand suggest
that the Roaches Grit Group is of northerly derivation on the basis of
‘petrological similarities to the earlier Kinderscout and Skipton Moor Grits.
They do not explain the apparently anomolous palaeocurreﬁt directions.

The present investigation of the Roaches Grit Group has shown that
the delta top sequence, particularly the large fluvial channels, is similar
to the Kinderscout Grit Group. The channel fill sediments are very
unusual, and at present seem to be unique to the éentral Pennines Namurian.
The channels are very large, probably 1 km or‘more,in width, The Midland Land
Mass is believed to have been quite small during the Namurian, with a_
southern margin running through South Wales across to Kent, (Ramsbottom 1971).
In modern rivers there is a fairly close relationship between channel size
and the size of the catchment area, (Leopold et.al. 1964)., It is very
unlikely that the Midland Land Mass was large enough to serve as a catchment
area for the river which deposited the Roaches Grit.

Three separate lines of evidence, petrology, nature of the channel
fill, and size of the channels, all argue against a southerly derivation,

and suggest that the sediments in the Roaches Grit Group, together with
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the Ashover Grits were, like the older Kinderscout and Skipton Moor Grits,
derived from the north.

9,2.4., Controls on sedimentation

_The pattern of sedimentation was largely controlled by the earlier
sedimentary fill. The sequence thins rapidly to the north because here
the basin had been filled during the earlier Rjc Kinderscoutian fill
phase. Similarly there is a rapid southerly thinning against the shallow
water lower and middle Namurian protoquartzite sequences. In between
these two areas lay a narrow deep water trough which was filled in by
the "Roaches Grit and Ashover Grit delta". By the close of R2b, shallow
water conditions had been established everywhere, except possibly in the
extreme north west of the basin around Macclesfield and Todd Brook.

Palaeocurrents are parallel to the axis of the trough as the delta
prograded from the south east, roughly normal to those is the older proto-
quartzites and the reverse of those in K felspathic turbidites of RiC and
early R2b age. This unusual palaeocurrent direction is a function of .
the shape and orientation of the deep water trough into which the delta
was building plus the effects of slight tectonic movements along the
southern margin of the basin. Although the Midland Land Mass was no
longer a supplier of sediment in the north, it was not completely submerged
and still supplied sediment to the South Wales Basin (Kelling 1974). The
R2b sequence is absent south-east of a line between Stoke and Stafford. |
The offsetting of channel fills at the Roaches, described earlier in
Chapter 6, suggests there was a slight tilting away from the Midland Land
Mass towards the north. As the river entered the basin from the north-
east, its course was diverted somewhere beyond the area of present outcrop
and the channels became aligned nw/se, the delta beginning to prograde
from the south-east along the axis of the trough, [Fig.57].

The deeper part of the trough was rapidly filled with sediment and

this would compact relatively quickly. To the north and south, a much
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thinner sequence was deposted over the older sedimentary fill, which by

this time, would already have been relatively well compacted. As a

result, subsidence would have been greatest in the deeper parts of the
trough. The river.channels will have tended to follow the line of greatest
subsidence and will become aligned parallel to the trough axis. This last
phase of progradation is now exposed as the Roaches Grit Group and Ashover
Grits.

The outline of the Derbyshire Block, has no effect on the isopachyte
pattern [Fig.54] nor the palaeocurrents. Vertical sections on the edge
of the Block near Buxton (sections 7 and 8, Fig.18) are similar to those
further south in the central part of the basin. By this time the Block
had ceased to be a positive structural feature.

9.3. Regional significance

The Roaches Grit Group represents the fourth, and last stage of
£i11l in the Namurian Central Province Basin. The vertical sequence is
similar to those of the earlier phases with a thick turbidite and delta
slope succession preceding the establishment of shallow water delta top
conditions. This type of sequence generally only occurred where deltas
built out into a deep water part of the basin, and for this reason the
location of these coupled turbidite-delta systems is closely controlled
by the earlier sedimentary fill [Fig.58].

The sediments of each phase are felspathic and are all probably of
northerly origin. Following an early influx in the Eic zone, most of
the fill took place considerably later during the R zone. It took the
greater part of the Namurian period which lasted for 12m years (Ramsbottom
19690 to finally fill the basin.

Although the structural morphology of the basin had an important
influence on sedimentation facies and thicknesses during the early part

of the Namurian, (Ramsbottom 1971, Trewin and Holdsworth 1973, Baines p.com.),
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this became less important as the basin was filled. The Derbyshire Block
had no etfect on sedimentation of the Roaches Grit Group and Ashover Grits,
and the Craven Fault appears to have had little effect from E2 (section in
Ramsbottom 1971). It appears that during the Namurian there was little
differential subsidence between block and basin and sedimentation gradually
blanketed the 1rregular morphology | .

| In none of the sequences descrlbed is there any evidence of tidal
activity and it may now be safely concluded that the basin was largely
tideiess. Wave‘feworking of the sediments was also limited;.although:
the upper parts of-the 'Roaches Grit:delta; show,etidence of limited
wave activity.

McCabe (1975) found no ev1dence for sea level changes in the
Klnaerscout Grit Group, and none has‘been found in the present
1nvest1gatlon. The transgres31on and re-establishment of fully marine
conditions at the top of the Roaches Grit Group probably resulted from a
major abandonment of the delta system. The reason for these four major
influxes of sediment‘is unknown but it seems unnecessary to invoke sea
level changes. Clamatlc or tectonlc changes in the source area, or
major shifts in the courses of the rivers could lead to perlodic influxes

of large amounts of coarse sediment into the Central Pennine area.
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Section III

THE SEDIMENTOLOGY OF THE LOWER PENNANT MEASURES IN THE RHONDDA VALLEYS

Chapter 10

10.1. Introduction

The area studies lies between Pontypridd in the south>east and
Glyn Neath in the north west, aioﬁg the valleys of the Rhondda Fawr,
Rhondda Fach Taff and Gawr. /Thé long road section at Earlwood Roundabout
near Briton Ferry has aléovbeen examined [Fig.59]. Most of the exposure
occurs in quarries aﬁd roéd\éuftings éiong the valley sides, supplemented
by rarer stream sections.

The main;areé lies in the central part of the South Wales Syncline
and the rocks are horizontal with little subsidiary folding. Faulting
splits the sequence into a lafge number of structural blocks typically
hundreds of metres ih size, and in some of the larger exposures the
structure allows léteral correlation of the vertical sections. The
Earlswood Roundabéut section lies on the southern limb of the South Wales
Syncline and the gequence dips to the north. This pr&vides a continuously
exposed section of 130 m. In the main areé, most sections are typically
10 - 30 m in length,

The Lower Pennant Measures, as defined by Woodland, Evans and
Stephens (1957), occur between the Upper - Cwmgorse Marine Band at the base,

and Hughes Coal at the top. They correspond to the zone of Anthraconauta

Ehilligsi in the upper pabt of Wesfphalian C. [Fig.60.) Within the
succession, there are no biostratigraphical marker horizons and correlation
is based on the principal coal seams [Fig.60]. These ha§e now been
correlated over wide areas of the South Wales Coalfield and within the
comparatively small area of study these correlations appear to be reliable,
Three subdivisions of the Lower Pennant Measures are recognised,

the lLynfi, Rhondda and Brithdir Beds [Fig.60]. The succession averages
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550 m in thickness in the area of study, thinning to the east and thickening
to the west.

10.1.2. Previous Research

A summary of previous research on the stratigraphy and structure
of the area is given by Woodland and Evans (1964). . Work on the sediment-
ology and palaeogeography of the Westphalian of South Wales has shown that
this was deposited in a partially restricted east-west trending basin
bounded in the north by the Midland Land Mass and to the south by a large
'Hercynian Continent', (Wills 1951, Calver 1969).  This basin probably
connected with open sea in the west and extended to the east through Kent
and northern France into Belgium and Holland., .

The Westphalian A and B succession is broadly similar to other
British Coal Measure' sequences with numerous small coarsening-upwards -
cycles with marine or non-marine faunas at the base and coals at the top,
(Woodland and Evans 1964), These have been interpreted as largely deltaic
in origin, with the occasional development of alluvial flood plain
environments, (Williams 1966, Reading 1871, Kelling 1974), = Sediment
supply was predominantly from the north during Westphalian A, but during
Westphalian B, southerly supply became increasingly important. Isopachytes
show that the thickest part of the sequence lay in Swansea Bay during
Westphalian A and between Swansea and Ammanford during Westphalian B,
The basin of deposition in the area of the main South Wales Coalfield was
aligned north-west, south-east, slightly oblique to the orientation of
the present structural basin, (Owen 1964, Thomas 1974).

At the beginning of Westphalian C, a profound change in the nature

of sedimentation occurs. The ."cycles" in the Pennant Measures are much

thicker than .earlier in the Westphalian, consisting mainly of thick sand-
stones with conglomerate bands, fining upwards into mudstones with coals
near the top, (Woodland and Evans 1964), As will be explained in more

detail, later, this type of sequence is not established simultaneously
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everywhere, and coarsening upwards 'Coal Measure Type' cycles occur locally,
particularly in the Llynfi Beds.

