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ABSTRAGCT

Carboniferous Upper Limestone Group strata of
Namurian age have been investigated in an area of 45 sqguare
miles in the Northern Pennines, with a view to establishing
a rational stratigraphy and determining their depositional
environment. Several cyclothems, comprising a coarsening-
upward sequence of clastlc sediments, have been recognised
and named by the prominent marine bands taken as the base"
of each. The marine band may elther be a widely distributed
limestone or a more lmpersistent ironstone, A complex
series of channel sandstones, shell beds and fine clastiés,
which does not conform to the cyclothemlc concept , is
grouped together-as the Slate Sills'Forméfion. Strata
above the Urindstone Sill, the tOmeSt mémber of the Upper
Limestone Group, are poorly exposed, and are grouped together

as the Rowton Well Fofmation.

By comparative correlations, largely outslde the
research area, 1t 1s known that the Upper Limestone Group

1s wholly of Bumorphoceras age, and it 1is suggested that the

E,/E; boundary lies in the vicinity of the Upper Rookhope
Ironstone, The Rowton well Sill (or "First Grit") is
known to be of Rl age, but no evidence of H zZone strata

has yet been found.

The petrography of the sandstones in the area 1is
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discussed and detalls of the main types are given. The
petrography and mineralogy of the Knucton Ironstone, a
sandy; sideritic chamosite oolite, are also presented.
The chamosite has a 14 R orthohexagonal structure and is

diagenetic, at least in part.

Evidence is presented which shows that the Upper
Limestone Group cyclothems possess all the sedimentary
features of a deltalc sequence, The rocks are subdivided
into eight l1ithological facles, and the sedimentological
properties of these are given and discussed in terms of
possible depositional environmment. The detalled study
strongly supports the general impression that the Upper
Limestone Group 1s essentially a marine sequence in which
the dominant sedimentological control was of deltalc type,

with occaslonal eplisodes of dominantly fluvial sedimentation.
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STRATIGRAPHY
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CHAPTER 1

GENERAL INTRODUCTION

I Regional setting

Research Into the stratigraphy and sedlmentology
of the Carboniferous Upper Limestone Group was carried out
in an area of 45 square mlles in the northern Pennines on
the borders of Northumberland and County Durham. The
research area 1s some 20 miles west of Durham Chkty (see inset,
Fig. 1.1), extending northwards from upper Weardale as far
as Beldon, Sipton, and swinhope Burns, and in an east-west
direction ranges from Hunstanworth and Rookhopé in the east

to Coalcleugh in the west.

A geological map of the area 1is located in the

pocket at the back of this volums.

Topographiceally, the research area forms an upland
plateau which is gently inclined to the north and north-east,
and which 1s deeply dissected by an almost radial drainage
system. The region lies on the watershed between the Tyne
and Wear catchment areas, and the highest ground lles on the
north side of Weardale, where heights 6f about 2,000 feet
are common (Killhope Law, 2208 feet; black Hill, 1977 feet).
Summit helghts gradually become lower to the north-east where,
around Hunstanworth, 1500 feet is typical (Nookton Fell, 1567

feet; Cocklake, 1490 feet). The upland prarts of the ares
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are covered by thick blanket peat, whilst boulder clay
coats the lower parts of the valley sides; alluvdal deposits

occupy the recent flood plains of all the rivers and streams.

Settlement is generally restricted to the larger
dales and very few villages occur actually on the ares,
although nearby Weardale 1s relatively well-populated. ‘'The
bulk of the populatlon is situated around the old lead
mining centres, some of which still actively produce fluor-
spar. Dairy-farming 1s a common pursuit in the larger dales
such as East Allendale and Weardale, whilst sheep-farming
forms the maln livelihood of the scattered hill farms. Most
of the district, except for the headwaters of the River

Derwent 1s well-served by roads.

The Carboniferous rocks of the northern Pennines
were lalid down on a surface of varying relief comprising
Skiddaw Slates (Johnson, 1961) and the "Weardale granite"
(Dunham et al., 1961) of Middle or late Devonlan age (Dodson
and Moorbath, 1961). The whole of the Carboniferous succes-
sion appears to represent a gradual translition from a marine
environment, represented by the Lower Limestone Group, to a
terrestrial/fresh water environment represented by the Coal
Measures. Information on the Lower and Middle Limestone
Groups may be found in Dunhsm (1948), Rayner (1953), George
(1958), to name but a few, and on the Coal Measures see

I'rueman (1953), Magraw et al. (1963). The stratigraphy of
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the Upper Limestone Group in the research area is summarised

in Figure l.Z.

‘ - The area represents a small part of the Alstonﬁ
Block, which was a relatively stable area throughout Carboni-
ferous times. The Block 1s bounded on the north and south
by the relatively rapidly subsiding Northumberland Trough
and the Cotherstone Syncline respectively. Recent work by
Mr. C. R. Rowley (personal communication, 1964) has revealed
no western limit to the "Block facles" of the Carboniferous
strata, but 1in practice, the Pennine Fault System 1s regarded
as the western limit to the aAlston Block: the eastern margin
may occur Some 15 miles off the Durham coast (Bott, 1961,

p. 11).

Knowledge of the structure of the Alston Block 1s
mainly due to Dunham (1948, 1958) who demonstrated the half-
dome nature of the Carboniferous rocks (1948, Plate I, p. 65k
Fauking has a dominant trend of NW-SE, with subordinate
modes in an:i-W and an ENE-WSW direction (ibid., p. 66);
many of the faults are mineralised. The N-S trending mono-
cline known as the burtreeford ulsturbance crosses the area,
and on Burtree Fell produces dips up to 30 degrees. The
monocline produces a displacement of some 200 feet, down to
the east, but in the north, an associated fault produces a

final displacement to the west (Dunham, 1948, p. 65).
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II Alms of the research

The Upper Limestone Group of the Carboniferous
Serieg
System on the Alston Block is a compleonf sandstones,
shales, limestones, and ironstore™s of Lower Namurian

(Eumorphoceras) age, which is subject to rapid latersl varia-

tions in facies. The presence of erosive washouts aggravate
the problem of correlation, which is further hampered by the
often poorly exposed and faulted nature of the research area.
Previous workdrs have suggested correlations which often
prove to be of doubtful acmracy, and the stratigraphy of the
Upper Limestone Group is consequently poorly known., The
present writer belleves that a ratlional stratigraphy of such
a serles 1s best obtalned by application of sedimentological
as well as palaeontological criterlis. 1t 1s considered
unreasonable to propose correlstions of the vaPflous members
of the Group without attempting to reconstruct the nature of
their depositiohal enviromment; unlikely o rrelations could
easily result. Thus, in attempting to deduce in detall the
environments represented by the rocks, the stratigraphy of
the strata becomes a necessary corollary. turthermore,
although many authors refer to the "Yoredale delta" and the
"Yoredale environment”, little systematic sedimentological
research has been attempted on this problem. Analogles
with the Mississlippi delta are all too easy to mske, in
view of the wealth of information obtalned from the.many

studles of it, but the wrlter belleves that the importance
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of this "bird-foot delta” has been over-exaggerated in
the past. The present study of Upper Limestone Group
sediments represents only a small fraction of what could
be done, but it 1s hoped that the concluslions and hypo-
theses presented will stimulate further work into this

Interesting subject.
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III Previous ressearch

Many of the names of rock units within the Cafbon-
1ferous.of'the Alston Block are the result of the classic
work of Westgarth Forster, who published the first edition
of his "Treatiss" in 1809, and a second edition in 1821.
Additional data were later supplied by T. Sopwith (1833),
Wallace (1861), and Lebour (1886). The work of Wallace.is
outstanding for this period. His correlation of the beds
above the Great Limestone in Northumberland (the present-
day Upper Limestone Group), with the Millstone Grit of
Derbyshire, shows great geological perception. The Geo-
ligical Survey produced a éeries of Vertical Sections
through many of the mine shafts in the Alston district in
the years 1877 to 1878 (V. S. Sheets 62, 63, 66), and in
1883 published the One-inch map of the area (Alston, Shest
102, N.E.). Within the present research area they mapped
two limestones above the Great Limestone, the Little and
the Upper Felltop, and locally iIndicated a third, the Lower
Felltop Limestone. The Firestone and Grindstone S1lls
were the only sandstone horizons mapped in the Upper Lime-
stone Group, and, unfortunately, no accompanying Memolr was

published.

An intensification in the study of problems 1n
the Carboniferous in general, and the Namurian in particular,

did not resally take place until the latter half of the
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Twentleth Century. Most of the work ﬁp to this period
was done by the Geological Survey. Trotter and Holling-
worth produced a Memoir on the Brampton District (Sheet 18)
in 1932, in which they suggest correlations across the
Alston Block. Many of these, however, have subsequently
been revised. Carruthers classic "Adventure in Strati-
graphy" (1938) covered a considerable thickﬁess of the
Upper Limestone Group over a vast area. In view of the
short time in which this was accomplished and the lack of
detalled mapping, 1t 1s almost inevitable that errors in
correlation should appear. Carruthers did, however,
introduce several new names, and brought out the esen-
tlalby variable and often erosive nature of the deposits.
Dunham's all-embracing reconnaissance of the Noﬁthern

" Pennine Orefield (1948) is a masterly compilation and
condensation of data. Part of it was discussed with'
speclial reference to cyclic sedimentation at the 1948
International Geological Congress (Dunham, 1950), and
Dunham'!s revision of the Alston Sheet (25) ié due to be
published in the near future (G. S. Summ, Prog., 1961).
Trotter 1in 1952, @oduced a very inferesting review of
the Namurian in the north of England, concentrating to a
large extent on sedimentation facles and the distribution
of the several Stages. Modification of some of hils cor-

relations seems Justified in the light of subsequent work.

Rayner's review of the Lower Carboniferous 1in
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Northern Erngland (1953) was quickly followed by a series

of doctoral studies on the strata of the Alston Block

and adjacent areas. Two exist only in thesis form; Green

(1954) attempted to correlate Namurian strata from the

- Block to the Northumberland Trough, and Jones (1956)
studied the Namurian in an area to the south, between
Middleton-in-Teesdale and Woodland, Co. Durham. An
important contribution was published by Reading (1957)
who established a correlation between the Alston and
Askrigg Blocks, much of which is still accepted. The
chert facles assoclated with the Main, Littls, and Crow
Limestones has been adequately covered by Wells (1955)
and Hey (1956). The Geologlcal Survey brought out a new
provisional edition of the Hexhaﬁ One-inch Sheet (19) in
1956, but the map 1s conslderably modified by the writer

in Beldon Burn. Invaluable work on the Askrigg Block,

which has application to the writer's researehes on the

Akston Block has been presented by Rowell and Scanlon
(1957, a,b,), Wilson and Thompson (1959), and Wilson
(1960 &, b). Since 1960 the Geological Survey has been
revising the Cotherstone district on the Brough and
Barnard Castle Shsets (31, 32), but so far no detalls
have been published. Rather more directly concerned
with the author's area of research is the work of Dunham
and Johns#;n (1962) on boreholes near Allenheads,

/
Northumberland, and Johnson et al (1962) on the base of

;
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the Namurian and "Millstone Grit". A useful account of the
Upper Limestone Group in the vid nity of Cross Fell, West-
morland, is included in the Memoir on the Moor House Nature

Reserve (Johnson and Dunham, 1963).



IV The use of the term "cyclothem" in

stratigraphy

The considerable variation of rock types in the
Upper Limestone Group renders a* unique definition of a
cyclothem within this series impossible. A cyclothem is
essentlally a sedimentologicsal éohCept, and as such
should have a sedimentological basis; it can be used as
a time unit only with great discretion. AIn thé Middle
Limestone Group, a cyclothem 1s generally defined as tle
suite of rocks between the base of onemjor limestore and
the base of the succeeding major limestone. This boundary
1s chosen becasuse it marks the position of:the greatest
sedimentological break, namely, between terrestrial coal
swamp conditlions and fully marine limestone condltiéns.
In the Upper Limestone Group, however, the sedimentological
environment has undergone some changes, and the Middle
Limestone Group type of cyclothem is not always observable.
n

Thus, a re-assessment of the status of the term "cyclothem

appears to be desirable.

tThe followlng criteria are used 1n the writer's

definition of a cyclothem in the Upper Limestone Group:-

1) the boundarles should be at the horizon of
greatest change of sedlmentological environ-

ment
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2) the included sediments should generally
coarsen upwards, although erosive channel
sediments which fine upwards may also be

conmmon.

This definition does not invalidate any middle Limestone
Group cyclothem or any other, in which a coal/marine bed
Junction 1is used as a boundary, but the problem 1s com-
plicated in the many Upper Limestone Group cyclothems which
are wholly marine or quasi-marine; thils particularly affects

those cyclothems which culminate in & shell bed.

The principal shell beds in the Upper Limestone
Group strata studied are the Pattinson Band, theWhite Band,
and the Knucton Shell Beds. The Rookhope shell Beds are,
in general, too varlable to be included here, and are
regarded as part of a new stratigraphical unit, the Slate
Sills Formation. Although the shell beds in the Uppér
Limestone Group are often regarded as the analogues of
the limestones in the Middle Limestone Group it 1s imprac-
ticable to use the base of the shell bed segquence as the

boundary of a cyclothem. the reasons for this are:-

1) the underlying sandstone often contains thin
shell beds or scattered shells, and there is
no sharply defined beginning to marine-fossil-

iferous conditions
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2) the lowermost shell beds occur at different
| positions in different areas, and are not
correlatable
3) 1t is demonstrable (p. [9S) that the non-
erosive sandstones and shell beds belong to
Intimetely associated facies, and there is

no sedimentologlcal break between them.

It is noteworthy that all the major shell beds culminate

in an ironstone, either a sideritic ironstone or a sideritic
chamosite oolite; this is belleved to represent a shallow
water coastal lagoon environment (p. 2'%#). As the ironstone
is usually followed by black marine shale of deeper open
water origin (p. 131), then the jdbtion between the fponstone
and the shale represents the greaﬁest sedimentological change,
and should mark thetbéundary of a cyclothem of this type,

according to the writer's definition.

Another factor which must be introduced here is
that of "historical precedence'". It is accepted as standard
that a cyclothem in the Carbonifebous 1s named by the
prominant marine member occurring at itsibase. A cyclothem
of the type envisaged would have thls marine bed at the top,
and nomenclature problems are immedlately introduced.
Furthermore, naming of some cyclothems in the Upper LimesBone
Group has already taken place (Dunham and Johnson, 1962,

p. 250), and tomopose a further nomehclature would result

in great confusion. In order to maintain some degree of
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uniformity in terminology, it 1s proposed that in a shell
bed sequence the ironstone forming the uppermost bed be

regarded a8 the basal member of the succeeding cyclothem,
despite the fact that the sedimentological boundaries of
the cyclothem would be slightly different. At best this

is rather unsatisfactory, but, short of an ex cathelra

proclamation, there is no lmmediate slternative.
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CEAPTER 2

LITTLE LIMESTONE CYCLOTHEM

This cyclothem comprises strata between the base of
the Little Limestone and the top of the Pattinson Sill’(Fig.
2.1). It has been suggested by Dunham (1948, p.31) that the
Pattinson S111 is not a unique horizon, but a series of len-
ticular sandstones. If this is so then the Pattinson Sill is
not a good horizon upon which to base a stratigraphical unit.
However, it cannot be proved absent over any of the area
mapped, and, in view of this, and 1its apparently uniform
lithology, it is concluded that the Pattinson Sill may legiti-
mately be employed 1n this way. Considerable confusion has
existed in the past concerning the correlation and nomen-
clature of this sandstone. Forster (1821, p.l00) first
recorded it as a 12 foot hazle (fine grained sandstone) occurr-
ing 18 feet above the Little Limestone. Wallace (1861, plate
I, p,l?) continued to use the term in the originally defined
sense, but the Geologlcal Survey, 1in publishing their Vertical
Sectiona (Sheets 62 and 63, 1877, 1878) did not adopt a stand-
ard procedure. In the Allenheads Mine Section (V.S. Sheet 62)
the sequence Little Limestone, Pattinson Sill, White S1ll is
recorded (Fig.2.2). But in the Derwent Mine, Taylor's Shaft
(V.S. Sheet 63) the White Sill is recorded between the Little
Limestone and the Pattimson Sill. The general practice of the
Primary Surveyors 1is, therefore, that the first major sand-
stone sbove the Little Limestone is termed the Pattinson Sill.
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Figure
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They were undoubtedly influenced 1n their decision by the
apparent disappearance of their "White S111" of Taylor's Shaft

in nearby Ramshaw Engine Shaft (Fig.2.2). This gquestion 1s

further discussed on page 22.

Little Limestone. The Little Limestone was first named

by Forster in 1809 and has aubseduently been wldely recognised
by other geologlists because of its proximity to the easily
mapped Great Limestone. It may sometimes be referred to as
the Upper Little Limestone to distinguish it from a limestone
in the Middle Limestone Group known as "The Lower Little".

The Little Limestone 18 not exposed iIn the north-east of the
area because the regional dip in this direction carries it
below the surface. However, it has been recorded in mine
shafts around Ramshaw and Blanchland. The best exposures
occur at Coalcleugh in West Allendale (Plate 1) and in the
several tributaries of Killhope Burn (Plate 2). In Weardale
east of Sedling Burn evidence of its persistence 1s galned
only by the presence of loose blocks of limestone, although
better exposures are found in Rookhope Burn. Complete sections
through the Little Limestone are not common, but the greatest
measured thickness 1is 13 feet in Sedling Burn, and the least
is 6 feet from Snodberry Cleugh. Similar thicknesses have
been recorded by the Geological Survey in mine shafts through-
out the area. Dunham quotes the average thickness as less
than 10 feet (1948, p.3l1). The Little Limestone can apparently
undergo qulite rapid changes in thickness. In the Derwent Mine
Shafts (V.S. Sheet 63) it decreases from 1l feet (Jeffrey's

Shaft) to 7 feet (Ramshaw Engine Shaft) within just over half
a mile.
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The Little Limestone 18 dark grey in colour and

highly crinoidal, with only small amounts of fine-grained cal-
cite matrix. Macrofosslls are not abundant but the following

have been recorded during the survey:-

Chaetetes sp.

Lonsdalela floriformis (Martin)

Zaphrentid

"candagalli®

Chonetes 8p.

Gasteropods indet.

Dunham and Johnson (1962, p.243) obtained a more comprehensive
fauna from a number of highly fossiliferous bands in borings

near Allenheads.

The Little Limestone contalns a pugzzling structure
which 18 believed to have a primary sedimentological origin,
but whose precise genesis 18 uncertain. The structure 1s com-
posed of light grey, coarsely crystalline dolomite ¢4} whose
shape 1s subject to considerable variation but is generally
saucer-shaped (see p. Fl5and Fig.‘*J). It has-been found widely
over the western part of the area, and the fact that 1t 1s
restricted to the Little Limestone strongly suggests a primary
origin.

Fine Clastica. The Pattinson S1l1l sandstone 1s separated

from the Little Limestone by a Varyiné thickness of shale and

siltstone with occasional thin beds of sandstone. In the ares
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surveyed the thickness of this unit only varies between 30 and
40 feet. According to the Geologlical Survey (V.S. Sheets 62,

63), the supposed equivalents of the Pattinson Sill may occur

8 to 55 feet above the Little Limestone.