The sedimentology at the Pennant Measures has been investigated by
Bluck and Kelling (1962), Kelling (1964, 1968, 1969, 1974), Reading (1971)
and Stead (1974), These workers have mainly concentrated on the better
exposed Rhondda Beds, but Stead (1974) has also worked on the higher
Brithdir Beds, and stratigraphic equivalents in the Forest of Dean and
Bristol Coalfields. They have shown that the Pennant Measures may be:
subdivided into two quite distinct lithofacies, a subgreywacke facies,.
known locally as the 'Blue' Pennant and an 'orthoquartzite' facies
restricted to the northern and eastern parts of the present structural
basin. The orthoquartzite lithofacies was earlier considered to be fluvial
in origin, (Bluck and Kelling 1962, Kelling 1964, 1968) but more recently
Kelling (1974) and Stead (1974) have suggested that it is a marine deposit,
This re-interpretation may be questioned on several grounds and will be
discussed later.

All the workers agree that the subgreywacke lithofacies is mainly
fluvial in origin and derived from a landmass, sometimes called the
'Cornubion . Landmass', to the south of the basin of deposition. This
conclusion is accepted in the present study which has concentrated solely
on the subgreywacke lithofacies.

Isopachytes in the Rhondda Beds and entire Lower Pennant Measures
(Woodland and Evans 1964, Thomas 1974), show a similar thickness pattern
to the preceding Westphalian A and B succession with the locus of deposition
in the Swansea Bay area. Palaeocurrents in the Rhondda and Brithdir Beds,
show that sediment transport was predominantly from the south-east towards
the north—west; roughly parallel to tﬁe trend of the isopachytes (Kelling
1974, Stead 1974)., Stead, in addition suggests that during the deposition

of the Rhondda beds a shoreline existed in the eastern part of the Coalfield,
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aligned roughly normal to the palaeocurrent trend and running roughly
through the centre of the present main coalfield, Open marine conditions
persisted to the north-west, passing  upcurrent into fluvial environments
to the south-east. This interpretation is not supported by the present
study. |

Within the fluvial sediments in the Rhondda Beds, Reading (1971)
commented on the regular fining upwards pattern seen in some channel fill
sequences and suggested that meandering rivers were mainly responsible.
Kelling (1964b, 1968, 1969, 1974) made a more extensive facies analysis
of the Rhondda Beds and recognised a fully developed fining upwards cycle
following the technique of Allen (1964a, 1965)., This cycle has five
principal components. A basal log’ conglomerate member with ironstone
pebbles, shale flakes and plant fragments is overlain by the main sandstone
member which has an upward gradual or abrupt decrease in median grain size,
~ generally near the top. The lowest part of this sandstone member may be
massive or irregularly bedded commonly containing numerous logs. This
is followed by cross bedded sandstones with sets decreasing in sige upwards,
Above this are units of flat-bedded and then ripple laminated sandstones.
The third member is termed the siltstone mudstone complex and often contains
a series of ripple-laminated, or cross-bedded fining upwards units. ° Finally
there are capping members of seat-earth and then coal.

Not all cycles contain the full sequence. In particular the basal
conglomerate ﬁember and massive and melange units of the sandstone may be
absent. Kelling suggested that these formed in the deepest or axial parts
of non-meandering channels and laterally banked up against steep channel
sides. Thus sections starting higher up in the channel fill sequence at
the sides of the channel, would not contain them. - The overlying unit of
cross-bedded, flat-bedded and ripple-laminated sandstone is interpreted as
the point bar complex of a méandering river, The siltstone-mudstone unit

is regarded as either the fill of an abandoned channel or sometimes as a
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true flood-plain deppsit the smaller fining upwards cycles originating

as crevasse-splays. Local deviations in cross bedding orientation are
regarded as the result of the variable alignment of meandering channels,
The thickness of these cyéles varies from 2.6 to 35 m, Kelling regards
the thicker cycles as resulting from several stacked channel fills resting
one above the other. He does not suggest a typical thickness for single
channel fills. In the southern part of the basin the proportion of finer
grained sediment is much less. Here Kelling suggests the rivers were
braided or of low sinuosity.

In an earlier study, Bluck and Kelling (1962) demonstrated the
abundance of preserved channel morphologies within the Pennant sequence.
These generally have a south-east to north-west alignment parallel to
the cross bedding vector mean.  They claimed to recognise four types of
fill; side fill, vertical fill, downfill and upfill.

The present investigation disagrees with both Kelling's
description of the nature of the channel fill sequences and with his
interpretation of the type of river responsible. His earlier general
ideas on the regional palaeogeography are accepted as a framework for the
detailed local study, although the recent reinterpretation of the ortho-
quartzite lithofacies (Kelling, 1974; Stead 1974) seems questionable,

10.2. Lithofacies description and interpretation

A separate lithofacies classification has been devised for the
Lower Pennant Measures. A comparison with the lithofacies types defined
by Kelling (1968) is shown in Table VIII. Two facies associations occur:

" "Association A, largely restricted to the Rhondda and Brithdir Beds consists

mainly of sandstones in thick,.broadly fining upwards units with subordinate
finer grained sediments. These are interpreted as fluvial channel and
channel overbank sediments,

'Association B, largely restricted to the Llynfi Beds consists of small

scale coarsening upwards cycles, sometimes with very small fining upwards
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channel fill sequences at the top. These are interpreted as the sediments
of small deltas or crevasse deltas, The detailed relationships of the two
associations are discussed later.

With four exceptions, the lithofacies are not particularly unusual
and the aim is to give them only a brief description. The chief purpose
is to look in detail at the facies relationships.

10.2.1. Association A Fluvial Channel Sediments

10.2.1.1. Lithofacies 1, Tabular Cross-bedding [Fia c;rn]

| Medium grained generally well sorted sandstones in sets up to
3.5 m thick [Plate 64]. These form cosets up to 5 m thick, usually containing
only a few individual sets. The basal erosion surfaces to the sets are flat
[Fig.61] sometimes with lags of plant material., TForesets may be angular or
tangential and may contain multiple convex upwards internal ercsion surfaces
[Chapter 2]. Regressive intrasets do not occur, Individual sets may be
traced for tens of metres in the XY plane without substantially altering
in thickness, and then are usually cut out by‘a differing overlying facies.

This lithofacies is quite rare,

Interpretation

Tabular cross bedding ié deposited by large scale ripples termed -
sandwaves, As explained in Chapter 2, these may be either straight crested
or lingwid shaped. The presence of multiple convex erosion surfaces shows
that sometimes smaller bedforms were superimposed on their backs [Chapter 2].

10.2.1.2, Lithofacies 2, Trough cross-bedding [Fig.61¢]

Fine to medium grained sandstones, generally well sorted. They
form erosively based cosets 1 - 10 m in thickness which may be often traced
many tens of metres and sometimes hundreds of metres in the X2 and XY
planes. Set thicknesses vary considerably from 5 em to 2} m but most fall
in the 20 - 75 cm size range;' Larger sets have troughs up to 20 m in
width [Plate 65]. Within cosets there is sometimes a progressive upwards

increase in average set thickness by three or four times. Upwards
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decreases in set thickness of a similar magnitude also occur very .
occasionally., . Within cosets, set thicknesses are generélly fairly

similar, but occasionally set sizes appear to vary by a factor of up to
three. /Unfortunately,~the structures are rarely sufficiently well weathéred
vﬁo determine.. set sizes accurately.

Sometimes tpe}trgugh_form‘is‘preserved and filled in with;siltstone,
as at the roadcutting near Blaenrhondda (SN 9310 OOSO){[Plate 85] or by an
alternation of siltstone and ripple laminated sandstone as in Nant y Gwair
(SS 9101 9839), [Section in Fig.64). - The profile of a dﬁne may also be
preserved by a siltstone drape as north of Craig yr Hesg, (SS 9223 0153),
[Plate 84].

This lithofacies is very common’in Association A.  When exposed
only in the XY plane, however, large sets of trough cross beddiné are
difficult to differentiate from tabular sets [Plates 65, 66].

‘Interpretation

Trough cross-bedding is usually formed by sinuous crested bedfornms,
dunes. Harms and other (1975), suggest that most dunes are no larger
than 1 m in height. Clearly the bedform responsible for the larger set
sizes in this lithofacies were much bigger. Trough shaped erosion surfaces
are known to occur in front of much bigger sandwaves (see detailed discussion
in Section 10.2.1.3.) and it is possible that the large sets of trough cross
bedding were not formed by dunes.

Rabl €
10.2.1.3., Lithofacies 3, Cross-bedding with undulating basal erosion surfal%gjx]

This‘lithofacies is an intermediate form between the types described
in sections lO.é.l. and 10.2.2, It may nevertheless be clearly different-
iated in sections through the Y27 plane.

It consists of fine to medium grained sandstone in cosets of cross-
bedding with individual sets usually 10 cm to.1 m thick, In the XY plane

the basal erosion surfaces are flat [Figs. 62, 63, Plate 68] and the
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lithofacies is indistinguishable from Lithofacies 1, individual sets
extending for tens of metres. - In the ¥Z plane the erosion surfaces occur
in a series of shallow troughs usually no more than 10 cm in depth
[Fig. 61, Plate 69]. These have low angle sides and unlike LF 2 are not
intersecting. The overlying cross-lamination is parallel to the erosion
surfaces in the XZ plane, and slightly tangential in the XY plane.

It is difficult to assess how often this lithofacies occurs as it
is not easily distinguishable except in good three dimensi?nal exposures,
but it appears to be more common than LF 1 but less common than LF 2,

‘Interpretation

Recent flume and field studies of large scale ripples have
demonstrated that many of these are of two main types, dunes and sandwaves
(Harms and others 1975).  The differences have been outlined in previous
Chapters. In many ancient fluvial sequences there appears to be a clear
distinction between tabular and trough cross-bedding, and it is probable
that in many cases these structures are the deposits of these two types
of bedforms. - In not all modern environments is there such a clear
distinction. Coleman (1969), for example, records three types of large -
scale ripple from the Brahmaputra, 'megaripples', 'dunes' and 'sandwaves'
of which the 'dunes' and 'sandwaves' ranging from 1.5 m to 17 m in height,
compare in size to the sandwaves of Harms and others (1975). However
the 'dunes' have very irregular crestlines and well developed scours in
the lee. Even fhe larger 'sandwaves' develop leeside spoon shaped scours
at high discharges. Boothroyd (1969) also notes the development of scour
pits in front of tidal sandwaves and Harms and Fahnstock (1965) note a
similar development in the Rio Grande.

Thus it seems doubtful that sandwaves (Harms and others 1975) will
always give tabular cross bedding with flat erosion surfaces. Lithofacies
3 is interpreted as the deposit formed by sandwaves which developed shallow
scour pools in the lee. It is also possible that some of the larger sets

of LF 2 Trough Cross-bedding have a similar origin,
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10.2.1.4, Lithofacies 4, Parallel-laminated Sandstone

Fine to medium grained sandstones in parallel laminations generally
0.25 - 1.0em thick., The Laminations are picked out by alternations of
quartz rich'and carbonaceous layers, Large logs are completely absent.
Sometimes the lamination may be markedly undulating and often trough shaped
hollows up to a few tens of centimetres deep are cut into the parallel
laminations. Theée occur at many levels through the bed. [Plate 70].
Filling laminae parallel the sides of the trough and are truncated by
succeeding parallel lamination.

This lithofacies occurs in beds up to 5.75 m thick and individual
beds have been traced laterally for 175 m. . Usually, however, beds are
generally less than 1 m in thickness and are cut out laterally by overlying
lithofacies. It also occurs in'beds parallel to channel sides where it is
inclined to horizontal at angles of 5 - 10° [Fig.68]).

‘Interpretation

Parallel lamination is formed at moderately high flow powers in the
lower part of the upper flow regime (Allen 196ub). Presumably at these
velocities all the larger plant material is swept away giving rise to a
much cleaner, better sorted sand than in much of the cross-bedding. The
presence of trough shaped erosion surfaces shows that the flow fluctuated
and occasionally lower flow regime conditions were established. Simons
and Richardson (1965), have noted in flume experiments how the flow may
alternate between upper and lower flow regime conditions, large scale
ripples temporarily forming and then being washed out. It is also possible
that temporary obstacles such as logs may cause local scour pits even though
there.is no evidence of them to be seen.

10.2.1.5. Lithofacies ‘5, Ripple-=laminated-Sandstone

Fine to medium grained sandstones in erosively based beds 1Ocm to

1.5 m in thickness. Ripples may be straight crested or lingwid in plan

and lamination is picked out by fine carbonaceous debris. Ripple cross-
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laminated sets are normally 1-2 cm thick and ripple drift occurs rarely.
Sometimes ripples may occur within larger troughs of LF 2 which are largely
unmodified.

Interpretation

Ripple lamination forms at moderate flow powers in the lower part
of the lower flow regime of Simons and Richardson (1961).

10.2.1.6. Lithofacies 6, Structureless Sandstone

Sandstones medium and occasionally coarse grained. At outcrop
they appear completely structureless except for very rare flat parting planes.
X-radiographs show a poor preferred grain orientation but no lamination
[Plate 71]. Usually the sand is very well sorted with little plant
material, but occasionally stringers of ironstone pebbles or small logs
occur. |

The beds are always erosively based, some having a relief of up to
6 m with a distinct channel form, [Plate 72]. The erosion surfaces vary
in inclination from the usual 5 - lO°, up to about 60°, and sometimes they
are extremely irregular [Plate 73]. Usually they are cut into other
sand sized sediments. Log conglomerates are only rarely developed and
are generally thin. Bed thicknesses range from 0.5 m to 8 m.

Interpretation

Structureless sandstones may be deposited in several ways and
various theories have already been outlined in Chapter 3. Kelling (1968)
suggested that the beds may be indicative of antidune deposition, following
Collinson's original interpretation of supposed structureless beds in the
Namurian of the Céntral Pennines. However, the fadint undulatory lamination
described from antidune deposits in flumes, (Middletone 1965) and from
probable antidune deposits in ancient fluvial and turbidite sequences
(Skipper 1971, Walker 1967 and Hand et.al. 1969) have not been seen.

Antidune sediments are unlikely to be common in fluvial sequences,

for except in very shallow parts of the channel, the Froude Number will
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be too low for antidunes to.occur. ~Most of the theories of structureless
sandstone deposition discussed in Chapter 3 refer to density current
deposits and are not applicable here. The ever-present erosive bases,
often cut into sandstone at angles greater than the angle of rest of
unconsolidated sand, suggest that erosion was immediately . followed by -
rapid deposition. - As in LF 16 from the Roaches Grit Group, the °
irregularity of the erosion surfaces may point to large scale turbulence,
but there is no evidence here that this occurred in the lee of large bedforms.

Traces of parallel lamination occur within LF 6 and rapid deposition
in the lower part of the upper flow regime as discussed by Collinson (1970
seems the most likely mode of origin.  This is supported by the scarcity
of plant material, which as in LF 4 was probably swept away by the powerful
current. .

10.2.1.7. Lithofacies 7, Conglomerate

This lithofacies is common in Association A, and consists of two
distinct lithotypes. In-the first of these the sediment contains large

logs of Calamites and Lepidodendron.: Sometimes just the bark remains,

but commonly the complete stem is preserved [Plate 74]. Some of these
may be very large indeed and at Taff Vale Quarry one log is 10 m long.
More usual lengths range from 0.25 - 1 m.  The logs may be aligned at
any angle to the vertical and the associated sediment is usually very
irregularly bedded [Plate 75]. Often the logs are aligned sub-horizontally
and Bluck and Kelling, (1962), demonstrated a marked preferred orientation
close to the vector mean of associated cross beddiﬂg. Found with the logs
are subrounded pebbles of vein quartz, ironstone and mudstone typically
2 - 3 cm in diameter the whole occurring within a matrix of medium to
coarse sand.

The second lithotype, volumetrically much less important is a

conglomerate of vein quartz, ironstone and délay pebbles identical to
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those in the first lithofypé,ﬁand, similar in size and shape. These are
distributed in a matrix of medium to coarse and, and poorly bedded, but
plant material is completely absent. [Piate 76]. | Tyﬁically this lithotype
occurs in beds 25 - 50 cm thick alternating Qitﬁ'thickér beds of lithotype
A. In the section north of Craig yf Hesg (SS 9229 0153), four separate
beds of lithofype 8 alternate with beds of type A in a conglomerate unit
4.85 m thick. ‘ |

Within the conglomerates it is common to find patches of cleaner
sandstone a few tens of centimetres in diameter which contain traces of
lamination or cross lamination. Near Craig yr Hesg the clean avalanche
foresets of a set of LF 2 pass down dip into foresets covered in small
plant fragments. After only 7 m the ‘foreset lamination becomes completely
unrecognisable passing intd'tﬁe fypical irregular bedding of a planf
conglomerate.

Beds of LF 8 Laminated Siltstoﬁe sometimes occur within the
conglomerates. In one of these, near Craig yr Hesg, the lamination has
been bent post-depositionally‘into an S shape, [Plate 771.

The conglomerates vary in thickness from 6 m down to about 10 cm
eventually grading into mere plant stem lags at the bases of setsof cross-
bedding. Typically beds are 0.5 m to 2 m thick and may be traced laterally
for up to about 100 m. They invariably thin out usually grading into
LF 2 Trough Cross-bedding. Typically the plant stems remain as trough lags
in the transition area. The 4.85 m thick conglomerate found just above the
No.2 Rhondda Coal near Craig yr Hesg passes laterally into a fairly clean
cross bedded sandstone over a distance of only 20 m.‘

‘Interpretation

As explained later in Section 10.4 many of the conglomerates
demonstrably occur at the bases of major channels. Lithotype 6 compares
to some extent with the conglomerates described by Allen (1962) from the

fluvial channel facies in the 0ld Red Sandstone although intraformational
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clasts are rare. He interpreted them as channel lag deposits. Continued
winnowing of the finer sediments in the deepest part of the channel
concentrates the coarsest part of the bedload, Similar lags occur at the
bottoms of modern river channels (Happe et.al. 1940, Fisk 19u4),

Lithotype A is more unusual with its large amounts of plant material
often of considerable size, Here the lateral passage into cross bedded
sandstone is critical to the interpretation. Many beds were probably
originally cross bedded with subsequent plant collapse destroying most
of the bedding. The bed of mudstone shown in Plate 77 seems to have clearly
been deformed by plant collapse in the underlying sediment.