The shale above the Little Limestone 1s black or
dark grey and slightly micaceous. It contains a fauna of
lamellibranchs, crinoids, ostracods, and, occasionally,

Orblculoidea nitida and Lingula sp. The shale often contains

siderite concretions, and in Swinhope Burn 1t has small

weathered pyritic segregations. This occurs at the locality

at which Cravenoceras aff. malhemense, indicative of the E;

zone, was found by Hodge and Johnson (see Johnson, Hodge and
Fairbairn, 1962). The stratigraphical significance of this

discovery is discussed elsewhere (p. 97 ).

In Sedling Burn, a thin calcareocus sandstone, 3%
feet thick, occurring only 17 feet above the Little Limestone,
should not be confused with the Pattimson Sill, which can be
seen a further 15 feet above. The dark grey shales below the

minor sandstone contain sbundant Chonetes hardrensis group as

well as Productus concinnus and occasional nuculid lamelli-

branchs., The top 12 inches of this shale show a rapid transi-
tion into the dark grey fine grained sandstone. It has a loecal
calcite cement forming large concretlonary structures, and
siderite may also be locally abundant. The shale contains a

predominantly brachlopod fauna which includes Camarotocechia

pleurodon (very common), Productus concinnus, ?Phricodothyris

8p., Athyrids indet., and occasional indeterminate lamellibranche,
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The top of thlis sandstone contalns worm burrows in association
with an increased siderite content. This bed has not been

detected in any other part of the area.

The shale above the Little Limestone invariably
becomes s8ilty and more micaceous as the base of the Pattlnson
S111 is approached. In some cases, as in Swinhope Burn and
West Allendale there 1s a complete passage from shale to
medium-grained sandstone. Here, the massive Pattinson Sill
has up to 15 feet of fine-grained, very micaceous, highly
fissile sandstone below. In other localities (Rookhope Burn,
Snodberry Cleugh) there 1is a relatively abrupt contact, with
the medlum-grained sandstone resting on dark-grey micaceous

siltstone.

Pattinson 8ill. The Pattinson Sill is typlcsally a medlum-

grained sandstone with scattered crinoid columnsals and shell
fragments. It 1s masslve westhering, and, because of the
absence of argillaceous and micaceous material, has no evidence
of any kind of bedding. Various worm-burrows, some of them
U-shaeped, are often common and contain a concentration of fine-
grained detritus. In western exposures there 1s invariably a
band of calcarecus concretions up to 3 feet thick occurring a
few feet below the top of the sandstone. Thls 1s not assoclated
with a noticesble increase in the fosslil content, and the pos-
8ible significance of this nodular horizon is discussed else-
where (p./9%5). Ganister 1s not developed at the top of the
Pattinson Sill, but it mey be considerably reworked by burrow-

ing organisms in places. Common fosslls in the Pattinson Sill
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include: -

Ycaudagalli"

Camarotoechia pleurodon (Phillips)

Productus cénclnnus J. Sowerby

Schellwlenella rotundata I. Thomas

Spirifer bilsulcatus J. de C. Sowerby group
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CHAPTER 3

PATTINSON BAND CYCLOTHEM

The sideritic Pattinson Marine Band is taken as the
base of this cyclothem (p. /13 ) and the White Sill forms the
sandstone unit at the top (Fig.3.l). The Pattinson Band
Cyclothem 18 not exposed anywhere in the north-east part of
the area except for a small inlier at Coal Crag in Nookton
Burn, where the top of the White Sill 1s seen. The fact that
the Pattinson Marine Band 1s unrecorded in mine sections in
the Hunstanworth district renders it almost impossible to
recognise thls cyclothem here. The best exposures occur in
Rookhope Burn and around Coaicleugh. A number of complete
sections through the Pattinson Band Cyclothem have been
measured in the area and the full thickness ranges between 55
and 70 feet. The two lowest values récorded are 42 feet at
Killhopehead and 45 feet in Taylor's Shaft,

Pattinson Marine Band. The Pattinson Marine Band was

first recognised by Trotter and Hollingworth (1927) in the
Brampton area. Whether this horligon is persistent over the
whole of the Alston Block has never been ascertained, but in
the area studled 1ﬁ has not been recognised to the east of the
Burtreeford Disturbance. In Swinhope Burn and West Allendale
the Pattinson Marine Band is a black, medium to fine grained
sandstone with a siderite cement (Plate 3). It contains

ooliths bellieved to be composed of chamosite, thus rendering



Figure 3.1

MEASURED SECTIONS IN THE  PATTINSON BAND CYCLOTHEM

WHITE MARINE BAND

WHITE SILL I
R - Feet
..... Fao
- 20
- 10
PATTINSON MARINE BAND Lo

PS PS
1 7 8 9
River West Rowantree Doctor's Hawk

Allen Claugh Hush Sike



21

it an easlly recognlsable horigon. The oolitic rock is not
more than one foot thick, but the whole marine band may total
4 feet in all., It occurs some 3 to 5 feet above the Pattinson
Sill, being separated from it by black shale and thin sand-
stones colonized by burrowing organisms (Plste 4). The
Pattinson Marine Band was noted by Dunham and Johnson (1962,
P.244) in the Swinhope borings, where they record a dominantly
molluscan fauna. At outcrop the author found mostly brachio-

pods, 1lncluding:-

Buxtonla scrabricula (Martin)

Camarotoechia pleurodon (Phillips)

Productids

Schellwienella rotundata I. Thomas

In Weardale and Rookhope Burn the Pattinson Marine Band 1is not
present. The black shale above the Pattinson Sill contains no
sideritic development, but does have a fauna of scattered

nuculid eand other lamellibranchs,

Fine Clastics. At every exposure throughout the area

where the White Sill 1s developed there 18 a gradual upward
passage from black shale, through silty shale with fine grained
sandstone intercalations, to the fine grained and medium grained
sandstone of the White Sill. There 1s only one variastlion, seen
in Rookhope Burn, where an additional 5 foot medium grained

sandstone containing Eomarginifera lobata, Schellwienella sp.,

and crinold columnals, occurs 15 feet above the Pattinson Sill.
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White Sill. The type locality of the White Sill is at

Shildon, near Blanchland (Whittard and Scott Simpton, 1960 De
348), but it was first mentioned by Winch in 1817. Little
conformity has been adopted by the Geological Survey in their
use of the term "White Sill™ (p. /4). The confusion undoubt-
edly has arisen by the use of this term for both stratigraphical
and lithological purposes. Stratigraphically it has: been
defined as a sandstone above the Venture Band of Brampton with
the White Marine Band overlying it (Trotter and Hollingworth,
1932, Pl., III, p.69), and as a sandstone 20 to 40 feet above
the Pattinson Sill (Dunham, 1948, p.32). On the Geologieal
Survey Vertical Section Sheets 62 and 63, around which most of
the controversy has centred, it appears that the term "White
S111" 18 used more with a lithologlecal than a stratigraphical
connotation. This 1s borne out by the use of this expression
twice in the same shaft sectlon for sandstones 200 feet gpart.
To use the term "White Sill®™ in a stratigraphical sense it is
necessary to modify the Geological Survey nomenclature. In the
Derwent, Shildon and Beldon mine sections (V.S. Sheets 63, 62),
the sandstone denoted ¥*Pattinson S111" is now considered to be
the equivalent of the Whit e Sill elsewhere on the Alston Block.
This is in agreement with the terminology suggested by Dunham
(1948, p.3l). The White S1ll is believed to correlate with
the lower leaf of the Ten Fathom Grit (i.e. the Faraday House

S111) of the Cotherstone area (Fig.3.2).

In the area north of Killhope Law the White 8111 is

15 feet thick and comprises a medium to fine grained, fisslle
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sandstone with ripple lamination. It may contaln some silty
bands up to one foot thick and finely comminuted carbonaceous
material 1s common. Dunham and Johnson (1962, p.245) record
ganister at the top of the White Sill in the nearby boreholes,
but it has not been recorded at outcrop in this vicinity; a

poorly defined seatearth does occur in Rookhope Burn.

It is Interesting to record that the White S1ill is
sdarcely developed in the northern tributaries of Killhope
Burn. Only in one un-named sike are 4 feet of fine gralned,
fisslle sandstone developed at the White S1ll1l horizon. 1In
Betty!'s Cleugh to the east of this locality, and at Killhope-
head Bridge to the west, the White Sill 1s apparently repre-
sented by a few feet of dark grey, mlcaceous silty shale with
occasional plant remains, It 1s identified as such by the
overlying 3 inch ironstone band which contains brachiopods
at Killhopehead Bridge, and by the fact that 1t 1s followed
by a black shale with subconchoidal fracture (Plate 5).
Although g rather subtle change in lithology this 1s considered
to be important.

The White S1l1l1l is also found to have undergone a
slight change 1in charscter when it 18 seen in Rookhope Burn.
Here it 1s a medium grailned micaceous sandstone with irregular
bedding. It still has a transitional base where it containa
vertical worm burrows and poorly preserved brachiopods,

including: -

?Athyrids

Buxtonia sp.
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Schellwienells rotundeta I. Thomses

The upper part of the White Sill may also have large scale

cross-stratification.
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CHAPTER 4

WHITE BAND CYCLOTHEM

The ferruginous marine band immedliately overlying
the White Sill gives 1ts name to thls cyclothem. The White
Ban#d has been wildely observed at outcrop in the southern and
western parts of the area. Around Hunstanworth in the north-
east it 1s recorded as a limestone 1n the many shaft sectilons.
The Firestone S11l1 occurs at the top of the White Band Cyclo-
them. Complete exposures throughout this cyclothem are com-
mon in West Allendale, Killhope and Rookhope, but it is not
fully known in other districts. The total thickness of the
cyclothem varles somewhat over the area, but ilnvarisbly lies
between 30 and 60 feet (Fig.4.l). A more striking variation,
however, takes place in the proportion of shale and sandstone
in the cyclothem. In Rookhope Burn and the shaft sections in
upper Bolt's Burn, shale represents as little as 15 to 204 of
the whole thickness, although this increases to 50% to the
north-east in Shildon Mlne. Thls contrasts markedly with the
White Band Cyclothem around Killhope Law, where shale is res-
ponsible for 50 to 75% of this unit.

White Band. The VWhite Band in the type locality near

Brempton has been described by Trotter and Hollingworth (1932)
as a thin, calcareous sandstone overlying the White Sill. In
the area surveyed the White Band 1s undoubtedly best developed
and best seen west of the Burtreeford Disturbance, where it 1is
represented by a fossiliferous, slderitic ironstone, 9 to 18

inches thick. The siderite occurs as cement to a medium to
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fine grained sandstone and is;éspecially abundant in the
uppermost few inches, It often exhibits evidence of having
been reworked by burrowing organisms, and includes many

fossils, such a8 Productus concinnus, lamellibranchs,

bellerophontids, and bryozoa. The iron-rich character of the
White Band 1s maintasined in one of the few good exposures of
this horizon in the east of the area, 1l.e. in Hawk Sike
(Rookhope). In other respects it 1s quite different, however,
for it 1s represented by a 7 inch bed of siltstone which:con-
tains scattered quartz grains, with, locally a proliferation
of ooliths., The latter are pale, almost white, in colbur,

but are belleved to be composed of chamoslite. The White Band

here contains Chonetes sp., Camarotoechia pleurodon, productids,

lamellibranchs and crinolds. Yet another rock type occurs sat
Coal Crag in Nookton Burn, where the White Band 1s a 9 inch

calcareous sandstone, contalning Camarotoechia pleurodon,

Schellwienella sp., and productids. The White Band is here

suggested to be the equivalent of the Faraday House Marine Band

in the Cotherstone area (Fig.3.2).

Fine Clastics. Throughout the area the White Band 1s

followed by black shale, commonly with siderite nodules. Des-
pite the considerable differences 1ln amount of the fine clastics,
the gradual passage through micaceous siltstones to fine and
medium grained sandstones 1s almost ublquitous. There are two
instances, however, where channel erosion has taken place in the
Firestone 81ll, producing an sbrupt contact between the sand-

stone andthe underlying shale. In Coptcleugh Sike, the black
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sideritéc shale below the Firestone contains Euphemites urel

and small pyritised nucullds. An interesting series of shell
beda occurs some 5 feet below the Firestone Si1ll 1in Betty's
Cleugh (Killhope) (Fig.4.l). There are at least five thin
shell beds, all less than 3 inches thick, but which occupy a
band 4 feet thick. Several of these have a siderite cement,
and may dle out laterally within a few feet. The following

fossils have been obtained from this horigzong-

Buxtonia scrabricula (Martin)

Camarotoechia pleurodon (Phillips)

Eomarginifera lobata (J. Sowerby)

Orthotetids

Productus concinnus J. Sowerby

Spirifer trigonalis (Martin) group

A series of calcareous concretions, up to 2 feet long and 6
inches thick, occur in the black pyritic shales above this
band.

Firestone Sill. Forster (1809) provides us with the

first published description of the Firestone S111, whose
present day type-area centres around Allenheads and Rookhope.
Several authors have shown that the Firestone Sil1l may dile out
completely (Dunham, 1948, p.32; Jones, 1956, p.8l). On the
other hand, Trotter and Hollingworth (1938, p.79) report the
Firestone S1l1l as a "remarkably persistent" horizon in the
Brampton district. Similarly, Rowell and Scanlon (1957, p.l2)

state that the Uldale Sill exists everywhere below the Crow
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Limestone 1in the north-west corner of the Askrigg Block.
Dunham and Johnson concluded (1962, p.245) that the Pirestone
Sil1l is "poorly developed" in the area fo the north of Killhope
Law., They based thelr conclusion on the recognition of the
Crag Limestone in the Swinhope borings. However, this inter-
pretation 1a at varlance with data obtained at outcrop during
the present survey, for the wrlter has recognised a thick
development of the Firestone S1ll in the area around Killhope
Law., Since the writings of Westgarth Forster there have been
strong indications that the Crag Limestone 1s not developed

a8 a limestone in the vicinity of Alston Moor. He records
only "ironstone and coal™ above the Firestone Sill (1821, p.
99). Similarly, on the Geological Survey Vertical Section
Sheet 66 (1878) of the Alston District, an "ironstone", which
they denote as a ferruginous sandstone, occurs in this posi-
tion in a number of mine sectlons. It 1s doubtful, in fact,
whether this lronstone represents the Crag Limestone in this
area, because in most cases (except in Dowgang Mine) it under-
lies a coal. It 1s more likely to be the equivalent of a
highly limonitic ganister seen at outcrop in East Allendale

at the top of the Firestone Sill. The Allenheads Mine Section
(VeS. Sheet 62) indicates no limestone in the vicinity of the
Firestone Sill. Carruthers (1938, p.238) records the "Crag
Lime" as a dark shelly sandstone one foot thick lying above
the Crag Coal at Coalcleugh. In the Brampton District, Trotter
and Hollingworth (1932, p.79) report that the Firestone Band
(equivalent to the Crag horizon) 1is frequently represented by

a ferruginous clay. There 1s one occurrence of a limestone
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noted at this horizon in Barneycraig Mine, near Carrshield in
West Allendale, but, as Dunham points out (1948, p.34), this
passes into an ironstone (a ferruginous, l1imy sandstone with
shells) to the south-west. A detailed investigation of the
area has falled to reveal the Crag Limestone, and it is con-
cluded that it is not developed as such in the Killhope Law
region. Purthermore, 1t 1s consldered that the beds described
by Dunham and Johnson as the Crag Limestone are, in fact,
those shell beds which have just been described (p. 27 ) from
Betty's Cleugh, and which occur under the Firestone Sill (Fig.
4,1). This modified correlation (Fig.4.2) makes the previously
anomalous sandstone above thils marine horizon the Firestone
Sill, an interpretation which accords well with information

obtalned at outecrop.

In the study area the Firestone S1ill 1s present
throughout, though subject to changes in 1ithology; the thick-
ness ranges from 7 to 50 feet. In those parts of the area
where the Firestone Sill 1s transitional with the shales below
(Plate 6), the lithology of the sandstone 1s relatively con-
stant. In Nookton Burn, where it 1s well-exposed, the Fire-
stone 1s a medium to fine gralned sandstone with abundant white
mice and comminuted plant materiasl, It has small scale cross-
stratification in association with regular lamination. It may
contain silty intercalations up to one foot thick, but even-
tually the sandstone passes up into a ganister with gbundant
rootlets (Fig.4.3). At Coal Crag, above the ganister, which

is itself 3% feet thick, there are 33 feet of shale, coal, and
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highly carbonaceous ganister. In Nookton Burn, also, there
are four thin shell beds within the Firestone (Fig.4.3), con-
taining the following fossils, frequently in a fragmented

conditlion:-~-

Camarotoechia pleurodon (Phillips)

Productus griffithianus de Koninck

Schellwienella sp.

Spirifer sp.

Lamellibranchs

Buphemites sp.

They also contaln ocecaesional worm borings and tralls.

In Rookhope Burn the Flrestone S111 exhibits 1little
change, although 1t is slightly coarser in grain sigze, belng
generally a medium gralned sandstone with thin intercalations
of coarse sandstone. The ganlister on top has been extensively
guarried. The gquarrles and rare natural exposures on the
eastern side of Allendale, north of Allenheads, reveal a more
massive weathering Firestons Sill. Apart from a probable
chenge in cementation there 1s no fundamental difference in
lithology. The seat earth on top 1s, characteristically,
heavily stained with limonite, and generally contains meandri-
form rootlets. South of Allenheads the Firestone has under-
gone a marked change in character. It has become a thilck,
coarse grained, felspathlc sandstone, which eventually becomes

medium to fine grained at the top. It 1is well cross-stratified,
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and, because it is a fining upwards unit (see p. 242) it 1is
believed to represent a channel facles of the Firestone Sill
(Fig.4.4). Purther evidence for this is found in Weardale,
where a similar coarse, cross-stratified sandstone occurs.
This horizon maps round into the Firestone and White Sill
members to the east of Elmford Cleugh, where the former is
represented by a ripple laminated medium grained sandstone,
7 feet thick. Apparently the channel in ths Firestohe S111
has cut down through most of the underlying White Sill.
Channel erosion 1s a common feature of the Firestone Si1ll on
the Alston Block (Jones, 1956, p.82; Reading, 1957, p.39).
The channel facles 1s also seen in Sedling Burn, where a med-
ium grained sandstone rests sharply on black shale with an

irregular coal locally marking the contact.