10.2.1.8. Lithofacies 8. ' Laminated Siltstone

Grey micaceous silty mudstone, with small plant material and light
coloured laminations of quartz silt 1 - 5 mm thick. These are usually -
gradationally based. Sometimes they thicken laterally into small ripple
form sets. This lithofacies occurs in beds up to 5 m in thickness,

‘Interpretation

The features of this lithofacies suggest deposition from suspension
in quiet water, with short lived periods of traction forming isolated
sets of ripple cross-lamination.

10.2.1.9. Lithofacies 9. ' Seat-earth and Coal.

This lithofacies is common in the Lower Pennant Measures.
Seat-earth are commonly . unlaminated, with listric surfaces and ironstone
nodules. Stigmarian roots are very common. The thickest coals occur
in the Rhondda and Brithdir Beds, and several have been worked, particularly
the No.2 Rhondda which is still worked by a small drift mine at Blaenrhondda.
Thicknesses range from a thin smut up to 0.5 - 0.75 m, The No.2 Rhondda
is thicker reaching 2.8 m. Most of the'maﬁor coals extend across the
research area and over wide areas of tﬁe Soutﬁ Wales Coalfield, although

over distances of more than a few kilometres they commonly split into
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several seams (Woodland and Evans 1964, Downing and Squirrel 1969).
Thinner coals occur locally, [Plate 78] but are generally cut out by
overlying channel sandstones.

Interpretation

This lithofacies provides evidence of periods when vegetation was
widespread, probably at times when the sediment supply was locally reduced.
Further discussion will be given when the 6rigin of the Pennant sequences
is discussed [Section 10.5].

10.2.2.Association B, Delta or Crevasse Delta Sediments

n9$§ of the lithotypes present in Association A are also present
here, but thick channel fills are rare. The sediment is generally finer
grained and cross-bedding sets are smaller. With the exception of the
Tormyndd . and No.3 Rhondda,'the coals are only locally developed. In
addition, four furt?er }itbofacies are present.

10.2.2.1, Lithofacies 10. 'Ripple-laminated Siltstone and fine Sandstone

Cross laminated coarse siltstones and fine sandstones in sets up to
10 cm thick. The lamination consists of alternations of silt or sand rich
laminae with mud rich laminae. Sets are often gradationally based merging
into flat or wavy laminated silty sandstone. The tops of‘the ripples may
be draped by wavy laminated silts a bit like in ripple drift cross-lamination.
This form is gradational into LF 11, Laminated Coarse Siltstone [Plate 80].
It bears some resemblance to the 'Silty Streak Facies' of De Raaf, Reading
and Walker (1965).  Sometimes the sediment resembles sﬁall scale trough
cross bedding [Plate 79].

Interpretation

This lithofacies is unusual and its origin uncertain. It bears
some resemblance to wave ripple lamination, but the range of grain size
and high proportion of mudstone makes a wave origin unlikely, It was
probably deposited fairly rapidly with a high fall out from suspension of
relatively fine grained sediments. The large size of some of the cross sets

suggests that at times small 'dunes' developed.
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10.2.2.2. Lithofacies 11l. Laminated Silty Sandstone. [Plate 80]

Sandstone and coarse siltstone in flat to slightly wavy laminations
with gradational boundaries interbedded with silty mudstone. - This litho-
facies has a_ghargqtgréstic wggthering pattern in the field resembling
corrugated sheeting [Plate 8l1].  Beds are gradational and typically 0.5 -
1 m thick. Commonly the lamination bends locally into cross-lamination
and this lithofacies interdigitates Yith LF 10. In coarser developments
the)beddipg may occur in erosively based sets inclined at a few degrees
to the horizontal.

Interpretation

The characteristics of this lithofacies suggest deposition from
suspension probably at a fairly rapid rate.- . Traces of ripple cross-
lamination point to short-lived periods of bed load transport.

10.2.2.3. Lithofacies '12. " ‘Unlaminated Siltstone

Light to dark grey siltstone and silty mudstone. The sediment is
poorly sorted and unlaminated, usually breaking with a conchoidal fracture.
Siderite nodules are ubiquitous. It may contain roots where it has then
been classified as a seat-earth, but most beds lack the distinctive listric
surfaces of the seat-earths. .

In favourably weathered exposure this lithofacies is quite
distinctive from LF 8 Laminated Siltstone and usually more resistant to
erosion. Where weathering is less favourable, particularly in wet stream
sections the two appear more similar, particularly if LF 8 contains rare
ironstone nodules. For this reason the two lithofacies cannot be

differentiated in the vertical sections.

‘Interpretation

LF 12 clearly represents a distinctive environment but its nature
is unknown at present. ' The features of the sediment suggest slow
deposition from suspension with less fluctation in current strength than

in LF 8. Possibly it was deposited further away from the sediment supplying
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fluvial channels, an argument supported by its position in the vertical
sequences [Section 10.3].  The significance of the high iron content is
also uncertain at present but may reflect a slower rate of deposition.

10.2.2.4, Lithofacies 13. 'Mudstone

Dark grey mudstone, sometimes laminated, sometimes unlaminated and
breaking with a conchoidal fracture. It is commonly unfossiliferous

but may contain bivalves; (Anthraconauta phillipsi) or fish scales,

Interpretation

This lithofacies was deposited from suspension in quiet water.
Further discussion will be given later.

10.3. ‘Description and interpretation of vertical sequences in Association B.

Four detailed vertical sections in the upper part of the Llynfi Beds
are shown in Figure 63.. : The No.2 Rhondda Coal at the top of the sequence
provides a good basis for correlation. Six major cycles may be recognised
in Section Cand the top four of these can be correlated into the other
three sections, by means of coals and seat-earths.,. The cycles vary»from
about 5m to 15m in thickness. = Many contain a lower coarsening upwards
unit and upper fining upwards unit of approximately the same thickness,
Good examples are the sequence between the 33 m and 50 m levels in Section
C [Fig.63], and the sequence between the 16 m and 26 m levels in Section
A. - Other cycles defined by seat-earths or anls are more variable. The
sequence between the 5 m and 16 m levels in Section for example cannot
be subdivided easily.

: The.coarsening upward components frequently start above a coal with
a unit of LF 13 Mudstone, sometimes with a bivalve fauna. This passes
up into LF 12 Unlaminated Siltstone. The higher parts contain ripple
lamination, either in sharp based cosets of LF 5, or frequently in
gradationally based beds of LF 10, (shown as ripple drift in the sections)

interbedded with beds of LF 11, Laminated Silty Sandstone. In none of
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the sections is there a regular gradation of grain size change up
through the sequence, sharp variations and local decreases in grain size
being characteristic.

The transition to the fining upwards part of the cycles is usually
marked by sharp based sandstones many of which are probably channel fills,
These are very variable in size, the largest channels occurring between
the 5 m and 15 m levels in Section A. Here at least two channels
fills appear to be stacked one upon the other, the lower channel resting
directly on thin Coal. This sequence is much more reminiscent of
Association A, the typical Pennant Sandstone facies, but the sediment is
finer grained. Clearly it represents an unusual, major channel sequence
within the Llynfi Beds in this part of the basin.

Most of the sharp based sandstone units are much smaller with bases
which are either flat, or with a relief of less than 0.5 m some having
flutes [Plate él]. The sandstones are typically 2 - 3 m thick:often\.
with a unit of LF 5 Ripple-laminated Sandstone at the base.  Although
all fine upwards in their upper part the coarsest sediment and largest
sized sedimentary structures are not always at the base. Exposure is
too limited to recognise channel forms and some sharp based beds may have
a different origin., The uppermost parts of the cycles fine upwards into
seat-earths which are often capped by coals. Palaeocurrents are mostly
towards the northwest, as they are in other similar cycles not shown in
Fig.63.

‘Interpretation

Within the sequences there is absolutely no evidence of wave or
tidal activity. Faunas are non-marine (Calver 1971) and restricted to
a few local horizons; biOturba;ion‘is very limited. The nature of the
definite channel fills and the strong preferred current direction suggests

that these are fluvial. Most of the channels appear to be fairly small
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and cannot be correlated between the sections, although the overlying
seat-earths and coals are widespread.

The sequences suggest deposition by small, lobate high constructive
deltas or crevasse deltas building intobrackish water. - A modern example
is the Colorado delta in Matogora Bay, Texas, (Kanes 1970). This delta
 grew rapidly into a shallow bay protected from wave and tidal influence
by a barrier island, the Matagorda Peninsula.. ‘Prior. to formation of the
delta the water depth in the bay was only 2 m.-

- The Colorado River splits into numerous small distributary and
crevasse channels, indeed it is not possible to meaningfully distinguish
between the two types. Sections through the delta show a variety of
sequences depending on their position relative to the channels (Kanes 1870,
Fig.18), distal sections.lacking sand Sized sediment, sectionsithrough
major‘channels;showing thick sands. Similar sequences occur in some of
the smaller crevasse deltas of the Mississippi, (Coleman et. al. 1964,
Saxena 1976), and in fluviolacustrine parts of the Rhone Delta (Comkens
1970).