In the Killhope-Swinhope district the Firestone is
represented by a medlum gralned micaceocus sandstone with
ripple lamination. Inevitably, there 18 a good ganister form-
ing the top 2 or 3 feet. In the River West Allen at Coalcleugh
there 1s an interesting development of very coarse graiped
felspathic sandstone, whilch may locally become a granule con-
gloéerate. It restsaéharply on the black shale below, contains
mud-flakes near tﬁe base, and 1s obviously erosive., It has
very strong cross-stratificatlon throughout 1its exposed 30
feet, but becomes slightly filner grained, although still a
coarse grained sandstone, towards the top. Only threg-quarters

of & mile to the north-east i1n Whetstonemea Burn the Firestone

S111l has the more typlcal lithology, and there can be no
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question of a gradual paésage between the two types. Clearly,
the coarse development marks the position of an erosive chan-
nel in the Firestone Sill (Fig.4.5). In Coal Cleugh there 1is

a very Interesting lenticular bed, occurring 22 feet above the
White Sill, which thins from 23 feet to zero within 10 feet
(Plate 7). It comprises a very coarse gralned felspathic
sandstone containing mud-flakes and large plant remains.
although 1t 1s related lithologically to the Firestone develop-
ment a few hundred yards to the west they cannot be regarded

as the same sedimentatlion unit because of the poslition of the
lens in the stratigraphical sequence (Fig.4.5). It 1s regarded

as a discrete fore-runner of the main channel.
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CHAPTER b

CRAG LIMESTONE CYCLOTHEM

The Crag Limestone 1s a widely recognised horizon on
the Alston Block, though it 18 not always developed in the
area surveyed. It marks the base of the Crag Limestone Cyclo-
theﬁ-except where the limestone 1s absent, when the top of the
Firestone Sill is taken as the base. The sandstone at the top
of the cyclothem has not previously been given a specific name
in the area of study. Although of debatable validity, the
name Fiddler'!s Sill has besen applied to it (see p. 35). The
topmost shell bed, termed the Knucton Ironstone, is taken as

the basal member of the next cyclothem (p. /3 ).

The Crag Limestone Cyclothem 1s well-exposed through-
out the area, especlally in Nookton Burn, Sipton Cleugh, West
Allendale, and Killhope Burn. The thinnest section through thg
cyclothem was 35 feet measured at Isaach's Cleugh, Killhope,
and the thickest was 70 feet at Whetstonemea Burn, West
Allendale, although 50 to 60 feet 18 more typical (Fig.5.1).

If the thin sandstone above the Firestone seen in Rotherhope
and Hagg's Mines (V.S. Sheet 66) 13 correctly interpreted as
the Fiddler's Sill, then thicknesses here awverage 30 feet. The
116 feet measured to the Fiddler's Sill in Dowgang Shaft must

be viewed with suspicion.

Crag Limestone. The Crag Lime is a term first applled by

Carruthers (1938, p.238) to a "dark, shelly sandstone' occurring
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above the Firestone Si1l at Coalcleugh. It has subsequently
been used to denote a prominent limestone found at this horizon
in many parts of the Alston Block, and believed to correlate
with the Crow Limesténe farther south. Although Coalcleugh is
the type locality for the Crag Limestone, as it 1s now called,
it is not really sultable, because it 1s not exposed at outcrop,
and 1s, in any case, not a true limestone. A better type-
locality in the research area would be Nookton Burn, the only
district, in fact, where the "Crag Lime" occurs as a limestone.
Here it 1s a dark grey, arglllaceous and arenaceous, crinoidal
limestone, with a very varlable fossil content. Locally, it
‘may be almost barren of fossils (as at Coal Crag), but there
are also occasional shell beds where brachlopods, especially,
are abundant. In Nookton Burn the basal 6 inches are highly
arenaceous, and usually decalgified, containing the casts of
many fossils. The maximum thickness seen 1s 2 feet, but it
may be as little as one foot. The following fosslils have been

found: -~

Aulophyllum sp.

Chaetetes sp.

Fenestella sp.

Composita ambigua (J. Sowerby)

Bomarginifera longispina (J. Sowerby)

Phricodothyris Sp.'

In addition to the macrofossils the Crag Limestone contains a

considerable microfauna, and it 1is surprising that Green (1954)
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recorda that microfossils are absent in this limestone in

Devil!s Water, only a few miles to the north.

Over the remainder of the research area the Crag'
Limestone is not present as a limestone; this question has
already been discussed on page 28. In Rookhope Burn, the New
Lintzgarth Quarry in the Firestone ganister, revealsﬂthat
above the Crag Coal there is a 6 inéh bed of medium grailned
sandstone with brachiopods, followed by one foot of dark grey,
silty clay, which, presumably, 1s the local representative of
fhe Crag Limestone., Exposure 1s poor at this horizon in
Weardale, but the Crag Limestone can be shown to be undeveloped
in a number of linstances. It may be present on Carr Brow Moor
where 10 inches of ochreous sandy clay (known locally as "famp")
occur. There ia:%vidence of the Craé Limestone at outcrop in
Bast Allendale, and only one record of it in mine workings,
i.e. 1n Studdon Dene Shaft on the Blackett Level (Dunham, 1948,
p.34). Its occurrence at Barneycraig Mine in West Allendale
and its passége into ironstone (op. cit., p.34) testifies to
its variability and impersistence. It is interesting to note
that an 18 inch argillaceous limestone was recorded by Dunham
and Johnson (1962, p.247) in Swinhope Boring Number 3 above the
sandstone which is here regarded as the Firestone Sil1l, This
would seem to be the Crag Limestone, and the fact that it 1s
not present in the other three boreholes emphasises its imper-
sisteﬁt nature. Previous authors in other areas also report
the Crow Limestone to be variable in lithology and thickness,
(Reading, 1957, p.40; Rowell and Scanlon, 1957, p.l3), a charac-
ter which 1is certalnly shared by the Crag Limestone in the pre-

‘dent aresa,
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Fine Clastics. The fine clastics which immediately fol-

low the Crég Limestqne, (or the Flrestone Sill where thg lime-
stone is absent), follow the same pattern throughout the area.
The initial black shales contaln siderite nodules, some pyrite,
and a sporadic fauna of crinocld columnals, lamellibranchs,
gasteropods, and rare corals. Then follows a gradual upward
passage lnto grey, mlcaceous siltstone, and eventually into
fine gralned sandstone. The latter forms the base of the

Fiddlier's Sill.

Fiddlert's Sill, There 18 some doubt as to whether the

Fiddler's Sill of this survey 1s the same as that described
by Trotter and Hollingworth in the Brampton area. Wallace
(1861) originaliy used the term for a sandstone between the
Firestone Sill and the Low Slate Sill on Alston Moor. The
author'!s usage of the expression complies with this defini-
tion, but Dunham (1948, p.34) believes that the Fiddler's Sill
of Brampton may, in fact, be the equivalent of pért of the
Firestone Sill. The Fiddler's Sill in the research area 1is
generally 15 to 20 feet thick, and has 5 to 10 feet of fossl-
liferous sandstones and siltstones above, which comprise the

Knucton Shell Beds.

In all areas, the Fiddler's 8§11l has & transitional
passage into the siltstone and shales below it. Some of the
best exposures occur at Coalcleugh, Swinhope, and Killhope,
where it 1s a fine grained, micaceous sandstone with occa-
8ional argillaceous partings. There is a tendéﬁcy, however,

for the Fiddler's Sill to become medium gralned towards the
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top. The fine sandstone frequently has ripple, as well as
regular, lamination, and contains sporadic,vertical worm bur-
rows. The medium grained sandstone usually contains brachilo-

pods including Schellwienella rotundata, Camarotoechla

pleurodon, and Eomarginifera lobata, a facies which 1s com-

mon a8 thin beds in the overlying Knucton Shell Beds. The
Knucton Shell Beds were first noted by Carruthers (1938, p.

238) at Qoalcleugh, but not described in detall. The type
locality was subsequently chosen by Dunham as Coal Crasg in
Nookton Burn (Whittard and Scott Simpson, 1960, p.200), where
they are well seen. In the western region, around Killhope
Law, the Knucton Shell Beds comprise a seriles of burrowed,
medium grained sandstones, dark grey siltstones, and black
shales (Fig.5.1). The finer clastics may contain lamelli-
branchs, but the burrowed sandstones are characterised by the
presence of thin shell beds, usually less than one foot in
thickness, contalning abundant brachiopods. The Knucton
Ironstone, which forms the topmost of the sheil beds, is des-

cribed in detall in Chapter 14.

In Nookton Burn the Fiddler's Sill has a typical
lithology, although with a greater proportion than elsewhere
of the massive, medium grained sandstone with écattered fos-
sils. Above the Flddler's Sill there are generally 10 to 12
feet of black, somewhat micaceous shale, containing siderite
nodules. The lowermost few feet of thlis shale may have a
mollusc, horny brachiopod. fauna. A 6 foot medlum grained

sandstone then occurs, upon which rests the Knucton Ironstone.
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This sandstone, in Grindstone Cleugh, and possibly in Beldon
Burn, contains small erosive channels and lentlcular beds
(Plate 8). The possible significance of these 1s discussed
elsewhere (see p. {99). At boal Crag the sandstone below the
Knucton Ironstone 1ls not preseht, posslbly indicating that

some erosion has taken place at the base of the Knucton Iron-

gtone (p. 4!).
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CHAPTER 6

KNUCTON IRONSTONE CYCLOTHEM

The base of this cyclothem is well deflined by the
Knuecton Ironstone, but attempts to define the top are thwarted .
in this region by the complex series 6f lenticular sandstones,
shales, and shell beds occurring asbove the Low Slate Sill.
The Knucton Ironstone cyclbthem is perhaps unusual in that,
over almost the whole area, the coarsening upward sequence,
which 1s associated with the Yoredale type of cyclothem, is
abruptly terminated by the erosive base of the Low Slate Sill.
Local erosion is, of course, common in other cyclothems, but
none has 8o far been so widespread. Whilst, it is admitted,
the Low Slate S1l1ll probably belongs to the Knucton Ironstone
cycle of sedimentation, the break at the base of this member
1s consldered to be of sufflicient importance to warrant the
establishment of a new stratigraphical unit, the Slate Sills
Formation. This declsion immedlately makes the expression
"Knucton Ironstone Cyclothem™ a misnomer, because, by defini-
tion (p. /[0), it can never be complete in this area. However,
for the sake of conformity, the term 1s retalned, for it 1is
not impossible that outside the area surveyed the full

sequence 1is present.

Knucton Ironstone. The Knucton Ironstone Cyclothem 1is

quite well exposed over the whole area, desplte the fact that
it is almost wholly composed of flne clastics. The thickness

remains remarkably constant, between 25 and 35 feet (Fig.?.l).
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The Knucton Ironstone is an arenaceous chamosite oolite with
a slderite cement which occurs as the topmost of the Knucton
Shell Beds. The term is coined by the author in view of its
distinctive‘lithology and widespread development in the
research area. In his Coalcleugh section Carrufhers (1938,
Pl.13, p.252), denoted part of his Knucton Shell Eeds as .
"ironstone"”, but no description was included. The Knucton
Ironstone is well developed at Coal Crag (Nookton Burn), the
type locality of the Knucton Shell Beds; this is also taken
as the type locality of the Knucton Ironstone. The geo-
graphical 1imits of the Knucton Ironstone are nof known 1in
detall, but they may well lie outslde the present study area
(Fig.6.1). Jones (1956, p.85)‘only recorded calcareous sand-
stones in the position of the Knucton Shell Beds around
Middleton-in-Teesdale, and Reading (1957, p.40) reports that

they are effectively absent in the Cotherstone district.

The petrography of the ilronstone 1s described in
full in Chapter 14. It 1s important to appreciate that the
Knuctbn Ironstone is laterally very varisble in composition.
In its best development, as at Coal Crag, around Allenheads,
and parts of West Allendale, it 1s 2 to 3 feet thick, and
almost the whole thickness contains chamosite ooliths. The
relative proportion of the three main constituents, ooliths,
quartz, and siderite, may vary over wide limits. When the
Knucton Ironstone 1s traced westwards up Nookton Burn it
passes within one mile into a non-oolitic sideritic iron-

stone. Similarly, when seen in Sipton Cleugh, three miles
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-

north of Allenheads, the Knucton Ironstone contalns a very
small percentage of oolliths, In Washpool Cleugh 1n West
Allendale, oollths are restrictedto the top three inches,
whéreas, half a mile to the north on Carrshield Moor the whole
2% feet contaln abundant ooliths. The fact that the lowermost
foot may contaln very coarse sand, which can rest on blaek
shale, suggests that local erosion occurs at this level (sge
pe 38 ). This is in accord with the study of the Northampton
Sands Ironstone by Taylor (1949, p.8), who also records that
local eroslon is common 1n'as$ociation with ironstones of thls
type. The following 1s a 1list of fossils found in the Knucton

Ironstone: -

Fenestella sp.

Stick bryozoa

Camarotoechia pleurodon (Phillips)

Chonetes sp.

Composite ambigua (J. Sowerby)

Crurithyris sp.

Eomarginifera lobata (J. Sowerby)

Phricodopgyris 8pe.

Productus concinnus J. Sowerby

Schellwienella rotundata Thomas

Spirifer bisulcatus J. de C. Sowerby group

S. trigonalis (Martin) group

Lamellibranchs

Gasteropods
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Weberides mucronatus (M'Coy)

Fish teeth

Fine Clastics. Above the Knucton Ironstone the fine

clastics conform to the general pattern of Upper Limestone
Group sedimentation. Beglnning a8 black shales with ironstone
nodules, they eventually pass through micaceous shale into
dark grey siltstone. One or two locgl varlations are, how-
ever, worth noting. In three widely separated localities,
Nookton Burn, Coal Cleugh and Sipton Cleugh, a thick sideritic
ironstone, 1 to 2 feet thick, occurs some 7 feet shove the
Knucton Ironstone. It 1s often highly weathered, but does not
appear to contain ooliths. The fine clastics are not entirely
devoid of fossils, and thevfollowing collection was méde in a
serles of then, fine gralned, ripple laminated sandstones in
Sipton Cleugh:-

Bryozoa indet.

Buxtonia scrabriéula (Martin)

Camarotoechla pleurodon (Phillips)

Eomarginifera lobata (J. Sowerby)

Phricodothyris sp.

Schellwlenella crenistria (Phillips)

Lamellibranchs
Bellerophontids

The sandstones often have a cement composed of either calcite

or siderite. The intervening beds are also fossiliferous in
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Grindstone Cleugh (Nookton), Rookhope Burn, Sipton Cleugh,
and Far Sike (Bast Allendale). W1ithin the siltstones

. Chonetes hardrensis 1s the most prolific fossil, suggesting

that it may be restricted to this facies. At the latter
locallilty, however, the followlng are also recorded:-

Athyrid indet.

Cancrinella sp.

Eomarginifera longispina (J. Sowerby)

Phricodothyris sp.

Productus Sp.

Spirifer cf. bisulcatus J. de C. Sowerby

In Beldon Burn and West Allendale there occurs a dark grey,
medium to fine gralned sandstone 10 feet above the Knucton
Ironstone. It 18 much reworked by burrowing organisms,

including "caudagalli®™ (Plate 9). Although it is not justi-

flable to correlate these two wldely separated and thin beds,
it is interesting to note that the same general envlironment
occurs in different parts of the area at approximastely the

same time.

In three localities, in Whetstonemea Burn (West
Allendale), Eastend Burn (BEast Allendale), and Silly Sike
iBeldon), there 1s a transition into medium to fine grained
séndstone, occurring below the Low Slate S1ll proper. It is
presumed that the Low Slate S111 did not erode so deeply at
these localities, so that part of the cbarse clastlics at the

top of the Knucton Ironstone Cyclothem were preserved.
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CHAPTER 7

SLATE SILLS FORMATION

The cyclothemic concept of sedimentation in the
Upper Limestone Group becomes difficult to apply at the hori-
zon of the Low Slate Sill (p. 39). The beds between the base
of the Low Slate S111 and the base of the Lower Felltop Lime-
stone are complicated by considerable lateral varlation and
do not readily conform to a cyclothemic classification; these
beds are thus grouped together under the term "Slate Sills
Formation®. The Lower Felltop Limestone is chosen as the top
of the Formation because it is a readily identifiable and
reliable marker horizon, despite the fact that it 1s locally
removed by subsequent erosion (p. 6l). fThe Rookhope Shell
Beds_and Ironstones which occur within the Formation are too
1mpefsistent and variable to be used as stratigraphical mar-
kers. For ease of description the Formation will be sub-

divided into the following members:-

e) Upper Rookhope Shell Beds
d) High Slate S1ll

¢) Lower Rookhope Shell Beds
b) Low Grit Sill

a) Low Slate Sil1l

The Low Slate Sill is probably the only member which can be
correlated with certainty over the area. Correlation of the
other members may, on occasions, prove to be incorrect, because

they are based only on general conslideratlons.
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a) Low Slate Sill, The thick basal sandstone member of

the Slate Sills Formation, here called the Low Slate Sill,
has been referred to by a variety of names in the past. The
use herein of the terms Great Sill (Dunham, 1948, p.39) and
Rogerley Transgression Beds (op. eit. p.39) is not Advanta-
geous, but the expression Low Grit S1ill will be retained for
the coarse channel facles occurring at Hunstanworth. The Low
Slate S1ill was originally defined by Forster (1809), who
recorded it as 21 feet thick. In the research area the mini-
mum full thickness measured 1s 30 feet, a:nd values up to 55
feet are not uncommon (Fig.7.1). The channel at Hunstanworth
contains up to 140 feet of coarse clastic sediments (i.e. the
Low Grit Sill).

The base of the Low Slate Sill, wherever exposed,
is always erosive. The lowermost beds, perhaps only one or
two feet; are almost invariably very coarse or coarse gralned
felspathic sandstones. They rest abruptly on black shale,
which, occasionally, 1s slightly silty and may contain plant
remains, Shale~fragments, presumably derived from the shale
below, may be abundant in the basal sandstone, as well as

large fossil tree fragments.

A generalised lithological seqﬁence within the Low
Slate Sill can be recognised over the whole area (Fig.7.l).
It begins with the erosive base and a coarse to very coarse
gralned sandstone. There follows a conslistent reduction of
graln size upwards, attendent with marked dhanges in bedding

structure. Above the basal coarse beds there occurs a much
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thicker development of medium grained sandstone with planar
and festoon cross-stratification. This serles may also con-
tain thin intercalations of both coarse and fine grained
sandstone. Gradually, the medium grailned sandstone gives

way to a medium to fine grailned sandstone which has small
scale trough cross-lamination. This and other sedimentary
features of the Low Slate Sill are discussed in greater detall

in another section (see p. 126).

The top of the Low Slate Sill may or may not be
marked by a ganister. In Beldon Burn the ganister 1s 2 feet
thick, and another 2 feet of black, plant-rich shale separates
it from a 2 inch coal seam. Eightéen inches of c¢oal occur in
this position at Nooktonhead, and the sandstone below the car-
bonaceous shale has a markedly lenticular form and contalns
large Stigmaria (Plate 10). Evidently, a small, very local
channel existed at this point. The top of the Low Slate Sill
in Sipton Cleugh has an lntercalation of black, sandy shale,

5 feet thick, with occasional ironstone nodules; this is fol-
lowed by‘4 feet of medium to fine grained sandstone contain-
ing rootlets in situ on the top (Fig.7.l). Elsewhere, and
particularly in Rookhope Burn, the topmost beds of the Low
Slate Sill are represented by a series of carbon-rich sand-
stones, much reworked by 5urrow1ng organisms,'and thin beds

| of silty shale. A similar sequence is seen in Isaach's Cleugh
(Killhope) and Deep Cleugh (Swinhope).

b) Low Grit S111. The Low Grit Sill, occupying the

Rogerley Channel at Hunstanworth, has most of the features of

the Low Slate Sill, but on a much more impressive scals.



Figure 7.2

SCHEMATIC VERTICAL  SECTION THROUGH THE SLATE SILLS FORMATION IN BELDON BURN

ILLUSTRATING RELATIONSHIPS TO ENCLOSING STRATA

LOWER FELLTOP LIMESTONE

HIOH SLATE SiLL

LOWER ROOKHOPE SHELL BED

LOW SLATE SiLL

KNUCTON IRONSTONE

CRAG LIMESTONE

Burn Brass

Burn

Upper Beidon Riddichamhope Red Cust.bcfry Boit's
2000
3







47

Dunham (1948, p.37) describes how the erosive base of the Low
Grit Sill cuts right down to the Crag Limestone in Nookton
Burn (Fig.7.8). It is interesting to observe the irregular
base of the channel, especlilally where, a short distance
downstream from Coal Crag (Nookton), there is a small wash-
out containing large boulders of the Knucton Ironétone (Plate
11). This washout, which, most probably, is a part of the
Low Grit Sill complex, has cut down at least 30 feet through
the Knucton Ironstone and most of the underlying Fiddler's
Sill. The large slze of the lronstone boulders, up to 2 feet,
(Plate 12) suggests thelr origin as the result of undercut-
ting by the river. Similar boulder beds have been described
by Black (1928) from washouts in the Lower Estuarine Series
of Yorkshire. The matrix of the boulder bed cont#ins a vari-
able array of pebbles, of yhich fine gralned sandstone and

siderite noduleé.are the most abundant (Plate 13).

In the lower reaches of Nookton Burn and the River
Derwent the behaviour of the base of the Rogerley Channel can
be studied. It 1is very irregular in Nookton Burn, sometimes
resting directly on the Crag Limestone o? perhaps separated
from it by a few feet of black shale (Fig.7.3). On the south
bank of the River Derwent the Low Grit Sill has cut out the
Crdg Limestone and rests on the Filrestone ganister, eventually
even, removing the whole of this bed. The basal beds of the
Low Grit Sill reach their maximum gfain slize at the polnt of
maximum erosion. In the River Derwent, and to a less sxtent,

around Gibraltar Banks, the Low Grit Sill is very coarss,
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p ebbly subarkose (p. /20), which often reaches the grade of
granule cohglomerate. Several of the quartzlte pebbles reach
5 em. 1n long diameter, and shale-fragments are common. When
traced westwards up Nookton and’Beldon Burns the general

grain size diminishes, as does the size and frequency of the
pebbles. However, even at Castleberry Crags in Beldon Burn,
the Low Grit 5111 is a medium to coarse grained sandstone,
with a great many coarse grained sandstone horizons. Cross-
stratification in these basal coarse beds 1s predominantly of
the very large scale trough type; but this toplic is discussed
in detall in Chapter 15. 1In common with the Low Slate S1l11
the‘deposits of the Low Grit Sill become finer upwards. This
particular feature is well seen in Bolt's Burn (Derwent),
where virtually the whole thickmness 1s exposed. The topmost
beds are composed of medium, and occasionally fine, grained
sandstone, although intercalations of coarse grained sandstone
are sti1ll quite common. Two examples of large scale trough
cross-stratification occuf in medium grained sandstone in
Bolt's Burn, and, in the finer beds, small scale trough cross-
stratification is present. It 1s interesting to note that at
Grindstone Cleugh (Nookton) the whole series 1s diminished in
graln size, and the sequence runs from medium grained cross-
stratified sandstone at the base to dark grey silty shale at
the top. The actual top of the Low Grit S1ill 1s rarely exposed,
but 1n Castleberry 8lke a 2 foot coal occurs. The Geologlcal
Survey records of the Derwent Mine sections (V.S. Sheet 63)

éuggest that this coal 1s not always present.

In Nookton Burn, near Wagtail Farm, an anomalous
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section of dark grey siltstones and fine gralned sandstones
occur only a few feet above the extrapolated position of the
Crag Limegfbne (Fig.7.4). A nearby exposure of the same
section has a lenticular bed of very coarse sandstone, and
the wholehas a rather abrupt contact with the Low Grit
- S111 above. Clearly, it cannot be part‘of the Crag Liﬁestone
Cyclothem, because a perfectly normal section occurs only a
short distance upstream. It 1s thus regarded as a marginal
facles of the Rogerley Channel. A similar faclies is developed
at the margin of a channel in the Coalcleugh Transgression
Beds: (Fig8.2).

¢) Lower Rookhope Shell Beds. Rookhope Shell Beds 1s a
term oriéinated by Carruthers (1938) for thin, fossiliferous
sandstones occurring above his Grit Si1lls in Rookhope Burn.
Indiscriminate use has been made of thils expression for
horizons above both the Low and High Sléte Sills; it 1s thus
necessary to designate these separate“serieé Lower and Upper
Rookhope Shell Beds respectively. Carruthers (ibid.) used the
term "Rookhope Main Shell Bed" for the one asbove the High
Slate Sill at Coalcleugh (present author's interpretation),
but the expression Upper Rookhope Shell Bed is preferred. In
Sipton Cleugh the basal Lower Rookhope Shell Bed is very
poorly developed, but in Beldon Burn a massive,;medium grained
sandstone with a scattered brachbpod fauna and large calcar-
eous concretions (Plate 14), rests directly on the coal at

the top of the Low Slate 8111 (Fig.7.2). It 1is worthy of
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note that the Geologlcal Survey refer to this sandstone as
the. Corbridge Limestone (One-inch Hexham Sheet 19,1956). In
both Sipton Cleugh and Beldon Burn there follows a varied
serles of silty shales with thin ripple lamiﬁated sandstones
and shell beds, with both calcareous and sideritic cements,

In Beldon Burh, a few feet above the basal, féési%iferous
sandstone, there 1s a one foot'limestone, almost wholly com-
posed of crinoid columnals and brékén shell fragments. It
also contalns rounded chert nodules up to 2.5 cm. across;

This 1is ogp of the rare occurrences of chert in the Upper
Limestone‘Group of the research area, although several suthors
have recorded siliceous "lime plate" at a number of horizons
(Carruthers, 1938; Dunham, 1948; Johnson and Dunham, 1963).
Thers 1s a general increase in grain:size as the base of the
High Slate S1ll 1s approached, so that the contact is quite
transitional, (Plate 15). In relatively few other districts
is this unit completely exposed. Eﬁen where exposure is good
there 1is often qnly a superflicisl resemblance between measured

sectlons.

The section observed at Nooktonhead 1s particularly
difficultzto correlaté, because none of the Lower Rookhopse
Shell Beds appears to be present (Fig.7.5). Instead, there
is a series of 40 feét of shales, sandy slltstones, and thin,
ripple-laminated, fine grained sandstones, which often contain
abundant plant remains., The sandstones also contain U-shaped

burrows., A very similar sequence is observed in Hawk Sike

{Rookhope), and in adjacent Stogel Cleugh the silty shale
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contains Lingula mytilloldes and sbundant plant material.

The general impression obtalned is that this sulte of rocks
is less marine than 1its equivalents 1n other districts, but
this 18 only proposed as a tentative hypotheslis., In Nookton
Burn this thickness of beds 1s reduced to 2 pf 3 feet of
shale around Smithy Cleugh and Little Nookton Burn, where

the transgressive base of the High Grit S111 cuts down almost
as far as the Low Grit Sill (Fig.7.5). No fossils were

found in this attenuated sequence.

At Coalcleugh, Carruthers (1938, P1.13 p.252) recog-
nised an ironstone above hilis "Rookhope Main Shell Bed", which

he namedrthe Rookhopé Ironstone. This particular horizon 1s

here called the Upper Rookhope Ironstone (Fig.7.l). In the
type locality of the Rookhope Shell Beds in Rookhope Burn
another ironstone occurs some 20 feet above the Low Slate
$111, which, in view of its position, must be designated the
Lower Rookhope Ironstone (Fig.7.6). Carruthers (ibid. Pl1.13),
showed a:4 inch ironstone at a lower horizon, and, although

he did not describe 1ts lithology, it clearly does not rep-

resent the Lower Rookhope Ironstone.

The Lower Rookhope Ironstone 1s restricted to parts

of mast Allendale, Rookhope, Sedling, and Middlehope Burns
(Figs.7.6,7.7,7.8). The best exposure of this ironstone
ocecurs in Byerhope Burn (East Allendale), where, although
only 9 inches thick, chamosite ooliths may comprise 30 to 40
per centof the whole rock. A simllarly high proportion of

oolltic material..occurs in Rookhope Burn, where it 1s best
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seen by the roadside near Grove Rake Quarry. Thils appears to
be the area of maximum development of chamosite ooliths in the
Lower RookhoPe Ironstons. To the north it 15 not present as
a chamosite oolite, althougﬁ it may pass into siderlitic iron-
stone. Southwards from Rookhope the Lower Rookhope Ironstone
1s found in Middlehope Burn and also in Sedling Burn. The
exact equivalent in Middlehope Burn 1s not certain, becéuse
there are two horizons which contaln chamosite ooliths. The
lower!one rests directly on the Low Slate 35111, and 1s a med-
ium grained, burrowed sandstone %2 feet thick, with an upwards
increasing amount of siderite and ooliths. The upper oolitie
bed occurs 25 feet above and has a lower oolith content.
Carruthers (1938, p.239) mistakenly regarded these as the
Knucton Shell Beds. In Sedling Burn the Lower Rookhope Iron-
stone occurs 15 feet above the Low Slate Sill, ‘and is note-
worthy in that, although 1t appears to have abundant chamosite
in the matrix, none of 1t occurs in oolitic form. all occur-
rences of the lronstone contain fosslils which includefthe

following:-

Crinoild columnals

Athyris sp.

Buxtonia scrabricula (Martin)

Chonetes hardrensis (Phillips) Group

Composita ambigua (J. Sowerby)

Crurithyris sp.

Eomarginifera longispina (J. Sowerby)

Phricodothyris sp.
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Productus concinnus J. Sowerby

Schellwienella rotundata I.Thomas

Spirifer sp.

Pectinacesn
Bellerophbntids

Neither of the Rookhope Ironstones has so far been found south
of Weardale (Reading, 1957; Jones, 1956, p.56). The Rookhopse
Shell Beds near Middleton-in-Teesdaie appear to be commonly

represented by chert and siliceous limestone with glauconite.

d) High Slate Sill., The coarse clastic rocks occurring

above the Lower Rookhope Ironstone are among the most variable
in the area. 7The thickest development of the High Slate S111l,
apart from an unusually thick succession near Allenheads, 1is
seen in the north in oipton Cleugh and Beldon Burn (Fig.7.1).
It is 35 feet thick in Sipton Cleugh, where the lowermost 16
feet comprise fine grained sandstone with alternating burrowed
horizons and small scale cross-stratified horizons. The next
10 feet are medium grasined sandstone with large scale cross-
stratification, and this rests quite sharply on the fine grained
sandstone below. In the topmost 9 feet the sandstone has per-
fectly regular bedding, occurring in beds 6 to 9 inches thick.
There 1s a transition, begun by the incoming of animal burrows,
into the Upper Rookhope Shell Bed. Only In Sipton Cleugh is
this tripartite division of the High Slate Sill discernible
(Plate 15). In Beldon Burn, where it is 30 feet thick, it is

a medium to fine grained, well-laminated sandstone throughout.
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It contains large calcarsous concretions, and also has very

good examples of trough cross-stratification (Plate Jo).

Towards the south-west from Sipton Cleugh there.is
a dramatic decrease in the thiclkness of the High Slate Sill,
and alsc of the shales below. In Dsep bleugh (Swinhope) the
High Slate S1ll is represented by a medium to fine grained
sandstone 8 feet thick, and this impoverishment 1is continued
into Upper Weardale. 1n Isaach's Cleugh (Killhope) there
are 12 feet of medium to fine gralned sandstone with cross-
stratification in shallow sets, and, in Sedling Burn, this
horizon appears to be represented by only 7 feet of flne

gralned sandstone.

The High Slate S1ll 1s diffilcult to trace in East
Allendale -on account of the thick drift cover. In Eastend
Burn, it is impossible to differentiate it from the Low
Slate Sill, alfhough exposure is far from continuous. Des-
pite the fact that nearby vollier Shaft (V.S. Sheet 62) shows
three sandstones in the position of the Low and High Slate
Sills, there 1s a strong suggestion in rastend Burn that
this whole interval 1s largely composed of sandstone. This
is confirmed by the sectlon seen 1in the Rlver East Allen,
south of Allenheads, where only 2 feet of siltstone‘separate
the High Slate Sill from the Low Slate S111 (Fig.7.7). The
High Slate S1ill 1s here a medlum grained sandstone, 45 feet
thick, which has well-developed planar cross-stratification.
It becomes slightly finer grained towards the top and it 1s
markedly erosive. It completely removes the Lower Rookhope

Shell Beds and Ironstone, and appears t o represent a local
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channel faclies of the High Slate Sill. The combination of
the Low and High Slate Sills in thls area glves rise to the
term Great Sill (Dunham, 1948, p.39).

~

In part of Rookhope Burn and in #Middlehope Burn
the High Slate Sill contains a basal development of coarse,
felspathic sandstone (Fig.7.6). It rests sharply on shales
and contains large fragments of fossll trees. The coarse
sandstone passes up into medium grained sandstone, and the
whole 1s rnot more than 17 feet thick. In some localilties a
thin ganlister is developed on top of the High Slate Sill,
followed by impure coal. The High Slate S1l1l here hﬁs a
definitely fluvial aspect, and it 1s probably related in

some way to the channel facies seen near Allenheads.

The coarse\facies of the High Slate S111 in Rook-
hope Burn occurs in the viclinity of Grove Rake. When fol-
lowed eastwards into Hawk Sike it is seen to be entirely
composed of medium grained sandstone with trough cross-
laminetion and animal burrows; it rests quilte sharply on
sandy shale. The top of the High Slate Sill is not seen
here, because the very coarse sandstone of the High Grit
S111 (or Coalcleugh Transgression Beds) has cut right down
to this level. However, in Stogel Cleugh, farther to the
east, erosion is not so great, and a 2 inch ganister at the
top of the High Slate S1l1l 1s present. A similar sequence
is seen in Beldon and Nookton Burns. Here agaln the High
Slate Sill is gradually cut out by the High Grit Sill, which

reaches its maximum erosive condition near Hunstanworth (Fig.7.2)
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In a number of sections at Nooktonhead, in Beldon Burn, near

Riddlehamhope, and in Castleberry Sike, the normal medium

gralned development of the High Slate $5ill can be seen.

e) Upper Rookhope Shell Beds. This member, in effect,

comprises ﬁhe strata from the top of the High Slate S111 to
the base of the Lower Felltop Limestone. It thus lncludes
beds which are not entirely fossiliferous, and not really
shell beds (Fig.7.1). The sequence is #ery poorly known in
the present area, but there 1ls an excellent section in Sipton
Cleugh, and good exposures in some of the streams‘araining
Killhope Law. Little information can be gleaned from the
poor exposures in East Allendale, Weardale, and HKookhopse
Burn., An Iimportant factor governing the exposures of this
member -1s the dlsappearance of the sandstone just below the
Lower Felltop Limestone to the south and east of the region.
Fuarthermore, this whole unit 1is removed by the strongly
erosive High Grit S111 (or Coalcleugh I'ransgression Beds) in
lower Beldon, Nookton, and lower Rookhope Burns. The total
thickness of the unit varies considerably: 1t reaches 60 feet
in Isaachbs Cleugh and 47 feet in Sipton Uleugh, but in
Weardale and possibly also in Hookhope Burn it 1is of the

order of 25 to 30 fset.

Aboée the High Slate Sill 1n Sipton Cleugh ftere are
25 feet of fine clastics, and 40 feet in Isaach's Cleugh;
these are the only two completely exposed sectlons in the
area. Much of this unit is composed of dark grey siltstone

with subordinate sandstones. <The basal member of the Upper
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Rookhope Shell Beds 1s a medium grained, fossiliferous sand-

stone which 1is calcareous in part.

The following fossils

have béen observed in this shell bed:-

FPenestella sp.

Athyris sp.
Derbyla sp.

Schellwlenella rotundata I. Thomas

Spirifer sp.

Gasteropods
Ostracods

In the River East Allen, there are
the High Slate S1ill from the Upper
The shale contains a similar fauna

includes Orblculolidea nitida. The

Upper Rookhope Ironstone in sipton

15 feet above the basal shell bed,

10 feet of shale separating
Rookhope Shell Bed (Fig.7.1).
to the shell bed, but
horizon correlated as the
cleugh (Fig.7.7), occurs

and is, essentially, a

med ium to?finé grained, fossiliferous sandstone, only 5 inches

thick. Locally it has a siderite cement and contains some

chamosite ooliths. The foliowing fossils have been collected

from this band:-

Buxtonia scrabricula (Martin)

Composita ambigua (J. Sowerby)

Eomarginifera longispina (J. Sowerby)

Schellwienella rotundata I. Thomas

The identification of this horizon

as the Upper Rookhope



3

ot

Ironstone 1s open to some doubt in view of the fact that the
lowermost of the Upper Rookhope Shell Beds also contailns
sporadic chamosite oollths in some places. However, the
ironstone at the upper horizon is better developed and more
persistent. Exactly the same sequence 1s seen in several
tributaries of Swinhope Burn, where the Upper Rookhope
Ironstone occurs as a thin sideritic band (9 inches thick)
contalning abundant chamosite ooliths; the siderite matrix
is often limonitlised. The best exposure in Killhope Burn,
at Isaach's Cleugh, shows the Upper Rookhope Ironstone, with
the same lithology, occurring 15 feet above the High Slate
Sill. It 1s unusual here in that it contains occasional

Clisiophyllid corals and Spiriferellina sp.

The sandstone which occurs below the Lower Felltop
Limestoneis only present in East Allendale and around Kill-
hope Lew. It is believed to die out .south of allenheads and
possibly even to the east (Fig.7.6,7.7). 1In Sipton Cleugh it
1s represented by 22 feet of fine grained sandstone, which
has small scale festoon cross-stratification (Plate 18).

The top 3 feet are of medium grained sandstone, and contain

Schellwienella rotundatae and crinolds. The sandstone 1is

difficult to trace in East Allendale, but 1t can be picked up
again near Allenheads, where it 1is separated from the Lower
Felltop Limestone by a few feet of shale. &ven farther south,
however, in Allenheads Park, it appears to die out completely,
and 1s not present at all in elither Sedling or Middlehope
Burns (Fig.7.1). 1In Coal Cleugh, Swinhope, and Killhope Burms

the sandstone 1s still present, and maintains a remarkably
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constant lithology. Where seen, 1t is of the order of 20
feet thick, and is a medlum to fine grained cross-stratified
sandstone, which is characterised by the presence of occa-

sional thin shell beds containing abundant Schellwienella

rotundata. The highest beds also contain abundant crinoid

fragments, as in Sipton Cleugh.