The lack of evidence of wave or tidal action and limited fauna
suggests that in the Llynfi Beds the deiﬁasyprograded into pértially.restricted
bays. The thickness of the coarsening upwards component suggests deeper
water than in Matagorda Bay, of the order of 10 m after allowing for
compaction. LF 10 Unlaminated Siltstone probably represents relatively '
slow deposition within the bays, whereas the beds of LF 10 and LF 11 in
the upper parts of the coarsening upwards sequences indicate fairly rapid
deposition with a high sediment fall out from suspension in an upper
delta slope or mouth bar environment. ‘

Major channels occur befWeen'the 5 m and 15 m level in Section A
but their widths are unknown. Most channels were only a few metres
deep as in the Colorado Delta, (Kanes 1970). The unusual vertical

sequences in some of the sharp based sandstone units suggests they may
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not‘be channéls; bﬁf péssibiy small crevasse splay lobes, These tend to
be dissected by later formed chanhels, (Elliot 1974a, Saxena 1976). This
possibly explains the sequences in the sandstone units at the 22 - 24 m
level in Section A and 44 - 46 m level in Section C where cross-bedded
saﬁdstone erosivel§ overlies a sharp'baSéd bed of ripple-laminated sand-
stone.

Following abandonment, delta lobes are commonly vegetated, (Frazier
and Osanik 1969, Elliott1974a). This also appears to be the case in
Association B as most coals may be correlated through the four sections
for a distance of 3 km. Following submergence of the delta top, brackish
water bay conditions were re-established sometimes allowing in a restricted
bivalve fauna. -

10.4. ‘Dese¢ription and interpretation of ‘sequences in Association A.

10.4.1. 'Introduction

The chief aim of the research has been to look in detail at vertical
and lateral facies changes in the fluvial channel facies of the Pennant
Sandstone. - Becasue of the usually near-horizontal attitude of the beds
it has been possible to look at lateral changes over considerable distances,
particularly in the large roadcutting east of Blaenrhondda where there is
over 1.5 km of continuous exposure.

Erosion surfaces are Very common in the Pennant Sandstone and
attémpts to trace lateral faciesléhanges have usually shown that these are
erosive, with an unknown amount of sediment being removed. Only rarely .
has it been possible to trace gradational changes from one facies to
another. Thus this aspect of the work has been inconclusive and most

of the evidence presented here deals with vertical sequences,
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10.4.2. Problems of vertical sequence analysis

Tﬁe'sequences in Association A consist of sandstones, typically
25 - 100 m thick and usually of considerable lateral extent, lying between
maﬁor widespread coals. [Fig.60]. Within the sandstones arévsiltstone
units rarely more tﬁan a few metres in thickness. Mapping showé these to
be laterally impersistant, but more widespread siltstones often occur at
the top of thick sandstone units immediately underlying coal.

~Sections throughrthese thick sandstones show variable sequences
and erosion surfaces are common. Unlike other fluvial successions, such
as the 01d Red Sandstone of the Anglo-Welsh Cuvette (Allen 1963a, 1970a),
where there is often a clear differentiation into coarse and fine members,
the Pennant sequences can not immediately be split into natural sediment-
ological units.

For this reason it has been necessary to use a slightly different
approach to that adopted by Allen»(1970a). - Within the succession two

major tyﬁés of sequences have been recognised, termed 'Normal Sequences'

and 'Key Sequences' respectively.

‘*Normal Sequences'

These are‘sequences in Association A of the Lower Pennant Measures
such as would probably be seen in any randomly chosen section. In that
sense they compare with the 'modal' sequences of Duff & Walton (1962).

The best example is at Earlswood(Roadcutting (SS 729 9u4 - SS 727 945)
[Fig.64].

Here the sandstone unit, beginning immediately above a coal [Plate 73]
is 78 m thick and contains 22 separate erosion surfaces with reliefs varying
from 0.25 m up to 2.5 m. The sandstone units between erosion surfaces vary
from less than lmup to 13 m in ?hickness. Clearly this sequence represents
the fills of a series of separate channels, stacked one above the other.

The erosion surfaces have two possible origins, Some may represent

the bases of major channels so that the sediments above and below belong
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to channels of considerably different age. Other erosion surfaces,
however, may ﬁust represent periods of scour in the channel at some stége
in the flood cycle [Chapter 2] so that the deposits above and below belong
to the}same channel and may differ in age by no more than a few weeks or
months (cf. Coleman, 1963).-

For a proper understanding of the channel sequences, and in order
to be ablé”fé split the succession into meaningful sedimentological units,
it is important to be able to differentiate between these two possible
origins. Unfortunately, this is only occasionally possible. Unambiguous
evidence of the base of a major channel only occurs where the erosion
surface rests on a non-channel facies such as a coal or thick mudstone.
Where the erosion surface rests on older channel fill sediments its precise
origin cannot be reliably.determined.'

Earlier workers” on the Pennant Sandstone have failed to fully
appreciate this problem. Kelling (1968), in particular appears to have
regarded all erosion surfaces with a substantial relief as major channel
bases. Theée is no conclusive evidence that this is so. ]

The limitations of these 'Normal Sequences' may be more fully
appreciated when lateral variations are considered. In the dipping
section at Earlswood it is not possible to trace channels very far laterally,
but in the main research area, in the Rhondda Valleys, the succession is
near horizontal. ‘ '

Taff Vale Quarry, (ST 078 916) [Plate 82] demonstrates the typical
lateral variability. Here there are three erosion surféces, two of them
cross cutting. The lowest surface is uﬁdulating showing the original
channel morphology. Tﬁe left hand side dips at about 15°, Banked up
against the channel wall is a lateral accretion unit with parallel-
laminated sandstone passing up into small scale trough cross-bedding.

The bedding gradually flattens off to tﬁe right away from the channel wall.,

A second lateral accretion unit overlies the middle erosion surface. These



159,

are often present against channel sides; Bluck and Kelling (1962),
termed them "side £illed" channels. ‘ They rarely extend very far,

‘ Another example showing the complex erosive fills, from the road-
cutting east of Blaenrhondda (SN 9309 0051), is shown in Fig.68. Whether
these two examples represent one channel exhibiting several phases of scour
and fill, or whether a series of stacked separate channels is unknown.
Obviously the vertlcal sectlon obtained varles considerably depending on
where it is measured.

10.4.3. Statistical Analysis

The limited usefullness of randomly chosen sequences canlbe further
demonstrated by a statistical analysis. A Markov Chain Analysis was
undertaken w1th a computer programme written by Mr. J.D. Orford. All
measured sections greater than 20 m in length and with 14 or more
transitions were used.

It is always difficult to decide how best to subdivide the
successiens for this type of analysis. The aim here is to make comparisons
with fluvial successions elsewhere, particularly the 'meandering; sequences
of Devonian age, (Allen 1970a) and the 'braided' Devonian Batrery Point
Succession, (Cant aneralker_1976). For_this reason 7 states have been
used, most of which correspond to a particular and distinctive lithofacies.
This compares with 8 states of Cant and Walker but is slightly more
detailed than Allen's stgdy where only 6 states were used.

The states are :

A. "Erosion Surface

These have been distinguished where the relief exceeds 0.75 m. Most
of the facies transitions in the sequence are erosive but usually there is

no appreciable relief, and in most cases probably little sediment has been

removed.
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B. 'Conglomerate\

Beds of LF 7, Conglomerate, exceeding 0.5 m in thickness. Thin’
lags of plant material commonly underlying sets of cross-bedding have
not been included. ’

C. ‘Massive Sandstone (LF 6)

D. ‘Cross=bedding

Three different types of cross-bedding have been recognised, but
it is only possible to reliably distinguish these in good three—dimensional
exposure. In many sections the cross-bedding type is uncertain, and for

the statistical analysis all have been 1ncluded together.

E. 'Parallelélaminated'SandstOne'(LF u)
F. 'Ripple-laminated Sandstone (LF 5)
G. "Laminated Slltstone (LF 8) | .

Comnonly thin silt laminae thicken 1aterally into isolated ripple
form sets. These are all included in this category and not with Category F.

Seat-earths and coals occa31onally occur in the sequences, but they
have been excluded here so that the analy51s may be kept within a reasonable
size. They invariably overlie LF 8, Laminated Siltstone.

Altogether 12 separate logged(sections have been used to a total
length of 457.4 m. | Locations andvlengths ofnindividual sections are
given in Appendix 2. With the exception of-the Earlswood Section most
are between 20 n and 55 m in length. | |

Transitions have only been recorded where one lithofacies changeé
to another. This is the 'embedded Markov' chain of Krumbein and Dacey
(1969), and hasvzeros in the principal diagonal’of the matrix. Altogether
368 transitions occur, Table IX. The Transition Probability Matrix, Table X,
shows the probabilities of'all'transitions from one State up into any of ;
the remaining states. | Thus 55.1% of all transitions up from State A,

Erosion Surface, pass up into State B, Conglomerate. The matrix in
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Table XI shows for each state, the probabilities of transitions down into
the remaining states. Thus when'State B, Conglomerate occurs, in 74.5%

of cases it is preceded by State A, Erosion Surface. Finally, a Difference
Matrix is shown in Table XII. Positive entries in this table show
transitions whiéh have occurred with greater than random frequency.
‘Disc¢ussion

The analysis shows a definite memory. For instance, over half of
the transitions from State A, Erosion Surface, pass up to State B,
Conglomerate, and almost two thirds of those from B pass up to State D,
Cross-bedding. There are also fairly high values for the transitions from
CtoD, EtoD, and F to G [Fig.66].