At Rookhopehead, exposure at this horizon is very
poor, and no evidence of a thlck sandstone below the Lowser
Felltop Limestone has been found. In Grove Rake Quarry,
however, at least 3 feet of flne grained sandsﬁone oceur
below this limestone, though it has not been observed in
other localities. Carruthers (1938, Pl.1l3, p.252) likewise
records 5 feet of sandstone below the Lower Felltop at
Rookhopehead. The only other exposure in the area 1s in
upper Beldon Burn, but here the evidence 1s somewhat confus-
ing. In the maln valley near Heatheryburn, a good section
is exposed from the top of the High Slate S111 to the top of
the Coaicleugh Transgression Beds. The Upper Rookhops Shell
Bed rests gquite normally on the High Slaté Sil1, with, 10
feot above this, & thin bed of very fine grailned, fissile
sandstone. However, the rest of the section is composed of
shale andsiltst one, and nelther the Lower Felltop Limestone
nor the sandstone below 1t is exposed. It is possible that
the 5 feet of very fine grained sandstone 1s the only rep-
resentative of the much thicker sandstone seen in Sipton
Cleugh, but the &sence of the Lower Felltop 1s puzzling.

It seems difficult to escape the concluslon that 1t is

removed by the erosive Coalcleugh Transgression Beds, which
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is parﬁly represented by fine clastics. This question is
discussed in more détail later (p. 63).
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CHAPTER 8

LOVER FELLTOP LIMESTONE CYCLOTHEM

The theoretical limits of this cyclothem are the
Lower Felltop Limestone at the base, and the Coalcleugh Coal
at the top (Fig.8.1). In many instances, to be described
presently, the Lower Felltop Limestone 1s removed by the
erosive Coalcleugh Transgresslion Beds, so recognition of this
variable unit 1s based to some extent on interpretation.
Exposures are moderately good throughout the area, though
commonly restricted to the coarse development. 1in fact, in
the vicinity of Hunstanworth, the High Grit Sill (equivalent
to the Coalcleugh Transgresslion Beds) is the only represen-
tative of the cyclothem, here acquiring thicknesses ranging
from 62 to 108 feet according to the Geological Survey (V.S.
Sheet 63). Generally, however, thicknesses ranging from 30

to 60 feset are more common.

Lower Felltop Limestone. There 1s some confusion in the

literature concerning the use of the term Lower Felltop Lime-
stone. The name was first used by Burns in 1873 (G.S. Six-
inch Sheset, Northumberland; 111), where he defined 1t as the
second limestone below the Mlllstone Grit of Westgarth Forster
(1809). The term "Lower Felltop Limestone” was used in this
context by Carruthers (1938) for Alston Moor, but in an
earlier publication (1925) on the Tyne area, he referred to a
limestone above the Thornborough as the Lower Felltop Lime-

stone. Although agreement is far from universal, recent work



Figure 8.1

MEASURED SECTIONS IN THE LOWER  FELLTOP LIMESTONE  CYCLOTHEM

.....

COALCLEUGH TRANSGRESSION BEDS ] —=

| 7
A4ty
LOWER FELLTOP LIMESTONE E
28 19 29 30 27 5 31
Killhopelaw Sipton Beldon Rookhope Hawk Sedling Yearn
Sike Cleugh Burn Burn Sike Burn Cleugh



G2

on the problems of correlation within the Upper Limestone
Group, suggests that the Lower Felltop on the Alston Block
is, in fact, equivalent to the Thornborough Limestone in the
Northumberland Trough (Whittaker, 1963). This correlation
was apparently accepted by Carruthers and Robertson as early
as 1956 (G@.S Héxham Sheet 19). The use of the term Lower
Felltop for a limestone above the Thbrnborough seems undesir-
able on these grounds. In this theslis, therefore, the name
Lower Felltop Limestone 1s used in the sense originated by
Burns, and continued by Carruthers (1938), Dunham (1948),

and other workers on the Alston Block.

The Lower Felltop Limestone is belleved to be
present over much of the area surveyed. It 1s definitely
absent i1n the north-east and east, around Hunstanworth and
Rookhope, where 1t has been removed by the erosive High Grit
Sill. Dunham (1948, p.222) reports that the Lower Felltop
Limestone 1s locally absent 1n the purtree Pasture lead
workings, but 1t is present at outecrop in nearby Sedling
and Middlehope Burﬁs. Another factor severely limiting the
value of the Lower Felltop Limestone in this study, is that
it has undergone widespread mineralisation to the east of
the Burtreeford Disturbance. In Sedling, Middlehope, and
Rookhope Burns the limestone has been convertéd into ankerite
and siderite, and may contain spherulitic sphalerite (Dunham,
1948, p. 219). It has been widely quarried in Middlehope
Burn and at Hookhopehead for ironstone. 71he original texture
of the limestone has been destroyed, and the carbonate has

crystallised in more or less perfect rhombs. The full thick-
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ness 1s never greater than the average of 4% feet quoted by
Dunham-(l?AS, p.246). The Lower Felltop Limestone is finely
crinoidal and dark grey in the south of the reglon but light
grey in the north. The limestone contains the algal form

genus Osagla (Girvahella, auctt.) encrusting shell fragments

(Plate 17), which has been found to be typical of the Lower
Felltop Limestone in the research area. It has also bsen
recorded outslde the'area on Middle Fell, west of Nenthead
(Dunham, 1948, p.40), but not to the south around Middleton

(Jones, 1956) or Cotherstone (Reading, 1957).

Sporadic outecrops in the streams dralning Killhope
Law serve to 1llustrate that the Lower Felltop Limestone 1is
present over much of this district. True ocutcrop is encoun-
tered only in Varty's Sike, but loose blocks of dark grey
algal limestone are found iIn Betty's Cleugh and Coal Cleugh,
vand rotted limestone occurs in Killhopelaw Sike. Ths local-
ity at Killhopelaw Slke shows that the Lower Felltop here
has a sandy base containing much sheil debris, Including
productids and lamellibranchs. Dunham and JohnsTon (1962,
p.249) record the full thickness of the limestone as 4 feet

in this district.

The Lower Felltop Limestone in cipton Cleugh and
upper Deldon Burn has a different lithology, in that it 1s
remarkably pure and light grey in colour. It has wavy bedding
(Plate 18) and contains few macrofossils. A number of small
Chaetetes colonles were seen in both localities and 0Osagila

1

is present. In Sipton Cleugh the maximum thickness observed

1s 7% feet, although it is completely cut out by the Coalcleugh






64

Transgression Beds within sbout 50 yards along the valley side
(Fig. 8.2). In Beldon Burn (Plate 19), the Lower Felltop Lime-
stone 1s seen for a thickness of only 3 feet, but 1t 1s recog-
nisable by 1its lithology and the presence of Osagla nodules.
The Geologlical Survey have Incorrectly mapped: this exposure as

the Upper Felltop Limestone (G.S. Hexham Sheet 19).

Fine Clastics. The fine cleastic rocks above the Lower

. Felltop Limestons are rarely seen in the study area. In the
occasional outcrops, as in Sedling Burn, the general sequence
of shale, passing into Interbedded siltstone-and‘sandstone
still holds good. There are certain outcrops, as in Beldon
Burn, where the fine grained rocks below the Coalcleugh Trans-
gression Beds do not appear to belong to the usual éoarsening
upward cycle, but rather to the channel deposits of the Coal-
cleugh Transgression Beds. This 1s discussed in greater detall

later (p. 68).

Coalcleugh Transgression Beds. Carruthers (1938) used the

term "Transgression Beds" in describing this member from the
type locality at Coalcleugh. Dunham (1948, p. 40), made the
expression more precise when he specified it Qs the "Coalcleugh
Transgression Beds", to avold confusion with his "Rogerley
Transgression Beds". Carruthers (ibid., p. 237) remarked that
the Coalcleugh Transgression Beds are 'eXtraordinarily varlable
in their details, but always present”, a description with which
the writer would accord. At the type locallty 1t 1s, in fa€ts.
not well seen, but good exposures occur throughout much of the

area. The writer agrees with Dunham (1948, p. 40) that the
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Coalcleugh Transgression Beds are equivalent to the ﬂigh Grit
Sill of the eastern part of the area around Hunstgnworth and
Rookhope (Fig. 8.4). Use of the latter term will be continued
in this thesis, as it usefully'describes the coarse clastic
development of the Coalcleugh Transgression Beds in that
vielnity. The thickness of the coarse clastic sediments of
this cyclothem varies from 15 feet (upper Beldon Burn) to 108
feet (Routh's Shaft, Derwent Mines). Most cormonly, however,

1t averages 25 to 50 feet thick (Fig. 8.1).

It is interesting to note that, in a study of the
rocks in the Cotherstone Syncline, Reading (1957, p. 43)
recorded two facles of the Coalcleugh Transgression Beds, His

"mixed facies", or Coalcleugh Transgression Beds sensu stricto,

were shown to be the I teral equivalents of the "grit facles”,
or Transgr3851on Bedé Grit (ibid., p. 44). It will be shown
later that exactly the same situation occurs in the present
area. The Coalcleugh Transgression Beds are of "mixed facies"
as defined by Reading, and the High Grit S111 is the sediment-

ological equlvalent of his Transgression Beds Grit.

Typical exposures of the Coalcleugh Transgression
Béds can be seen in Rookhope Burn west of Grove Rake Quarry,
in Middlehope Burn, and 1in East Allendale south of Allenheads.
Commonly in this area, as at Rookhopehead and Yearn Cleugh
(Middlehope), there are two arenaceous horizons, separated by
.a few feet of plant rich silty shales. The basal sandstone
is at least 13 feet thick, and coritains Stigmarla in parts.

In Grove Rake Quarry, the lower, massive sandstone contains
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abundant U-shaped worm burrows. The upper sandstone 1s medium
to fine grained? often highly carbonaceous and usually with
some ripple lamination. A thin ganister, 1 to 2 feet thick
Invariably follows. This ganlster 1s, in fact,vﬁhg most com-
monly exposed part of the Coélcleugh Transgression Beds in the
vicinity of Killhope Law, largely because of the extensive
opencast workings for the Coalcleugh Coal. The seatearth 1is
represented by a medium to filne grained sandstone with small

sphaerosiderlte concretions.

The channel-fill nature of the Coalcleugh Trans-
gresslion Beds in the Sedling-Middlehope district suggested by
Dunham (1948, p. 222), may be indicated by the élight change
in facies which the beds undergo in Sedling Burn, where they
are represented by 20 feet of medium to coarse gralned sand-
stone with large scale cross-stratification. A similar lith-
ology, but with iIncluded shale-fragments, occurs at Middlehope-
head. In Frazer's Quarry, Rookhopehead, 22 feet of medlium to
coarse gralned sandstone afe exposed, and the upper part 1is
seen to interdigitate with a serlies of plant-rich siltstones
and sandstones of more typical "mixed facies" (Fig. 8.3). A
similar 1nterdigifation, but on‘anlarger scaiey»is believed -
to take place between the Coal cleugh Traﬁsgression_Beds and
the High Grit S1l1l of the eastern part of the area. This
transition can be deduced from the sequence s8een in Beldon

Burn (Flg. 8.4).

The best exposures of the High Grit Sill are found

in Hawk Sike (Rookhope), the many tributaries of Nookton Burn,
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and the lower reaches of Beldon Burn. The High Grit 511l
belongs to a highly erosive channel facies, whose base occurs
at varying horizons. Invariably, the Lower Felltop Limestone
and the Upper Rookhope Shell Beds are removed in this eastern
district, so that the High Grit Sill rests on the High Slate
8111 (Fig. 8.4). At Rosa's Bower, Nookton Burn, even this is
removed, although at Stogel Cleugh (Rookhope) the base occurs
sbout 2 feet above the High Sléte Si1l1. Carruthers (1938, p.
239) misinterpreted the Hawk Sike section (Fig. 8.1) where he
incorrectly believed that his "High Grit Si11l" was the equiva-
lent of the High Slate Sill. He considered that his "High
and Low Gprit S111s" joined to form his "Grit S111" (= the Low

Slate Si111 of this thesls) at Coalcleugh (ibid., Fig.l, p.248).

Deséription of the lithology of the rocks comprising
the High- Grit S111 1s rendered simple by the fact that there
is a remarkable uniformity within much of the di"annel, There
1s always ‘a sharp lithological break to mark the base of the
High,Grit‘Sill, and the first deposits are of coarse to very
coarse subarkoses with large scale cross-stratification.
Quartzite pebbles up to 1 cm.,-shale fragments, and large
fragments of fossil trees may occur in these basal deposits.
The average grailn size of the formation diminishes upwards,
becoming a medium grained sandstone with less well pronounced
cross-stratification, and, eventually, a mediumtioc fine grained
sandstone with small scale trough cross-stratification. ‘the
latter sandstone may contain calcareous concretions, and may

pass up into an even finer development, with silty shale
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resting below the uvoalcleugh Coal. Commonly, but by no means
invariably, there 1s a ganister with Stlgmaria about 2 feet

thick on top of the nigh Grit Sill.

In Beldon Burn, the fining upwards sequence of the
High Grit Sill holds good for sections east of Norham Burn.
In this burn, and 1in all exposures to the west, the coarse
sandstone facles of the High Grit S111 is no longer in evidence.
Instead, there are a series of sandstones and siltstones more
typical of the Uoalecle ugh Transgression peds. At first, the
Coalcleugh Transgression Beds are represented by a single
sandstone, only 15 feet thick. This has aswell-developed gan-
ister on top, and consists largely of medium to fine grained
sandstone, frequently with ripple lamingtion. many beddirg
planes are coated with comminuted carbonaceous material. The
sandstone has a rather rapld transiéion int o the siltstone
below. ''his ssquence 1s seen in Beldon Burn at the mouth of
Heathery Burn, where 28 feet of shale can be s een below the
Coalcleugh Transgfession Beds (Plate 20). The absence of the
Lower Felltop Limestone in this sectlion (p. SS)Imust indicate
that the fine clastics here belong to the erosive channel
facies of the Coalcleugh ''ransgression Beds (Fig. 8.4)5
Another alternative 1s that the Lower Felltop Limestone was
not deposited in this district, but its presence only three-
quarters of a mile away to the west, with exactly the same
11thoiogy as seen at Sipton.Cleugh, strongly suggests that it
would not die out so quickly. AS if to emphasise the complex

variations within the Coalcleugh Transgression peds, another
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medium to fine .grained sandstone appears, just upstream of
Heathery Durn, only 11 feet below the topmost sandstone.
This is at least 8 feset thick, and has an impure coal 12
inch es thick, on top. 1The sandstone dies out completely
only 200 yards to the east (Flg. 8.4). This twofold aren-
aceous development of the Coalcle ugh Transgression Beds 1s
comparable with that seen at nookhopehead and Yearn Cleugh,
and 1s maintalned in every outcrop to the west of this
locality. As already noted, the erosive base of the Coal-
cleugh Transgression Beds rises sufficiently to reveal the

Lower Felltop Limestone near Green Cleugh (Fig. 8.4).

The Coalcleugh Transgression peds ia Sipton Cleugh
are of interest, not only because they can be observed to
remove completely the full thickness of the Lower Felltop
Limestone, but also because there 1s a further development
6f fine grained clastics wX hin the channel facles., Here
the base of tle Coalcleugh Transgression Beds 1s locally
marked by an impure coal, which reaches 9 inches in thickness,
although sandy detritus contributes greatly to this. A len-
. ticular serles of black sandy siltstones with thin, medium
grained sandstone ribs has a restricted development above
the coal (Fig. 8.2), and this gradually passes up into the
medium grained sandstons which comprises most of the Coal-
cleugh Transgresslon Beds. The sandsténe at this locality
has a unique trough bedded structure which 1s describgd else-~
where ip. 234). Generally, however, bedding appears to be

fairly regular snd the sandstone passes up into a sandy silt-
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stone, and, eventually, & yellow-weathering clay.

The Coslcleugh Coal 1s apparently 16 to 22 inches

thick in the vicinity of Coalcleugh, where it has been exten-
sively worked. Over most of the ares, howe,ver,v it is only
represented by an impure coal varying from 1 to 6 inches
thick. Only in two sections, Smithy Cle ugh (Nookton) and
Hawk Sike (Rookhope), does it reach 16 inches., The Coal-
cleugh Coal does not appear to have been worked outside the

Coalcb™ugh district.
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CHAPTER 9

COALCLEUGH BAND CYCLOTHEM

The Coalcleugh Marine Band, which forms the base
of this cyclothem, 1s not always developed, but the cyclothem
can be recognlised over most of the study area; the top 1is
taken as the base of the Upper Felltoé Limestone. 1t must
be emphasised, however, that the uppermost 20 feet or so of
this cyclothem, 1.e. those beds between the Hipple Sill and
the base of the Upper Felltop Llmestone, could be regarded as
a separate cyclothem (Fig. 9.1). They exhibit all the features
of an Upper Limestone Group cycle, except that no marine band
is present. However, in view of their small thickness, their
simple nature, and thelr poor exposure, they are included as
a "minor" cyclothem in this section, but described separately.
Bxposures of the Goalclqugh Band Cyclothem are generally poor
in Weardale, where it crops out at a high level, and tends to
be masked by peat. mxcellent exposures occur at kKookhope-
head, in Nookton andlbeldon ourns, in Sipton Cleugh, and, to
a less extent, at voalcleugh. On the whole, the unit up to
the top of the Hipple Sill is quite thick, averaging 80 to
90 feet in nookhope and Nookton purns, although a value of
only 50 feet was recorded in Routh's Shaft by the ueolbgical

Survey (V.S. Sheet 63).

Coalcleugh marine Band. The type locality of the Coal=-

.cleugh marine pand 1s voalcleugh (Carruthers, 1938), where it

was discovered in the opencast workings in the voalecleugh
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Coal. The disused workings are rapidly becoming overgrown,
and, although the Marine Band csn still be seen in places,
better exposures are afforded by the abandoned 1lronstone
guarries in Riokhope Burn. The first 6 to 18 1nches of shale
above the CGoalcleugh Coal are generally not fossiliferous.
They do, however, contailn worm burrows snd, rarely, chitinous

brachlopods such as Lilngula mytilioides. ‘The MarineBand

proper occurs above thls burrowed shale, and simply comprises
black shale with large siderite nodules and a sScattered
brachiopod and molluscan fauna. The brachiopods generally
die out after not more than 2% feet. The following fauna has

been collected:-

Composita ambigua (J. Sowerby)

Dictyoclostus sp.

Krotovia sp.

Orbilculoldea sp.

Productus aff. concinnus J. Sowerby
Lamellibranchs

Conularla quadrisulcatas Sowerby

Euphemites urei (Fleming)

Gnathodotldae

PFlsh scales

The impersistent hature of the Coalcleugh Marine
Band 1s well known (Carruthers, 1938, p. 238; Readlng, 1957,

p. 46), and, although exposure is not always good at this
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horizon, it appears to be absent in Nookton Burn and Sipton
Cleugh. Reading (ibid., p. 46) has suggested that differen-
tial compaction of the underlying sediments was the cause of

its localised distribution.