Such flow diagrams, however, can easily give the impression of a
gréater degree of order than is actually the case. The Differences Matrix
{Table XII, Fig.67] shows a large number of transitions which may occur with
greater than random frequency most of them having a similar statistical
significance. of parficular note, is the pivotalbposition in the flow
chart of State D, Cross-bedding, which can be preceded with greater than
random frequency by States B, C, E and F and be succeeded with greater
than random frequency by States A, F and E.

It is hard to draw any useful conclusions from the analysis.

Whilst the sequences are not random, the degree of order is low.

One probable reason for this is the presence of erosion surfaces.

This is brought out by the differences between Tables X and XI and Figs.

65 and 66. Where succeeding transitions are considered, clearly the

removal of sediment, prior to the burial and preservation of the erosion
surface will add an extra random element to the matrix. However, because
the erosion surfaces have been. included as one of the states in the analysis,
their presence will add no extra random influence where preceding transitions
are considered, except for preceding transitions down from the erosion

surfaces themselves. Thus in nearly 75% of cases in State B, preceded
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by State A, and in over 75% of cases in State E preceded by State D
[Fig.65], most of the other transition values are also quite high.
Comparisons between these two matrices leave no doubt that erosion
of preyiously deposited sediment has contributed substantially to the
random element in the sequences. If it is possible to find sequences which
have not been interrupted by erosion, these may provide more accurate
information on the actual depositional sequences in the channel fills.

10.4.4, Key Sequences

In some parts of the succession it is possible to find sequences
which show several metres exposure without erosion surfaces. Some occur
above major channel bases and provide information on the nature of the fill
in the lower parts of the channels.. Others are fouﬂd beneath Siltstone
Units and show the nature of the fill in the upper parts of the channels.

Such sections, which unfortunately constitute only about 10% of the
total exposure in Assemblage A provide much more useful information on the
depositional histories of the channels. Theoretically they may be
further subdivided into two types:

(a) ‘Complete Sequences: these show, in a vertical channel sequence

all the lithotypes encountered in the Association.

(b) Incomplete Sequences: in these only some of the total number of

lithofacies types are present in one channel sequence, the other being
absent because of non-deposition. (Note that in 'Normal Sequences'
sediment was usually absent because of subsequent erosion.)

No complete sequences occur in the Lower Pennant Measures. Eight
incomplete Key Sequences, all from the upper parts of the channels are
shown in Fig.69. Of these, only section H definitely shows a whole
channel f£ill up from maior cﬁannel'base to sediment deposited after channel
abandonment. In the otﬁeré, tﬁe’erosion surfaces at tﬁelbases'may not
mark the base of a major channel. Most £ills are of the order of 10 - 15 m

thick. Section A is the nearest to a complete sequence, and a seat-earth/
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coal lithofacies occurs about 10 m above the top of the section shown.

By combining evidence from various Key Sequences and simplifying
the succession into maﬁor components, a rather idealised form of Composite
‘Seguence (Duff and Walton, 1962), may be constructed. This is shown in
Fig.70 which also gives a description of the principal components. It
cannot be emphasised too strongly that this is not a strictly statistical
representation of the succession, like the type produced by Allen (1970a)
for example. Nevertheless, the six principal components usually have
the same vertical relationship to each other, though these are insufficient
sections of this type to provide enough transitions to justify a
statistical analysis.

None of the 'Key Sequences' show all of the lithofacies and are
therefore 'incomplete! following the previous definition. Four examples
are known (none shown in Fig.69), where irregular erosion surfaces, some
of which may represent major channel bases are followed immediately by the
Siltstone Component. In the stream section in Nant y Gwair (SS 909 988),
an erosion surface with a relief of 2.8 m is overlain by LF 8, Laminated
Siltstone, to a total thickness of 4.3 m [Fig.6uB]. Within this unit
the bedding is inclined along large rotational slump scars, where the
sediment has slipped away from the sides of the channel. 1In a number of
cases (e.g. Section H in Fig.69), the Main Sandstone Member is succeeded
immediately by the Siltstone Member, the intervening Alternating Beds
Member being absent.

10.4.5. Channel Size and Morphology

Major channel bases may sometimes be recognised where they rest
on fine grained sediments or coals. Some are irregular, sometimes cutting
into the top of a coal but rarely cutting thrqugh.' Mapping by the
Geological Survey, (Woodland and Evans 1964), shows that channel sandstones

may rest immediately on top of coals for distances of up to several
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kilometres. Presumably prior to compaction the vegetation was too thick
to eﬁable‘tﬁe river to erode completely through. Neveftheless this has
happened occasionally; the No.l Rhondda Rider Coal has been washed out
along Mynydd Blaenrhondda (SN 9180 0018) (Evans 1959) and also over wide
areas to the north and east of Blaengawr (Woodland 13960), These washouts
appear to be mainly restricted to areas where the coals are unusually thin,

Not all channel bases are irregular.. Evidence from underground
mine workings shows that some bases are flat and can maintain the same
level above shale partings in the underlying coal over distances approaching
a kilometre (W.B. Evans p.comm). A flat channel base overlying a mudstone
is shown in Plate 83, this can be traced for over 0.5 km and shows little
relief, the section is roughly parallel to the channel axis as jﬁdged from
vector directions in the overlying cross bedding.

Where major channels overlie coals they frequently have log
conglomerates at the base. . A series of unusually thick conglomerates
overlie. the No.2 Rhondda Coal, where the channels represent the first
widespread development of Association:B within the areé. They are not
present everywhere. ‘Below Swar yrOgeiriad, (SS 9134 9820), a mudstone
roof is preserved above the No.2 Rhondda and the overlying channel sandstone
does not have a conglomerate at its base. The channel shown in Plate 83
also lacks a basal conglomerate. Thus the presence or absence of a
conglomerate is nocriterion for the presence or absence of a major channel,

The widths of channels are not easy to assess because of the
difficulty of tracing fills laterally., This is possible, however, in the
large road cutting east of Blaenrhondda. Here, palaeocurrents in most of
the stacked channel sequence above the No.l Rhondda Coal are towards the
northwest. In one channel fill, boweverg the vectorAdirections are
towards the southwest. By measuring a series of sections along the out-

crop it is possible to identify this channel by the abrupt change in the
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cross-bedding vectors, even though the channel base may not be particularly
distinguishable. - - The channel fill can be traced latefally for 1.4 km .
without either edge being seen. The orientation of the channel can never-
theless be determined by calculating the vector mean of the cross-bedding.
Coleman (19639) found a very close correlation between bedform orientation
and channel orientation in the Brahmaputra river. This shows fhat the
width normal to the channel axis is at least 0.84 km,

It is uncertain whether this represents the channel width at one
particular time, or whether the channel constructed a wider sheet sandstone
by lateral migration. The channel fill is at least 15 m in thickness, and
possibly more. - Accepting the 15 m figure this gives a width depth ratio
of about 56 : 1.  This is a realistic figure if compared to modern, large
sandy river channels where width depth ratios of around 65 : 1 are normal
(Leopold et. al. 1964).

The rivers which deposited the Pennant Sandstone were therefore
quite large by modern standards. In the Niger, for example, among the
smaller of the great rivers of the world, the river is generally between
1.5 to 3 km across before it enters the delta. - Individual channels are

0.3 to 2 km wide and rarely more than 10 m deep, (Nedeco 1959).

10.4.6. -Palaeocurrents

10.4.6.1. Previous Reésearch

Kelling (1969) undertook an extensive palaeocurrent analysis of
cross-bedding in the Rhondda Beds, He showed a complicated pattern with
local bimodal orientations and a considerable range of variance. This is
no doubt partly due to the existence of more than one sediment source, plus
the effects of local gradients around #he margins of the basin. In the
central area of the basin, which includethhe present research area, and
where all the sediment is of soutﬁerly derivation, palaeocurrent variability

is less, with a fairly consistent mean towards the northwest.
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.yKelling has split the area into sectors, corresponding to the
0.S. 6 i#éﬁ‘County Qﬁaﬁtef Shééts, éach 15.54 sq kmiin area, The variance
va;ues for differen§ sectors range from 196 to 5,629 and for the whole area
the variance is 5,550. Kelling argued, that the pattern supported the

existence of predominantly meandering rivers in the research area.

10.4.6.,2. Present Study

- Numerous directional structures have been measured and the results
agree with Kelling's values of the regional variance in the study area.
Assessing the variance within individual channel fills is difficult because
of the problem of recognising discreet channels discussed earlier. In
addition, poor weathering out of the structure oftep makes it difficult to
take accurate measurements. The very limited evidence from the 'Key
ééq;éﬁéés;_t;ig:égl;‘suggests a fairly low variance in the main body of
the fill, but a higher variance in the upper Alternating Beds Component.
There is no evidenge of bimodal directions for tabular cross-bedding as
described by Cant and Walker (1976), and as might occur with the type of
sandwave movement described by Smith (1972).