Generally, about 15 feet above the base of the
cyclothem a coarser detrital fraction appears and initiates
the gradual upward passage through sllts and silty sandstohes
to the Hipple Sill. The>lower slltstore s at least may still
contain thin-shelled lamellibranchs, as well as plants such

as cf. Lepidostrobus., A local channel facles is, however,

developed in the Hipple Sill in Quick cleugh and here the

contact is abrupt and presumably erosional.

Hipple Sill. The term Hipple Sill originated in the

Derwent mining district, where it cams to be used for a prom-.
inent sandstone lylng between the High Grit Sill and the
Upper Felltor Limestone. According to Dunham (1948, p. 41)
the Hipple S111 is the equivalent of the Low Grindstone Sill
on Killhope Law. Its thickness rarges from 15 to 30 feet as
a rule, but a thickened succession of 50 feet 1s recorded at
Quickcleugh in the position of the postulated channel.

Values up to 40 feet have also been recorded in several shaft

sections in the Derwent Mines (V.S. Sheet 63).

The Hlipple Sill retalns essentially the same 1litho-
logicel characteristics over a wide area to the east of the
Burtreéford Disturbance, apart from a broad belt extending
south-east from Sipton Cleugh to Rookhope (Fig. 9.2). The

more typical development will be described first. The base
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of the Hipple S111 1s transitional to the siltstones below,
and the siltstone intercalations in the lower part often con-
tain abundant tubes and trails on the bedding supfaces., The
sandstone itself 1s medium to fine grained, with a finely
banded appearance due to the variable amount of detrital car-
bonaceous material. Rlpple-lamination is usually well devel-
oped, but this alternates with perfectly regular, uniform
lamination, often with parting lineation. Lgrge worm burrows,
which may be U-shaped, are quite common. In two widely
spaced localities, one in Beidon Burn and the other in Grove
Rake Quarry (Rookhope), smgll scale penecontemporaneous
slumping has taken place (Plate 21). Development of large
calcareous nodules is a very common feature of the Hipple
Sill, although these have not been seen in Rookhope Burn.

The nodules reach 2 feet in thickness and always follow the
bedding. The top of the Hipple Sill is invariably a seat-
earth, with a vitrainous coal above 1t. In Nookton Burn
there is usually a 6 inch ganister followed by 2 to 3 feet

of silty fireclay below a coal which is 4 to 7 inches thick.
In Beldon Burn and Rookhope Burn, where the seatearth 1s
entirely arenaceous, containing large Stigmaria, the coal 1s

mach thinner (only 1 to 2 inches) and less pure.

The channel facles of the Hipprle S111 is well seen
in Sipton Cleugh, where the medium to fine grained, cross-
stratified sandstone rests with an apparently erosive base
on black shale, The sandstone also contalns shale-fragments,

presumably derived from the shale below, Towards the top of






the Hipple S111 the sandstone becomes trough cross-stratified,
and large scale symmetrical ripples occur (Plate 22). No
discrete ganister can be seen on top, although localised
zones with rootlets in situ can be distinguished. A very
similar sequence 1s seen in Quickcleugh and Black Burns,
where 50 feet of continuously exposed sandstone can be
observed; the same facles is also well exposed ét Nookton-
head., In Quickcleugh Burn, the base of the Hipple Sill is
very variable in helght. In Western Meadows Slke, it has
the "normal facies" described éarlier, but, only 400 yards
to the south-west, the Hipple S111 has changed to the channel
faclies, which has an erosive base at a much lower level, As
before, the lowermost beds are composed of medium grained
sandstone with large scale cross-stratification, and contain-
shale~fragments and plant remains. The sandstone becomes
slightly finer gralned above, and begins to dsevelop small
scale, trough cross-lamination. The usual, thin calcareous
horizon 1s still developed. Within the upper parts local
erosion has taken place on a small scale, presumably repre-.
‘senting contemporaneous channels. Frequently, sandy shale
intercalations appear at the top of the sill, with the ususal
fireclay and coal forming the topmost beds. This channel
facles can be followed through a series of poorerraxposures
in Rookhope Burn, where the Hipple Sill may locally be a

coarse grained sandstone (Fig. 9.2).

It 1s interesting to note that Reading (1957, p.

45) records that the sandstone below the Upper Felltop
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Limestone in the Cotherétone district contains a “grit"
development 1in one locsaslity, and that he infers a correlation
with the "third grit" of the Transgression Beds Grits, If
this is the equivalent of the Hipple S1il1ll, it would appear
that channellng i1s a not uncommon feature of this horizon.

A coarse, cross-stratified development has also been recorded
by Green (1954) in Devil's Water to the north of the present

area.

Little, unfortunately, can be seen of the Hipple
S111 1n the district to the west of the Burtreeford Distur-
bance. Exposures in the western tributarles of the Rivepr
East Allen 1ndicate that it is still g medium grained sand-
stone with occasional plant fragments and worm burrows.
Farther west, however, 1n the opencast workings at Coalcleugh,
and in "Killhopehead Bridge Sike", it 1s highly likely that
another-channel occurs. Here the sandstone 1s medium grained,
tending to coarse, and 1s well cross-stratified; 1t contains
large shale fragments and tree-fragments., The base of the
Hipple S1ill is not seen in this region, but it is suspected
that it 1s one of erosion. The top of the sandstone, also,

1s never seen.

"Minor Cyclothem" above the Hipple Sill. This very thin

unit is only recognisable in Rookhope, Nookton smnd Beldon
Burns. It cannot be ascertained whether it occurs in other
areas, largely on account of poor exposure. Previous authors
have not recorded the rhythmic nature of the deposits (Fig.
9.1), slthough Dunham (1948, p. 41) briefly describes then.

None of the members has been given a name. The average thick-
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ness of the unit ranges from 20 to 25 feet, but values as
low as 10 feet, (Shildon Shaft), and as high as 37 feet

(Little Nookton Burn) have been recorded.

The black shale which immedlately overlies the
coal on top of the Hipple Sill has never been observed to
contain marine fossils; 1t may, however, contain plant remains.
The shale 1s very thin, usually between 13 and 2% feet thick,
and passes up into dark grey, micaceous siltstones. About
half of the unit 1s composed of coarse clastlics, and there
is always a perfect transition from the siltstones to the
sandstones. However, iIn Taylor's and Shildon Shafts (V.S.
Sheets 63, 62), the sandstone 1s apparently missing altogether.
Where seen, most of the sandstone is fine gralned and highly
laminated, occasionally with good symmetrical ripples. The
top 2 to‘5 feet are in face composed of medium gralned sand-
stone which has rootlets in situ. There appears to be no
coal above this gm ister, and the Upper'Feiltop Limestone

rests directly on it.
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CHAPTER 10

UPPER FELLTOP LIMESTONE CYCLOTHEM

The marine horizon marking the base o this ecyclo-
them 1s the Upper Felltop Limestone. The top of the cyclo-
them is equally well-defined in theory, being the top of the
widespread Grindstone S111. 1In practice, however, it 1s not
frequently seen, occurring as it does, on the flat peat-
covered tops of the fells, The besf exposures of the cyclo-
them occur in Rookhope, Nookton, and Beldon Burns (Fig. 10.1l).
In the Derwent Shafts (V.S. Sheet 63), the recorded thick-
ness 1s 85 feet, of which 55 feet are composed of fine
clastics., At outcrop, values of 40 to 55 feet for the latter
are common, although a flgure as low as 30 feet has been

recorded from Bracken Sike in Nookton Burn.

Upper Felltop Limestone. As with the Lower Felltop

Limestone, a certaln nomenclature problem exlsts with the
Upper Felltop Limestone. The name was coined by Burns in
1873 (Six-inch cheet, Northumberland, 111) for the highest
limestone beneath the "Millstone Grit". It is presumed to
be equivalent to the "Felltop Limestone" of Forster (1821,
p. 97). Subsequently, the term has been used by Carruthers
(1925) for a limestone in the Tyne Valley, which appmars to.
be at a different horizon. The expression "Upper Felltop
ﬁimestone" is, therefore, used here 1in its original context,
following Dunham (1948) and other recent workers. In the
study area the full thickness of the Upper Felltop Limestone

is rarely, 1f ever, seen. The maximum thickness seen 1s 3
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feet in Heathery Burn (Beldon), but values ranging from 5
to 8 feet appear to be more typlcal of the Derwent Shafts
.S. Sheets 62,63). The Upper Felltop Limestone retains a
constant lithology throughout the area. It 1is a dark grey,
often highly crinoidal limestone,lwhich is sometimes seen
to have a sand-rich base greatly disturbed by burrowing

organisms. "Caudagalli" markings may proliferate, glving

the rock a platy aspect, but usually it is more masslve.

It 1s characteristically rusty weathering and, when highly
weathered, may be represented only by a decalcified, ochreous
clay known locally as "famp". Whén fresh the limestone con-
tains clots of iron sulphide, which probably accounts in
large measure for the ferruginous weathering. The'Upper
Felltop Limestone contains a diversified fauna, the most

constant member being Fenestella sp., which occurs abundantly

in every sample studled in thin-section. The following list

has been complled from all locallties:-

Zaphrentlds indet.

"caudagalli"

Fenestella sp.

Stick bryozoa

“Athyris sp.
Camarotoechla pleurodon (Phillips)

cf. Derbyle sp.
Dictyoclostus sp.

Eomarginifera longispina (J. Sowerby)

Linguls sp.
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Phricodothyris sp.

Productus productus (Martin)

Pustula sp.

Spirifer bisulcatus J. de C. Sowerby group

Nuculilds
Gasteropods

Weberides mucronatus (M'Coy)

Ostracods

Flne Clastics. The fine clastic rocks above the Upper

Pelltop Limestone follow essentially the same patternrobserved
in all other cyclothems £h=the'trpper Limestone“Group. - The
black shale at the base gives way to dafﬁigreﬁ,ﬁmiﬁaéebugv
siltstones, and these, by the intercalation of fine sandétones,
eventually pass into the Grindstone 5111, It 1s interesting
~that the Geological Survey record 14 feet of "cockle beds"

28 feet above the Upper Felltop Limestone in Jeffrey's Shaft
(V;S. Sheet 63). According to Dunham (1948, p. 42) these
thin to 2 feet 1In tasylor'!s Shaft, less than s half-mile:away.
Despite relatively good exposures, this horlzon is scarcely
identified at outcrop. In Smithy Cleugh (Nookton) there is

a thin shell bed contalining Spirifer sp. only 10 feet above

the limestone, which may or may not be the "cockle bed" of
the Geological Survey. Thers 1is another example of a thin
shéll bed occurring at:arelatively high position in the shales

below the Grindstons Sill in Silly Sike (Beldon). On the
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other hand, there 1s some evidence for a marine horizon
within the Grindstone itself, which is discussed later (p. 84 ).
In any case, bunham's evidence indlicates that 1t 1s subject

to rapid changes in charsacter.

Grindstone 5ill. The Grindstons Sill is a member which

" has been known on the Alston Block since Westgarth rorster
first introduced the term 1n 1809. The type area 1is the
Allendale-weardale Watershed, where 1t 1s exposed 1n a series
of shallow quarries. Unfortunately the full thickness is not
often seen, but generally 1t would appear to be at least 30
feet,“and'occasionally up to 55 feet thick, C(onsliderations
as to 1its thickness are complicated by the lack of informa-
tion concerning the beds above the Grindstone Sill. There is
a strong possibility that the merging with a sandstorme nor-
mally above the urindstone, perhaps due to the erosive nature
of the former, may give the impression of increased thickness.
In fact, over much of the area, an appreclable sandstone
member has been separated from the main Grindstone Sill out-
crop. This 1nterpretation is based on the presence of a
distinct topographical feature. Although the intervening
beds are nowhere 8een, thils is taken to indicate s fine.
grained (perhaps shaly) intercalation. This rather specula-
tive upper sandstone 1s medium gral ned with small scale trough
cross-stratification. It rmust still be regarded as part of
the Grindstone S1l11l, because 1t maps into the top part of
this member at Ferney Gill (Bolt's Burn). The ganister and
coaly beds on top can be traced for a shorf distance to the

west of Ferney Gill, and confirm thls correlatlion. Perhaps
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some support for this interpretation is afforded by bvunham
(1948, Fig. 25, p. 269), who records an apparent split in.

the Grindstone Sill along the sectlon of Jeffries Vein.

The Grindstone Sill has a very variable’ lithology,
which is further complicated by the development of an erosive
facles. This feature 1s well seen in Nookton and Beldon
Burns. 1t is likely that it 1s represert ed by the "coarse
grit lenses" in the Grindstone 511l near ilddleton-in-
‘Teesdale (Jones, 1956, p. 99). As a rule, however, the base
of the Grindstone is transitional to the siltstone below.
Bothvthe thin, filne grained sandstone intercsalations in the
siltstone, and the lower, fine grained part of the Sill
itself, have well developed ripple lamination. This even-
tually passes up into the medium grained flaggy sandstone
which 1s chéracteristic of much of the Grindstone 5ill.
Shale fragments may be abundant on some bedding planes, &nd
U-shaped burrows occur sporadically within the sandstone at
some localities. No generalisations can be made concerning
the stratification, because both. planar and festoon cross-
stratification, as well as regular stratification, occur.
The eroéive facies occurs at various levels in the medium
grained sandstone just described, but never cuts down very
far into the siltstones below. ‘he base of this facies is
very lrregular, and shows most of the Peatures previously
described for the channel facles of the Low and High Grit
Sills. The lowermost beds are usually ccarse to very coarse

felspathlic sandstones with large scale cross-stratification.
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they may contain quartzlte pebbles up to 2 cm., or derived
siderite nodules up to 6% cm. Large shale fragments and
fossil plants are usually much in evidence. This coarse
facles 1is usually less than about 12 feet thick, and it
passes up into medium gralned sandstone, which eventually
develops small scale trough cross-stratification. Commonly
the uprermost exposure of the Grindstone 1s of a poor ganis-
ter, which may or may not represent the actual top. In
Little Nookton purn, the top of theGrindstone appears to be
marked by a white, leached clay, upon which rests a second
development of coarse felspathic sandstone (Fig. 10.1). This
is presumed to represent a second erosive phase, which, for
want of detalled evidence, must be regarded as belonging to

the Grindstone 8111 episode.

An Interesting sequence occurs in Fernéj G111l (Bolt's
Burn), where the Grindstone 111 is a uniform, medium to coarse
sandstone throughout, with the ﬁsual large shale fragments =&
and plant remains. Six feet below the top of the Grindstone
a great deal of disseminated carbonaceous material and actual
plents appear, which, after 3% feet, develop into thin lenses
of cosgl, 2-inch§s thick at maximum. The remainder of the bed
1s a good ganister, followed by a 3 foot vitralnous coal plus
3% feet of vitrailnous shale. Whether this thick coal is
developed above the Grindstone Sill at other places within

the areca cannot be ascertained by surface mapping.

In East Allendale, there 1s a strong possibility
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that a marine horizon is developed within the Grindstone
Sil1l itself. 1In two locallties, nesar Green Quarry in the
north, and at Byerhopehead Quarry farther south, loose frag-

ments of crinoidal sandstone with Schellwienella sp. and

athyrids, have been found. It is debatable whether this
represents a widespread marine horizon, and, if it does,
whether it is equivalent to the "cockle beds" below the
Grindstone Sill in Jeffrey's Shaft, or to the Fossil Sand-

stone of the Cotherstone area (Reading, 1957, p. 47).

The rather poor outcrops of the Grindstone Sill
in Weardale and around Killhope Law contribute little to
the preceding description. Large scale contemporansous
slumping occurs within the sandstone on Sedling Fell (Plsate
80 ). Carruthers records the complete removal of the
Grindstone Sill by the Basement Grit to the west of Corbit-
mea Dam in Rookhope Burn. No evidence can be obtained to
substantiate thlis statement, however, and the Grindstone
S111 1s apparently still well developed in this district.
The writer also falls to agree with the mapping of the
Geological Survey (One-inch Sheet 102 N.E., 1883) on the
fell east of EKillhope Law. They indicate here that the
topmost sandstone is theGindstone »ill, whereas, purely
from thickness considerations and general mapping, it is
clear that it must be the Hipple S111l., another disagreement
with the Geological Survey mapping concerns the coarse sand-
stone seen at paxtonlaw 0ld Quarry. The Geological osurvey
record this as the rirst Grit, but the author's mapping has

shown that it 1s more likely to be the coarse facies of the



Grindstone oill.

Although there is no substantlating evidence 1n
the present area it is possible that the Bstany Grit of the
Cotherstone region is equivalent to the coarse upper leaf of
the Grindstone 5111, and not, as suggested by Reading (1957,
p. 48) the "First Grit" (p. 89). Certainly the field rela-‘
tions are very similar in the two,districts;Readingbﬁgcorre-
lation is supported by Jones (1956, p. 341), but it is now
known that the "First Grit" is of R zone age (Summ. Prog.,

1962), whereas the Botany Grit is unquestionably E zone.



806

CHAPTER 11

ROWTON WELL FORMATION

This formatlion includes those beds between the
top of the Grindstone Sill and the top of the Rowton Well
S111 (or "First Grit"). Exposures abovée the Rowton Well
S111 are, in facd, very poor, so a brief description of
these beds wlll be Included at the end of this section.
The best exposures are, agaln, in the north-east of the
area, in the tributaries of the River Derwent, and, fo aﬂ
less extent, in Rookhope Burn. Knowledge of the thicknesses
of the various_members of the Rowton Well Formation 1is
sparse. In Taylor's Shaft (V.S. Sheet 63), 64 feet of
'sandstones and shales were recorded below the Rowton Well
Si1ll, which 1iIs 57 feet thick. In Routh'!s Shaft, howevenr,
86 feet of flne clastics occur below the Rowton Well Sill
(Fig. 11.1).

Fine Clastics. Above the Grindstone Sill in Nookton

Burn there 1s a serles of black shales, which contains thin
sandstones with a siderite cement. One sandstone, however,
has a chloritic matrix, giving it a strong green colour in
hand specimen. It is interesting to note that.Jones (1956,
p. 99) records an identical sandstone in the same position
only a few miles to the south in Teesdale. The shales in

this sequence contain abundant Lingula mytilloides, and the

sandstones contaln a good fauna of brachiopods and molluscs.
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This includes:-

Composits ambigua (J. Sowerby)

Productus concinnus J. Sowerby

Pustula sp.

Edmondiid

Nuculid

Planospiral gasteropods

Pleurotomariids

Above this serles there is a white slltstone having a
ganister on top, 2 feet thick, which is belie@gﬂ to be equl-
valent to a similar horizon seen in Rookhope Burn just north
of Grove Rake Quarry, and in Hawk Sike, Here there 1s a
white, fine grained sandstone containing rootlets inwsitu.

It has g thin, éoaly shale above, which contaihs some vit-
rainous material. It 1is noteworthy for the overlylng 7 feet
of black shale which'contains abundant small sphaerosiderite
concretions averaging 0.2 mm. in diameter; aboye this are 4
feet of fireclay and 6 inches of I1mpure coal. This coal
horizon 18 also seen in Ferney Gill (Derwent), where it over-
lies a thin, medium gralned sandstone with ripple lamination.
Following the impure coal are varying thicknesses of black
shale with siderlte nodules. In Rookhope, 15 feet are seen,
and contain a shell bed from which the following have been

collected: -

Crinocld columnsals
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Camarotoechia pleurodon (Phillips)

Productus concinnus J. Sowerby

Schellwlenella sp.