: This sﬁggeéts thét the moderately high variance values for the
entipe sequence are more likely the result of the variable orientation of
different channel fills, rather than variation in cross=-set orientation
within individual fills. An example of this has already been given in
Section 10.4.5,

It does not follow that this is the result of meandering river
channels. Aerial photographs and diagrams of modern braided rivers,
(e.g. Coleman 1969), show that curved reaches are common. In addition,
the Pennant Sequences were deposited by rivers which had a number of phases
of progradation each associated with several periods of lateral movement
across the flood plain (Section 2.3.6.3.). A considerable diversity of

channel orientation is likely to result from these events.
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10.4.7. Interpretation of the Composite”Vertical‘Sequence‘

-In Chapter 2 a number of different models for various types of
meandering and low sinuosity rivers were discussed and these may now be
compared with the Pennant Succession.

10.4.7.1. Meandering River Models

‘1Classical' Model 'The Pennant Sequences differ from the models of

Allen (1963a) and Bernard and Major (1963) in two ways. Firstly the
channel fills never show a progressive upwards fining and upwards decrease
in the size of sedimentary structures from bottom to top. Secondly, the
proporfion‘of overbank fine grained sediment is much lower. Thus it is
unlikely that the rivers were of the normal meandering type.

'Bédload'MeanderingiModel In this model of Mcgowan and Garner (1970),

straightening of the thalweg during floods forms chute bars on the insides
of meander bends. These give rise to large, solitary sets of tabular
cross-bedding in the middle part of the channel sequence, Such sets are
not present in the Pennant sequences and this model seems inapplicable.

Transitional Meandering Model Jackson (1975a, 1976b), has shown that

non-fining-upwards channel sequences may occur in upstream areas of point
bars, and in tightly curved meanders. The channel fill sequences in the
Pennant Sandstone may be of one or other origin. However, where meanders
are tightly curved, meander cut offs should be common, leading to
stabilisation of the meander belt, and preservation of thick overbank fines.,

The scarcity of fine sediment in the Pennant succession suggests that active

channel migration occurred and this is unlikely to occur with tightly curved
meanders.

Where non-fining upwards sequences occur as a result of deposition
in upstream areas of point bars, there will probably be a mixture of these
together'with the more usual fining upwards sequences produced on the down-
stream ends of point bars. Such a mixture is not found in the Pennant

sequences.
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In Chapter 2 low sinuosity rivers were subdivided into straight and
braided 'types. Straight channels in flood-plain regimes are usually
fairly rare, being restricted to localised segments of the river. There
is no evidence in the Pennant succession of more than one channel type
And it is unlikely that the whole Association was produced by straight
river channels.

- Two types‘of braided rivers have been distinguished, [Chapter 2],
but as yet the vertical sequences produced by these are very poorly known.
There is even still disagreement as to just how braided river channels are
filled.  Moody-Stuart, (1966), who claimed to recognise low sinuosity
channels from the Devonian of Spitsbergen, showed field evidence suggestive
of vertical accretion of sediment. Allen (1970a), strongly disagreed,
maintaining that depésition in low-sinuosity and in meandering channels
is similar in kind.  More recently, Cant and Walker (1976), have
reaffirmed Moody-Stuart's views.

In all braided rivers, there is a sinuous thalweg or thalwegs which
meander between topographically higﬁer parts of the channel, usually side
bars or islands. Studies on the Niger and Yellow Rivers (Nedeco 1959,
Chien 1961) which were discussed by both Allen (1870a) and Moody-Stuaré
(1966), shbw'béyond doubt that side bars move down the channel by erosion
of sediment on their upstream sides and deposition on their downstream sides.
As they do so they displace the thalweg area downstream, [Fig.12]. Thus
sediment deposited in the thalweg is overlain by sediment deposited in
side bars. This process is quiﬁe distinct from lateral accretion on the
inside of meander bends, and would not give rise to lateral accretion
surfaces of the'type which are often éssdciated with point bar sedimentation.

In rivers with islands sedimentation is additionally complicated by

jsland growth, some growing by lateral accretion, (Shantzer 1951), some by
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a mixture of downstream and vertical accretion, (Leopold and Wolman 1957),
[Chapter 2].

A major feature of the channel fills in the Lower Pennant Measures
are the thick conglomerates with their large plant stems. Many of these
demonstrably lie at the bases of major channels, but they invariably pass
laterally into cleaner cross-bedded sandstones. The most reasonable
interpretation of the conglomerates is that they represent concentrations
of plant material and coarse sediment in the deepest, or thalweg areas of
the channels.  The laterally equivalent cleaner sandstones are interpreted
as having been deposited at roughly the same time in the topographically
higher parts of the channels. These were probably side bars and possibly
also islands although it is not possible to recognise these large bedforms
as such. The upward passage from conglomerate into cleaner cross-bedded
sandstones may record the downstream movement of a side bar or island which
buries the former thalweg area. The Siltstone beds which sometimes overlie
the Conglomerates result from ponding of water in the deepest parts of
the channels at low stage.

Within the overlying Main Sandstone Component, rare lateral
accretion sets record local accretion along fairly steep channel edges
probably shortly after the channel was cut. Vertical sequences in this
show very little order and are probably mainly determined by changes in
discharge. Many of the erosion surfaces are probably the result of scour
during floods, 'High' stage sedimentation is represented by erosively
based cosets of cross-bedding whilst the common thin intervening beds of
ripple-lamination and parallel lamination record the washing out of larger
bedforms during falling or low stage, The preservation of dune profiles
in siltstone shows that sometimes the discharge fell too quickly for dune
modification, the dunes being preserved by water ponding at low stage.

Thus the rivers whicﬁ deposited’tﬁe Pennant Measures probably had a fairly

variable discharge.
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Another effect of the downstream movement of side bars in multiple
channel braided rivers is the cutting off and eventual abandonment of
channels. Tﬁis process has already been described in detail in Chapter
2. Progfessive channel abandonment is thought to be the cause of the .
Alternating Beds component. The best example occurs at the Blaenrhondda
road cutting (SN 9310 0050) [Section A in Fig.69], where the upper part
of the channel fill shows alternations of trough cross-bedded or ripple-
laminated sandstone with siltstone [Plates 86, 871, and a.more diverse
palaeocurrent pattern than lower in the section.

This sequence has already been discussed in detail by Kelling (1968),
wﬁo suggested that the sandstone beds were crevasse splays., However
there seems to be a continuous gradation from the main channel f£ill into
the Alternating Beds Component. Perhaps the first evidence of the
beginning of channel abandonment is provided by the siltstone filled trough
at the top of the main fill, [Plate 85]. This seems to be the precurser
of the thicker siltstone beds higher in tHe sequence, The sudden cutting
off of a channel with a partially blocked entrance, due to a fall in the
water level during falling stage would lead to a sudden reduction in
discharge in the channel and favour the preservation of dune shapes.
Ponding in the inactive channel during low stage allows suspension
sedimentation of silt which drapes the dune beds.

-~ The sequence of alternating beds is partly cut out by a siltstone
filled channel, [Plate 88]. This is more easily explained in the context
of a channel environment, suggesting partial reopening of the channel,
rather than in an overbank environment envisaged for a crevasse splay origin.
Sections B, D, E, F and G in Fig.69 all show evidence of possible progressive
channel abandonment in theip upper parts.

Other evidence pointing to frequent cﬁannel abandonment; is the

common preservation of channel base morphology and the existence of incomplete
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fill sequences, The former suggest fairly rapid filling and then
abandonment of channels without extéhsive lateral migration which would
tend to favour tﬁe production of extensive flat channel bases as in the
classical meandering river model. . The incomplete fills are believed to
occur where a channel is abandoned at an early stage in its life history.
Tﬁus siltstone filled channels point to abandonment soon after tﬁe channel
was cut, whereas channels with a Main Sandstone Component, but no
Alternating Beds Component, (e.g. Sections C and H in Fig.69), were
probaﬁly rapidly abandoned after an active early stage of fill.

Thus a variety of types of fill sequences are possible depending
on the channel abandonment history. A similar situation probably prevails
with chute cut offs in many meandering systems, but here the limited
correspondence to the present meandering river models suggests that the
sequences are best interpreted in terms of multiple channel braided rivers.

Comparatively little overbank sediment is preserved in the
Association. Most siltstone units cannot be mapped for more than a few
hundred metres. As Kelling (1968) has suggested, many probably fill in
the tops of abandoned channels rather than represent true flood plain
environments. The laterally extensive sheet sandstones are the expected
deposit of a braided river which progressively shifts across a flood plain
[Chapter 2). The thickness of the units shows that the major sandstones
between extensive coals represent several periods of lateral migration
across the flood plain over a considerable period of time.

10.5, Evolution of the Pennant Cycles

The Lower Pennant Measures contain two distinct associations, one
interpreted as a result of repeated incursions of small deltas, or crevasse
deltas, into shallow bays, theNOtﬁer, as a floodplain environment with
laterally migrating braided rivers. Both form part of the same drainage

network over most areas of the basin and in the research area palaeocurrents
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in both associations are dominantly towards the northwest. The deltaic
association is best developed in the Llynfi Beds within'tﬁe main research
area.: In,the eastern part of this, fluvial channel sediments appear to
be completely absent, but in the western half they come in above the
Tormyndd Coal as well as just below the No.2 Rhondda Coal. By a further

5 kilometres to tﬁe west, in the Maesteg area, tﬁe deltaic aésociation

has almost completely disappeared. Here the Llynfi Beds consist of the
typical Pennant Sandstone of Fluvial Channel Association. A similar east-
west facies change takes place as far south as the exposed limits of the
sequence.

. In the succeeding Rhondda and Brithdir Beds, Association B is
poorly developed, but one coarsening upwards.sequence occurs between the
Daren Rﬁestyn and No.l Rhondda Coals [Fig.60].

- In between the clastic sediments are major coals which extend for
large areas across the basin. These record long periods when the coarse
sediment supply was cut off. Within the mudstone roofs to the coals
restricted bivalve faunas have commonly been recorded in the maps and
memoirs of the Geological Survey. These do not appear to form continuous
bands as in the Westphalian of the Central Pennine Basin. They show that
at certain times there were widespread areas of standing water in the
basin. -

. Often the coals with their roof faunas are succeeded immediately
by thick channel sandstones, some of which have cut right down to the
coals themselves, This sharp transition from a brackish fauna to a fluvial
floodplain environment is unusual. A possible explanation is that there
are two stages in the development of tﬁe Pennant "Cycles" [Fig.71]. 1In
the first stage shallow bays were filled in by small deltas or crevasse
deltas; developed at the front, and or the sides of the main Pennant river.

Following this an alluvial flood plain environment was established as the
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main river entered the basin., . The river channels were at least 15 m

deep’ and possibly more. Tﬁis is greater than the tﬁickness of many of the
deltaic cycles. ‘Thus as tﬁe river cﬁannel migrated laterally it would
erode away much of the earlier basin fill. Often the channels cut right
down to the coals at the base of the cycle, tﬁus removing all evidence of
the early phase of progradation.

In the Llynfi Beds, the lowest division of the Pennant Sandstone,
the main river channels are restricted to the central parts of the basin
where the sequence is thickest. They did not extend as far as the eastern
half of the basin and the evidence .of the earlier progradational phase is
preserved.

At the top of each maﬁor cyclothem a switch in the sediment supply
allows another phase of coal development. This is followed by a drowning
of the coals and further subsidence deepens the basin prior to another
phase of progradation.

In none of the progradational cycles is there any evidence of marine
activity, suggesting that the basin was cut off from active marine
influence. = Recently, however, Kelling (1976) and Stead (1974) have
suggested that the stratigraphically equivalent orthoquartzite facies,
outcropping along the north eastern margin of the basin was deposited as
a shallow marine complex of 'beaches, barrier bars and tidal channel
deposits'. It is possible of course, that the fluvio-deltaic succession
present in the researéh area was protected from the sea by a barrier
complex. This is the case with the present Colorado delta (Kanes 1870),
and has been envisaged for similar small coarsening upwards sequences in
the Rhéne Delta, (Oomkens 1970), However, the geographic position of the
orthoquartzite crop, north east of'the research area and near to the
supposed northern margin_‘of‘tﬁe'basin of deposition makes this explanation

difficult here. The interpretation of Kelling and Stead, therefore seems
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‘puzzling in the light of the present study, and the earlier explanation
envisaging a separate nortﬁerly source in the Midland Land Mass to account
for the different composition of tﬁe sediment, (Kelling 1964b, 1968) may
be more reasonable.

10.6. Discussion: ' ancient braided river sequences, comparisons

and problems of "interpretation

Harms et.al. (1975) have discussed a methodology for the analysis

of fluvial successions. The essentials of this are:

1. Measurement of detailed sectionms.

2. Subdivision into facies units.

3. Statistical analysis of the succession using Markov Chain Analysis.
4. - ' Construction of a statistically significant vertical sequence,

whiéﬁ characterises the succession.
5. - Comparison with other statistically derived sequences and

formulation of different fluvial models.

This approach, first used by Allen (1970a) for a supposed meandering
sequence has since been used by Cant and Walker (1976) for a supposed
braided sequence, who emphasise the differences bgtween the two.

It is doubtful whether this approach will work in successions like

the Pennant where there are thick sandstones with stacked channel fills.

Of the other workers who have described supposed sandy braided river
sequence, Selley (1969) did not formulate an ideal sequence, and Thompson
(1970) and Guion (1971) erected ideal cycles without a statistical analysis.
Graham and Reilly (1972) after carrying out a Markov Chain Analysis of a
probable Devonian braided river sequence could detect no statistically
significant order., A similar conclusion has been reached in the present
study. Although Cant and Walker (1976) claim to be able to erect a
statistically significant sequence, tﬁe accuracy of tﬁis must be doubted

as there were only 61 observed transitions for 8 facies states. Considering
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the large number of erosion surfaces in the Battery Point Succession
and the rarity of overbank fines their rather arbitrary subdivision: into
maﬁor cycles [Fig.2 pl0O5] seems questionable.

. The conclusion of the present study is that within stacked sandstone
fluvial sequences, only tﬁose'parts of the succession which lack major
erosion surfaces, and where major channel bases or definite channel tops
can also be reqognised, will provide meaningful information on the nature
of the channel fill. Statistically derived ideal sequences based on the
whole succession may be misleading, or impossible to iﬁterpret.

Because of the different ways in which ideal sequences have been
derived comparisons with other supposed ancient braided river éuccessiﬁns
must be treated with caution. The Lower Pennant Measures differ
substantially fpom the Bunter and Keuper Sandstones in Cheshire (Thompson
1970), the latter having regularly fining upward channel fills more
reminiscent of the classical meandering mode;s, except for the lack of
overbank fines. = They also differ from the Crawshaw Sandstone (Guion
1971), which above a basal conglomerate contains a fairly uniform non-fining
upwards succession of tabular cross-bedding very similar to LF 14 MSXB
described in Section II. Guion interpreted this uniformity in terms of
a discharge regime which varied little over the year, although in the
light of the conclusions reached in Chapter 5, a fairly short flood stage
with limited reworking may be envisaged.

The Battery Point succession, (Cant éﬁd Walker 1976) is more
variable, with an alternation of tabular cross-bedding produced by sand-
waves with dune formed trqugh cross-bedding. Cross-set orientations are
bimodal in the tabular sets, but unimodal in the trougﬁ sets, The
sequences show no overall vertical fining. This succession is clearly
different from‘tﬁe Pennant in terms of both palaeocurrent distribution

and in lack of evidence for progressive channel abandonment, perhaps
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fitting more closely to a Platte type single channel braided river with
considerable lateral\;and-&ave’movement.

'w?iﬁally;/tﬁéAéhéhhel fills;in tﬁe Roaches Grit, are again distinct
witﬁ the dé&élobméﬁfméfﬂvery‘1arge croés—bedding sets, - Tﬁese may be
alternate bars, or possibly, very high discharges in deep channels may
have allowed the development of very large sandwaves as in the Brahmaputra.
Tﬁere is no evidence of progressive channel abandonment.

The rivers which deposited the Pennant Sandstone lacked very large
bedforms, in spite of channel depths of 15 m or more. Dunes were the
most common type of bedform and several phases of scour and fill probably
occurred during the filling of a major channel. The complexities of the
vertical sequence suggest marked variations in discharge with accompanying
changes in the bedform assemblages. Large scale ripples, active at high
stage, were sometimes wasﬁed out during falling or low stage, and covered
with erosively based beds of ripple, or parallel lamination. ‘ Sometimes,
with more rapid falls in discharge, dune profiles were preserved by

siltstones deposited in ponded water.
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Appendix 1

Computer programme for
calculating Vector Mean and
Magnitude after Curray 1956
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Appendix 2.

Sectionsused in the Markov Chain analysis of the Lower Pennant Measures

1.

4,

10.

11.

12.

Stream section in Nant y Gwair (SS 9111 9875 - SS 9089 9879),
beginning immediately above the No.2 Rhondda Coal. Rhondda Beds,
Length, 39.5m.

Outcrop west of Blaenrhondda (SN 9309 0051), between No.2
Rhondda and Daren Rhestyn Coals. Length 16.5m.

Roadcutting at Earlswood (SS 729 9uuy - SS 727 945),

Between No.2 Rhondda and No.l Rhondda Coals, Rhondda Beds.
Length 130m.

Quarry above Cwmparc (SS 9406 9525). Sandstone above the
Tormynydd Coal, Llynfi Beds. Lengtﬁ 26m,

Roadcutting east of Blaenrhondda, section between the No.l
Rhondda and No.l Rhondda Rider Coals. (SN 9288 0134),

Length 39m.

As (5) (SN 9292 0125). Length 4lm.

As (5) (SN 9398 0106). Length 27m.

As (5) (SN 9301 0091). Length 53m.

As (5) (SN 9310 008l1)., Length 22m.

As (5) (SN 9313 0065). Length 5um.

As (5) (SN 9332 0022). Length 16.9m.

Roadcutting east of Blaenrhondda, section between the No.2
Rhondda and Daren Rhestyn Coals. Rhondda Beds (SN 9308 00439).

Length 32m.
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