Pectinlform lamellibranchs

If the correlation of the Botany Grit with the uﬁper part

of the Grindstone S111 1is accepted, then this shell bed is
in the approximate position of the Botany Limestone 1n the
Cotherstone district (Reading, 1947, Fig. 2., p. 31).

Whether or nbt they are in fact equivalent 1s a highly
speculative point in vliew of their different lithologies.

The Geologlcal Survey (J. H. Hull, personal communication),.
believe that the correlative of the Botany Limestone occurs
at a lower horizon on the Alston Block. In fact, it 1s
correlated with the Grindstone Limestone which occurs directly
on top of the Grindstone S1ill in the Barnard Castle district.
It 1s possible, therefore, that the Botany horlzon 1is repre-
sented in the present area by the ferruginous sandstones
occurring a few feet above the Grindstone S111 (Fig. 11.1).
‘Previous views on the apparent absence of the Botany Lime-
stone on the Alston Block were that 1t was either not depos-
ited or present only in an attenuated form (Reading, 1957,

p. 50). If elther of these shell beds 1s the representative
of the Botany Limestone on the Alston Block, then 1t would
also equate with the Harlow Hill Limestone in the Tyne

Valley, according to the correlation proposed by Green (1954).

There appears to be a passage upwards, as in Nookton
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Burn, to the medium gralned sandstone forming the lower part
of the Rowton Well S1ill in Rookhope Burn. In Ferney Gill,
however, there are only 64 feet of black shale with large
slderite nodules above the thin cosal, before a rather coarsé
development of the Rowton Well Sill comes in, apparently

with an eroslve base.

Rowton Well Sill. The term Rowton Well 8111 was coined

by the Derwentdale miners for a thick sandstone above the
Grindstone S111 (Vert. Section, Sheet 63). The expression
is synonymous with the "First Grit" of the Geological Survey
(Dunham, 1948, p. 47), with the "Basement Grit" of Carruthers
(1938, p. 237), and with the "Millstone Geit" of Forster
(1821, p. 96). None of these terms is considered suitable
for the present survey. The expression "Millstone Grit" has
outlived its usefulness 1n Carboniferous stratigraphy, and
the term "First Grit" could easily be confused with other
horizons in the Namuriasn (Whittard and Scott Simpson, 1960,
p. 126). The term Rowton Well Sill can, therefore be used
“without amblgulty until such times as the stratigraphy of

these upper beds 1s better established.

In Nookton and Rookhope Burns the Rowton Well Sill
appears to be represented both by a "normal” and an erosive
facies. The "normal" facies is a medium grained sandstone
with cross-stratification, which has a transitional passage
into the siltstones below. The erosive facies rests sharply

on this, and comprises the usual, very coarse felspathic
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sandstone, with large fossll tree fragments and quartzite
pebbles up to 1 ecm. Good exposures of this occur:in Bolts-
law Quarrles, where 1t 1s seen to have good‘planar cross-
stratification (Plate 68). The coarse sandstone eventually
passes up into medium grained sandstone, and there is a
suggestion of ganister on top. In Ferney Gill, the erosive
facies has cut through the basal medium grained sandstone,
and rests directly on black shale. It contalns siderite
nodules and shale fragmerts derived from the bed below, as

well as large fragments of Lepldodendron. There are actuélly

only 2 feet of coarse, conglomeratic sandstone, and the bulk
of the sill is medium gralned sandstone, which eventually
becomes trough cross-stratified on a small scale. Jones
(1956, p. 248) reports that his "First Grit" may rest on the
Grindstone Sill, This has: never been observed in the present
area, and 1t 1s possible that Jones may have misinterpfeted

one of the "grit lenses" he records in the Grindstone Sill.

Strata above the Rowton Well Si1ll. On Redburn Common,

the watershed between Nookton and Rookhope Burns, poor,
outcrops reveal a black shale above the Rowton Well 8111,
which appears to pass up into a medium gralned sandstone.
Whether or not this represents the so-called "Second Grit"
1s debatsgble, On Bolt'!s Law, there are thought to be two
sandstones, mapped largely on topographical features,
between the Rowton Well Sill and a granule conglomerate
which is exposed on top of the hill., Similarly, on Killhope

Law in the west, there 1s at least one sandstone, and pos-
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sibly two, below the very coarse sandstone which forms the
" summit. In view of the complications which can arlse in a
sedimentary sequence of thls type, it 1slimpossible to

speculate further on these poor exposures,
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CEHAPTER 12

CORRELATION

The Namurian rocks 1in the researcﬁ area are subject
to considerablé variations in lifhology and thickness. For
a sulte of strata such as thig, the best system of correla-
tion would be based on palaeontologlcal evidence; in parti-
cular, on fossils which are not restricted as to environment,
and which have a wide geographical fange. The most important
fossils of known zonal value in the Namurlan are goniatites,
but, unfortunately, none has been found by the writer in
the present area. At best, 1t 1s only possible to suggest
correlations based on general considerations of lithology,
comparative thicknesses, and sedimentary cycles. For short
range work this often proves adequate; the zonal position
of the rocks 1is of secondary importance. When correlations
are attempted over a larger area, however, the age of the
rocks in terms of gonisatite zones becomes paramount in
Importance. Without knowledge of thls no correlation can

be regarded as sacred.

I Correlation within the area surveyed

Traditionally, in the Middle Limestone Group, the
limestones are most used for correlatlon purposes, and
although they are in themselves subject to some varigstion
this principle has generally proved'satisfactory. In the

Upper Limestone Group, limestones are less numerous and
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thinner, but, nevertheless, are equally important for short
and medium range correlations., The Little Limestone forms
the base of the succession studied by.the writer. It is
easily recognised by its proximity fo the prominent Great
Limestone, but, 1n addition, it is oftenvcharacterised by
problematical sedimentary structures (see p. 279, which
render 1t readily identifiable. ‘the Crag Limestone 1is

of little value per se in the area, because 1ts distribu-
tion isrestricted (p. 35). The Lower Felltop Limestone
is easily identified, where it 1s not metasomatised, by
the presence of Osagia nodules. It 1s a useful marker
horizon, except in the east, where 1t has been removed

by the erosive nigh Grit S1l1l. The Upper Felltop is more
useful, howéver, becéuse it 1is present over the whole areasa.
It 1s easily recognised too, by its ferruginous, yellow-

brown weathering, and, in thin-section, its abundance of

Fenestella fragments.

A speclal feature of the Upper Limestone Group
is the presence of "shell beds", which generally occur in
the position of the limestone in the Mlddle Limestone Group
cyclothem. There 1s a strong tendency, however, for these
shell beds to be very variable in character, and they are
known to die out altogether. Both the fauna and the
lithology may change markedly over short distances, so
they must be used with caution as marker horizons. Many of
them contain a distinctive ironstone horizon, at least

locally, which is of great value for short range correlation.
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The Knucton Ironstone is particularly important in this
respect, Of the two Rookhope Ironstones the upper one 1s
the more persistent and, therefore, the more valuable.

The Coalcleugh Marine Band, although probably an impor-
tant stratigraphical horizon, appears to have a restricted
development, but is, in any case, not often wellexposed

because of 1its lithology.

Trotter and Holllngworth (1932, p. 71) believed
that many of the sandstone horlgons in the Upper Limestone
Group were sufficiently constant "to be correlated with
some confidence" between the Alston and Brampton districts.
The present writer would agree that many sandstones possess
distinctive lithological features which enable them to be
recognised in widespread localities, They undoubtedly
provide a sound basis for short-range correlatlon, but,
probably more than any other facles, they are subject to
extremely rapid changeé in character. For medium-range
correlations, therefore, sandstones should only be used
with additional criteria. 1In the research area a number
of sandstones were found to have a constant lithology.

In particular, the Pattinson, Fiddler's, épd Hipple Sills

are quite distinctilvs.

The thin coals“which occur wit hin the Upper
Limestone Group often have a widespread develoPmeht.
Poor exposures, however, limit their usefulness in the
present area, with the possible exception of the Coalcleugh

Coal. Individusal coals are of 1little value by themselves,
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but, taken with the rest of the succession, they can be

usefully employed as marker horizons.

In conclusion, it may be stated that, by employ-
ing as many criteris as possible, such as lithology, thick-
ness, and faune, a rational stratigraphy may be resolved.
It is manifestly impossible to regard any one criterion as
belng superlative in importance, becasuse of the varliation
of the members comprising the Group. When thls variation
becomes extreme, as it does in the Slate Sills Formation,

then the valldity of any correlation becomes uncertain.

II Correlation outslde the area surveyed

Most workers on the Namurlan strata of Northern
England 1n recent years have been concerned with the prob-
lems of correlation. These problems are aggravated by
the paucity of zonal fossils, pabticularly gonlatites, in
the Upper Limestone Group. Bisat's goniatite zones, estab-
lishes in 1924 in the Bowland Trough, have been applied with
some success to Namurlan strata on the south of the Askrigg
Block (Wilson and Thompson, 1959), but farther north the
goniatite horigons die out or change character (og. cit.,
pp. 47, 52). On the Alston Block, the few records of
identifieble gonlatites are mainly due to Johnson, who
also notes that fragmentary gonlatites are relatively
common in the successlon (Johnson EE_El" 1962; Johnson
and Dunhem, 1963). No zonal fossils have yet been found

above the Firestone 5ill on the Als ton Block (Johnson and
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Dunham, 1963, p. 18), but the Geologlcal Survey have made
a number of important finds in the Cotherstone Syncline.
Above the Firestone Sill correlations are largely based

on general factors derived from detailed mapping. 1in fact,
those criteria which are successfully employed in short
range correlations are extended to cover medium range
correlations; iIn belng so applied they become less accurate
and inevitably subjective. The present writer's correla-
tions differ in detall from those of Keading (1957). A
summary of the major contributions to the problem of corre-
lation within the Upper Limestone Group is given in Table
1,bp. 97).

A Pendleian Stage (E1)

The base of the Pendleian Stage is generally
taken as thé base of the Great Limestone (Johnson et al.,
1962), but it has been found impossible so far to define
the top on the Alston Block because of the lack of
gonlatite evlidence. In the research area Hodge and Johnson

dscovered Cravenoceras aff. malhasmense, indicative of the

B) stage, 1n the shales above the Little Limeétone
(Johnson et al., 1962, p. 355). The record of Pylonautilus

nodiferus (Armstrong) early mut. (Johnson and Dunham, 1963,
p. 52), from the Little Limestone on the Moor House Heserve
supports the K] age for this part of the succession. ‘fthe
latter fossil has also been found in the Faraday House

Marine Band on the Askrigg Block (Rowell and Scanlon, 1958,
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To illustrate several recently proposed correlations in the Upper Limestone Group of northern England, especially those relating to the EZ/El boundary.

Alston Block
Terminology

Rowton Well Sill

"Botany Limestone"

Grindstone Sill

Upper Felltop
Limestone

Coaleleugh M, B,

. Lower Felltop Lst.

Rookhope Shell Beds

Knucton Shell Beds

Crag Limestone

Alston Block
Terminology

Rowton Well Sill
"Botany Limestone"

Grindstone Sill

Upper Felltop Lst.

Coalcleugh M,B,

Lower Felltop
Limestone

Rookhope Shell Beds

Knucton Shell Beds

Crag Limestone

Smith
1912

Lower QOakwood

Coal = Crag
Coal

Heading
1957

Shunner Fell

Hearne Beck

Up. Stones-
dale Lst.

Lr, Stones-
dale bst,

(dies out to
south)

Crow

Trotter &
Hollingworth

1552

Upper Oakwood

Lower Oakwood

Rowell &
Scanlon 1957b

Hearne Beck =
Lad Gill =
Candleseave

——

(CTB = Kettle-
pot Ganister)

Upper
Stonesdale

Robertson &
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p. 3). The present writer would correlate this with the White
Marine Band of the area surveyed (p. 25). At a slightly \
higher horizon, in the shales just below the Flrestone

S1l1ll, a specimen of Cravenoceras sp. has been found on

the Moor House Reserve (Johnson and Dunham, 1963, p. 54),

but indlcates nothing more definite than a Eumorphoceras

age. Hey (1956, p. 289), suggested that the Crow Series
near Richmond, Yorkshire, 1is of upper E; age: although
there 1s no direct evidence for an E; age it 1s strongly
suggested by the fact that the Crow Limestone on the
Askrigg Block 1s cut out by the intra-g; unconformity at
the base of the Grassington Grit (Rowell and Scanlon,
1958, p. 86; Wilson, 1960, p. 302). 1In this connection,
it 1s also significant that the bStonesdale Limeétones

are slmilarly cut out by thlis unconformity, thereby imply-
ing that they are wholly E; in age. Agreement has not yet
been reached as to which horizon on the alston Block is
the equivalent of the Stonesdale Limestones. Clearly,

it would be useful to resolve this problem, as it would
provide more informatlion about the extent of the E, stage

on the Alston block.

1he most recently published correlation of the
Stonesdale Limestones, with thelr possible equivalents
on the alston Block, 1s that due to Reading (1957).
He equates the Lower Stonésdale Limestone with the Rookhope
Shell Beds (op. cit., p. 40), and the Upper Stonesdale
Limestone with the Lower Felltop Llmestone (op. cit., p.

42). Reading himself considered the possibility that the
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Stonesdale Limestones were equivalent to the two Rookhope
Shell Beds, but concluded that the above correlation was
‘morexlikely. Jones, in an unpublished thesis (1956, p. 340)
1s not convinced that the Upper Stonesdale is equivalent to
the Lower Felltop Limestone, and seems to favour correla-
tion with the Upper Rookhope Shell Bed. BothﬁReading and
Jones, therefore, correlate éart of the Stonesdale Lime-
stones with the Rookhope Shell Beds at least. An ent irely
different view was put forward by Hudson in 1941. He (op.
cit., p. 265) based his correlations on comparative thick-
nesses and rhythmic sequence, and egquated the Stonesdale
Limestones with the Knucton Shell Beds,and the Mirk Fell
Ironstones with the Rookhope Shell Beds and possiblxé&he
Lower Felltop Limestone (Table 1). Green (1954) supéorted
this general i1dea but did not go into details. However,
he correlates the Mirk Fell and Stonesdale horizons with
the thin limestones and shell beds between the Lower
Felltop and Crag Limestones, 1.e. the Knucton and
Rookhope Shell Beds. Thus, there are conflicting opin-
ions concerning the equivalents of the Stonesdale Lime-
stones and the Mirk Fell Ironstone on the Alston Block,
In view of the fact that the Stonesdale Limestones are
apparently of Ej; age (p. 97), andithe Mirk Fell Ironstone
1s generally taken asthe base of Ep (Hudson, 1941), it
is very important to find their equivalent horizons on

the Alston Block.
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B The Eo/E; boundary

The position of the'Eg/El boundary on the alston
Block can only be ascertained at the moment by reference
to the Cotherstone Syncline and the Northumberland Trough
where the zonal position of the strata is better known.
During a recent resurvey of the Cotherstone Syncline
(Brough—under-Stainmore, Sheet 31; Barnard Castle, Sheet
32) the Geological Survey Officers have somewhat revised
Reading'!s correlatlions with the Alston Blogk; their con-
clusions relating to the Stonesdale Limestones and the

Mirk Fell Ironstones are summarised in Table 2,
TABLE 2
Cotherstone Syncline Alston Block

Mirk Fell Ironstones Lower Felltop Limestone

Upper Stonesdale Limestones Rookhope Shell Beds (in
part only)

Lower Stonesdale Limestomne s Knucton Shell Beds

Crow Limestone Crag Limestone

On the baslis of general cyclothemic sequence and
gassuming that no cyclothem thins to zero, this correlation
is feasible. The Lower Stonesdale Limestone is the next
fully marine member on top of the Crag Cyclothem, and thus
would seem to correlate with the Knucton Shell Beds and
Ironstone; the Lower Stonesdale may occur only 8 feet above

the Crag Limestone on the Askrigg Block (Rowell and Scanlon,
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1957, p. 15). Furthermore, the Lower Stonesdale Limestone
has an increasing amount of sand to the north-east in that
area (og. cit., p. 17), so a transition into the arenaceous
Knucton Shell Beds seems possible. The Rookhope Shell Beds
in the vicinity of Middleton-in-Teesdale comprise a series
of cherts with glauconite, slliceous limestones and mud-
stones (Jones, 1956, p. 90), and could represeﬁt a transi-
tion stage between the limestones of the Cothersto ne dis-
trict and the ironstones and shell beds in the area surveyed

by'the writer,

Hudson' (1941), 1n his original description of the
Mirk Fell Ironstones correlated these beds with the Rook-
hope Shell Beds and possibly the Lower Felltop Limestone
(ibid., p. 266). Trotter (1951, p. 96) correlated the
Lower Felltop Limestone of Alsfon with:-the Mirk Fell
"Limestone", and subsequent authors have noted that the
Mirk Fell Serles is impersistent (Reading, 1957, p. 43;
Rowell and Scanlon, 1957, p. 19). Reading (ibid., Flg. 2,
p. 31) preferred not to correlate the Mirk Fell Series
with sny specific horizon on the Alston Block, but later
authors have used his correlation to place the E2/E1
boundary in the vicinity of the Coalcleugh Transgression
Beds (Johnson and Dunhem, 1963, p. 20). The Coalecleugh

Transgression Beds are wholly E_ in age, hecause they

2
locally remove the Mirk Fell Ironstones (Reading, 1957,

p. 43), so the Eg/Ej; boundary must occur below the

Coalcleugh Transgresslion Beds. No zonally dlagnostic
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fossils have been found in the Lower Felltop Limestone
in the research area, but proposed correlations with
rocks in the Northumberland Trough strongly suggest

that the Lower Felltop Limestone is also E, in age (p.loz2).

TABLE 3

Recently proposed equivalents of the Lower Felltop

Limestone in the Northumberland Trough.

Lower Felltop equivalent Author
Thornborough Limestone 1) Robertson & Hickling,
1948
2) Geological Survey,
Hexhem Sheet 19, 1956

3) Whittaker, 1963
Corbridge Limestonex l) Green, 1954

Middle OQakwood Limestone 1) Trotter, 1951

2) ?Jones, 1956

Lower Oskwood Limestone 1) Trotter and Holling-

worth, 1932

#Whittaker (1963, p. 259) subsequently showed that
Green misidentified the Lower Felltop Limestone on
the northern Alston Block; Green's Upper Felltop
is actﬁally the Lower Felltop Liﬁestone, end this

he correlates with the Thornborough.

UNIV|
Q\\?‘“kg\im}{ Eﬁg/”

1 2 JUN 1964

L/;f‘ir*:
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The most recent works directly concerned with

the problem of correlation are due to Green (1954),
the Geologlcal Survey (Hexham Sheet 19, 1956), and
Whittaker (1963)., The general tendency nowadays is to
equate the Lower Felltop Limestone of the Alston:Block
with the Thornborough Limestone of the Trough (Table 3).
The presence of Osagla nodules in both the Lower Felltop
(p. 63) and the Thornborough Limestones (Green, 1954)
appear to argue in favour of this correlation. The
writer, therefore, follows the recent work of Whittaker
in taking the Thornborough Limestone to be the equiva-

lent of the Lower Felltop.

Thls correlation 1s very important Dbecause,

according to Trotter and Hollingworth (1927) Anthracoceras

sp. of the A. discoides Bisat group has been found in the

Thgrnborough Limestone. This fossll indicates an Eg age,
which muét also apply to the Lower Felltop Limestone.
This conclusion immediately makes the correlation of

this limestone with the Upper Stonesdale Limeétone of

the type area impossible; the Lower Felltop Limestone is
of Eo age, and the Upper Stonesdalg_is unquestionably E;
(p. 97)¢ On the other hand, the correlation of the Lower
Felltop Limestone with at least part of the Mirk Fell

Ironstones 1s feasible because they are both Arnébérgian

in age. Furthermore, Tylonautilus nodiferus s.s., an Eo

fossil, has been recorded from the Corbridge Limestome

(Green, 1954), a limestone below the Thormborough. This
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implies that the base of Eg lies some way below the
Thofnborough, and suggests that the Lower Felltop Llme-
stone may not be the basal member of E, on the Al ston
Block., If this can ever be shown to be the case then
the E,/E; boundary may occur at approximately the hori-
zon of the Upper Rookhope Ironstone. Proof of this
would make Hudson's original correlation (1941l) of the

Mirk Fell smmd Rookhope Ironstones correct.

C. Arnsberglan Stage (Eo)

With the evidence available the lowest prob-
able Eg horizon on the Alston Block is the Lower Fell-
top Limestone, but 1t cannot be stated with confidence
that this 1s also the base of the Arnsbergian Stage (p.
103), The Lower Felltop Limestone 1s commonly removed
by the erosive Coalcleugh Transgression Beds in the
research area; thils disconformity 1s believed to corre-
late with that below the Kettlepot Ganister on the
Askrigg Block (Reading, 1957, Fig. 2, p. 31). The
Kettlepot Ganister contalns a number of erosive chan-
nels (Rowell and Scanlon, 1957b, p. 88), and is also
known as the Upper Howgate Edge Grit (Rowell and Scan-
lon, 1957a, p. 20). It appears to belong to the same
sedimentological regime as the Coalcleugh:Transgression
Beds, so the correlation seems reasonable. Reading (1957,

pe 46) records Tylonautilus nodiferus from the Coalcleugh

Marine Band In the Cothersbne Syncline, indicating a
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definite Arnsbergian age for th;é member.'vReading's
correlation of the Upper Felltop Limestone with the
Hearne Beck or Lad Gill Limestone on the Askrigg Block
1s also generally accepted. Wilson (1960, Fig. 6, p.
442) regards this horizon as being quite low in the
Arnsberglan Stage, although Trotter (1951, p. 103) cor;
relates the Lad Gill Limestone with the‘Coisterdale
Limestone on lithological grounds (Table l1). Rowell
and Scanlon (1957a, p. 28) prefer to equate the Colster-
dale Limestone with the Shunner Fell Marine Beds in the
north of the Askrigg Block. Wilson and Thbmpson (1959)
have described an E, fauna from the Colsterdale Lime-

2
stone, which 1s characterised by Cravenoceratoides

‘nitidus (Phillips). They agree (ibid., p. 63) with Row-
ell and Scanlon on the correlation with the Shﬁﬁher Fell
Marine Band and with Reading (1957, Fig. 2, p. 31) on
the correlation with the Botany Limestone. In support
of the latter corrélatlion the Geologlcal Survey recently

found Cravenoceras Sp., indicating Eumorphoceras age, in

sheles below the Botany Limestone 1n the Cotherstone dis-
trict (Summ. Prog., 1960, p. 41). A limestone is known
to occur above the Grindstone S1ill in the Woodland Bore-
hole (D.A.C. Mills, in "The Geology of the High Kays Lea
Borehole, Woodland, Co. Durham, Bull. Geol. Surv. Gt.

Britain - in preparation); on the Barnard Céstle Sheet a
limestone in the same position 1s believed to be the

equivalent of the potany Limestone (J.H. Hull, in "The
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Geology of the Country around Barnard Castle, Memolir of

the Geological Survey of Great Britain - in preparation).
This horizonvmay be represented by the ferruginous, fossi-
liferous sandstones occurring asbove the Grindstone Sill in
the present area (p. 86). Evldence has recently been
obtained by the Geological Survey (Summ. Prog., 1962) that
the "First Grit" 1s of R; age (ibid., p. 45), This discovery
invalidates reading's correlation of the "First Grit" with
the Botany Grit, which is provably pre-Rjz (p. 85), and

probably By (Wilson and Thompson, 1959, p. 63).

Mueh of the evidence relating to the top of the
By stage comes from Geological Survey boreholes. Of uncert-
ailn value 1s the record from the borehole at Tranwell on the
Morpeth Sheet (One-inch Series, Sheet 14) (Summ. Prog., 1960,

Pe 4l), in which fossils indicating a Eumorphocerag age were

found just below the "Basement Grit" of the "Durham Nill-
stone Grit". It is not certain whether this bed has any
direct equivalent on the Alston Block; The top of the
'Arnsbergian Stage on the Alston Block cannot be accurately
defined at present. It can be stated with certainty, however,
that 1t lles somewhere betwsen the Botany Liﬁestone or its
equivalents, and the "First Grit". Green (1954) regards

the Styford Shales of the Northumberland Trough as represent-
ing the top of Eg, and Whittaker (1963, p. 297) considers
that their equivalents on the Alston Block are those shell

beds between the Grindstone and Rowton Well Sills. If the
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lowermost of these 1n the present area correlates with the
Botany Limestone (p. 8% ), then only the upper shell beds

(Fig. 11.1) could be referred to this horizon.

D. Sabdenian (H) and Kinderscoutian (R;) Stages

The apparent absence of Sabdenian fossils 1in the
north of mngland 1is very'striking: the discovery by purgess

of Homoceras henkel Schmidt in the Brough-under-sStainmore

area (Summ., Prog., 1962, p. 45), is very important 1in this
respect. This fossil belongs to the Ry, zone and more or
less indicates the H/R boundary: the exact horizon is 280
feet above the presumed equivalent of the Botany Limestons,
and 400 feet below the presumed egulvalent of the Gastri-

Bceras subcrenatum Marine Band (Owens and Burgess, in press).

The discovery of neticuloceras stubblefieldl Bisat mnd Hudson,

a few feet below the "First Grit" on the Barnard Castle Sheet
(Hull, Summ. Prog., 1962, p. 45) indicates an:Rp age for

this member. A further dlscovery of Hetliculoceras sp. was

made in the nearby Woodland Borehole (Miils, ibid., p. 46),
but, more interesting still, only 100 feet below this hari-

zon were found abundant Posidonla corrugata Etherldge jun.,

which indicate Bumorphoceras age. Thus, In at least one

locallity there are only 100 feet of strata to contain the
Homoceras Stage, and possibly quite a thickness of the gy and
the n1 Stages too. Sabdenian deposits are likely to be thin
in northern England, because in the Lancaster Fells they are

less than 100 feet thick (Moséley, 1954, p. 436). Trotter
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(1951, Fig. 2, p. 101), goes so far as to suggest that the
whole of kngland north of Kéndal was "land" in both H and
Rl times. However, absence of strata, or, rather, absence
of diagnostic fossils, does not 1ndicate terrestrial con-
ditions, so this interpretation cannot be accepted with
the evidence available. The possibility that there might
be an unconformity between the Kinderscoutlanead the
Arnsbergian, or even within the Sabdenian, must‘be borne

in mind.

Only very recently have Kinderscoutlan strata
been proved to exist on the Alston Block (Summ. Prog., 1962).
It is still too early to attempt aclose definition of this
Stage in terms of Algton Block nomenclature.i The Geologibal
Survey have not yet published the details of tﬂeirzaiscoveries,
and it is only possible to quote the “First Grit"las being of

Kinderscoutian age.



PART II

SEDIMENTOLOGY
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CHAPTER 13

PETROGRAPHY OF UPPER LIMESTONE GROUP SANDSTONES

I Classification of sandstones from a paralic

environment

Sandstpne classification is a problem which con-
fronts most geologists sooner or lafer, but, although a
unlque classification would be of universal bengfit, none
has yet been proposed which has universal acceptance. The
human factor plus the polygenetic nature of the material
comprising sedimentary rocks is responsible for this situa-
tion. An all-embracling classification, satisfyling all
opinions, would be so generalised as to be virtually use-
less, perhaps even contradictory. Many authors, therefore,
have establlished classifications based on.criteris which
they think are important to illustrate particular features
of certaln sandstones. In fact, since 1948, at least four-
teen Important sandstone classifications have been proposed
(McBride, 1963). One factor which immediately divides would-

be classifiers is the object of thelr proposed classification.

The number of authors who believe that the genesls of a
sandstone should be an important factor in classification
(such as Pettijohn, 1957) 1s greater than those who belleve
that minerélogy and provenance should be placed first in
importance (Folk, 1954). Differences of opinion on this
point have led to varying degrees of emphaéis being placed

on the physical properties of sandstones in the many
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classifications. A comprehensive review of this subject is

given by mcBride (1963).

A much discussed question is the position of grey-
wacke in the classification schemes, Most authors include
greywacke, usually based on amount of clay matrix, in their
general sandstone classification, but a minority regard it
as a speclal rock type occurring 1n'a separate suite
{Gilbert, 1954; rackham, 1954; Crook, 1960; McBride, 1963).
Harbord, in an unpublished thesis (1962), proposéd three
distinct sandstone sultes based on the tectonic condition

of the depositional area. ‘rhese were:-

1) Non-tectonic, or orthoguartzite series;
2) Late tectonlc, or arkose serises;

3) Early tectonic, or greywacke serles.

He established a guaternary composition diagram for each
sulte with end-members quartz, felspar, rock fragments, and
clay matrix. The mineralogical differences between the
sultes exist only in the nature of the rock fragments,
which were elther sedimentary, granitic, or metamorphic
respectively. The present writer belleves, ﬁowever, that
whereas some form of distinction between sedimentary domains
18 a useful concept iIn sandstone classification, it is not
practicable to subdivide the depositional environments too
closely. 1In particular, the difference between the ortho-
quartzite and arkose sultes 1s often minimel as far as
sandstone types are concerned: similar, 1f not identical

rock types must occur in both domailns.



Figure 13,1

TEXTURAL GROUPS IN SEDIMENTARY ROCKS (FOLK, 195.4)
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TABLE 1*
TERMS APPLIED TO MIXTURES OF GRAVEL, SAND, AND MUD

DELIMITED IN FIGURE 1

Major Textural Class Examples of Usage

A Gravel ... .. .. ., -Cobble gravel
Conglomerate. . ....................... Granule conglomerate
B. Sandygravel . ........................ Sandy pebble gravel
Sandy conglomerate. . .................. Sandy boulder conglomerate
C. Muddy sandy gravel . . ......... ... ~ ... Muddy sandy granule gravel
Muddy sandy conglomerate. . ........... Clayey sandy pebble conglomerate
D. Muddy gravel. . ........... S Silty boulder gravel
Muddy conglomerate. . ................. Muddy pebble conglomerate
E. Gravellysand .. ....................... Pebbly coarse sand
Conglomeratic sandstone. ............ ... Granular very fine sandstone
F. Gravelly muddy sand................... Pebbly silty fine sand
Conglomeratic muddy sandstone. . . .. .. ... Bouldery muddy coarse sandstone
G.Gravellymud . . ....................... Cobbly clay
Conglomeratic mudstone . .. ............. Pebbly siltstone
H. Slightly gravelly sand .. ................ Slightly granular medium sand
Slightly conglomeratic sandstone . . ... .... Slightly pebbly coarse sandstone
1. Slightly gravelly muddy sand......... ... Slightly pebbly muddy medium sand
Slightly conglomeratic muddy sandstone. .. Slightly cobbly silty fine sandstone
J. Slightly gravelly sandy mud. .. .......... Slightly granular fine sandy mud
Slightly conglomeratic sandy mudstone. . . . Slightly pebbly coarse sandy claystone
K. Slightly gravellymud . . ................ Slightly pebbly clay
Slightly conglomeratic mudstone. . . ... ... Slightly cobbly mudstone
L. Sand (specify sorting) . ................ Well-sorted fine sand
Sandstone (specify sorting) ............. Poorly sorted medium sandstone
M. tMuddysand......................... Well-sorted silty very fine sand
Muddy sandstone. ..................... Muddy coarse sandstone
N.¥Sandvmud .. ...... ... ... ......... Fine sandy clay .
Sandy mudstone (specify-structure). ... .. Coarse sandy siltstone (if fissile, coarse
sandy silt-shale)
O FMud. .. ..o Silt .
Mudstone (specify structure)........... Mudstone (if fissile, mud-shale)

* Both unconsolidated and consolidated equivalents are shown in this table. It is suggested that the italicized
terms be further specified as to their grain size, as shown in the ecxamples.
t Textural classes M, N, and O are expanded, as shown in fig. 1. FotdamdeOmuboublez
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The present writer believes that the prime purpose
of a sandstone classification 1s to provide an objective
description of the minerslogy of sandstones. Inherent in
its fundamental types, which should have simple names,
‘should be the relative proportions of all significant miner-
als. There should be additional information gbout the grain
size of the rock and any important constituents occurring
in lower abundance. Thé name should epitomise the physical
properties of -the sandstone so that the environment of its
deposition may be inferred, but not stated or implied as an
accepted corollary. In this way, all subjective criterla
concerned in classification are abolished; the sandstone
names, which are 1n fact short-hand descriptions, are
objectlvely derived, but lend themselves readily to sub-
jective.. Interpretation. The only ckssification proposed
to date which embodies these properties is that due to
Folk (1954), which was subsequently expanded (Folk, 1961),
and modified by McBride (1963). The three basic reguire-
ments for this classification are as follows (after Foik,

1954):-

1) The Wentworth Scale for particle sizes
(1922);

2) Classification of textural groups based
on relative proportion of gravel, sand,
and mud (Folk, 1954) (Fig. 13.1);

3) Mineralogical classification of sandstones
based on relative proportlion of major

framework minerals (McBride, 1963) (Fig.1l3.2).
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(above) McBrides classification of sandstones
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Figure 13.2

REPRESENTATION OF THE GREYWACKE SUITE ACCORDING TO  McBRIDE, 1963
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In 1961 Folk added the properties of cement and "miscel-
laneous transported constituents" to his descriptive schems.
McBride's sandstone classification, which 1s accepted- in
this thesls, differs from Folk's principally in its removal
of the terms "greywacke" and "subgreywacke". McBride con-
silders that greywacke 1s a speclal rock type essenﬁiélly
with matrix content over 15%, rock fragments over 10%, and
felspar over 5% (1962, p. 614; 1963, p. 668). McBride's
sandstone classlification and a representation of his grey-
wacke field are 1llustrated in Figure 13.2. Clearly, how=
ever, an objective description of a greywacke is in most
casés covered by an expression such as "muddy felspathic
litharenite" or "muddy lithic arkose", depending on the
proportion of the framework constituents. The prefix
"muddy", however, could indicate a mud content as low as
10%, and, therefore, not a greywacke in this classification.
The name "greywacke" would presumably be applled to this
rock by most workers if it occurred in a turbidite énviron-
ment, thus introducing the genetic factor into the classifi-
cation. Because of 1ts geosynclinal connotation the present
writer would hesitate to use the term "ereywacke" for a
"muddy felspathic litharenite" in a paralic environment.

The purely descriptive term is lesslikely to lead to con-
fusion and misinterpretation. McBride's classification 1s
believed to be sufficiently comprehensive to include all
the sandstone types encountered iIn a paralic environment
such as is represented by the Upper Limestone Group of the
area studied. Whether it can be equally applied to geosyn-

clinal sediments is beyond the scope of this thesis.



II Petrography

A Introduction

According to Pettijohn (1957), a classification
of sandstones is of little value unless it has some reflec-
tion on the genesis of the rock. The classification adopted
in this theslis does indicate to a certaln extent the prove-
nance of the sediment and, to a lesser extent, gives an
indicatlon of its environment of deposition. Modal analyses
of twenty-nine sandstones from the Upper Limestone Group
show that the commonest types are subarkose;:1m1artznen1tes.
There 1s no dlrect correlation between rock type and inferred
mode of deposition, and some.marine sandstonés may have a
similar gross lithology to a fluvial sandstone. There are
differences, however, 1in that fluvial sandstones are
frequently coarser and less well-sorted than marine sandstones.
The arglillaceous facles, viz. muddy quartzarenites, are espe-
clally abundant in seatearths and shell beds, and presumably
were deposited in relatively slack-water conditions. Sublith-
arenite and litharenite occur but 1lnfrequently, and may be

regarded as unusual rock types in the Upper Limestone Group.
B Method

The practicsl application of McBride's classifica-
tion to any system of strata requires only a modicum of
information which can be gained easlly by a study of rocks
in hand specimen and thin section. Naturally most of the
useful information comes from a study of the thin sectlions.

In the present work the median grain sige was found by
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averaging a small number of measurements made with an eye-
plece micrometer on a thin section of the sample. The
Wentworth Scale is used for descriptive purposes, and the
results were found 1in all cases to be the same as those
obtained from the hand specimen as studled under a binocular
microscope. A visual estlimate of the degree of sorting can
also be made in this way. The percentages of granule or
pebble slze materlal can be estimated with sufficlent
accuracy to place a sample in either the "slightly conglomer-
atic" or "conglomeratic" class (Fig. 13.1). Fine grained
argillaceous materlal, 1f present, was measured by using a
point-count mechanical stage, and a simlilar grain size
classification was made. All of the major minerals present
in the sandstones were analysed using the point-counter.
For medium and fine gralned sandstones o 500 points were
analysed in each thin section, using 0.05 mm. spacing and
traversing at 2 mm. intervals. 1In the coarser sandstones
80C to 1,000 pointswere analysed. For the purposes of the
classification used the mineral percent thus obtained were
recalculated in terms of the three end-members, quartz,
felspar, and rock fragments, and plotted on a triangular
composition diagram (Fig. 13.3). The results of these

analyses are summarised in Tables 4 and 5.

C Quartzarenite

Seven of the twenty-nine sandstone ahalyses can
be classified as quartzarenﬁies; that 1s, of the framework
constituents over 95% is quartz, and less than 10% of the

total rock analysis 1s composed of arglllaceous matrix.






TABLE &

DATA FOR CLASSIFYING SANDSTQNES

[

Saﬁble Degree Of Median size grade Fereentases ‘ Fercentages Rock Cement
No. Sorting i Pebbles Sand Mud Quartz Felspar Frag.
, .
*7 Poor Coarse 0 100 0 92 ; 8 0 Silica Rare plagioclase
%6 Moderate Coarse 0 100 o] 9. 6 0 Chalcedony Muscovite rare, plag. co
20  Good Very fine 0 100 0 86 c.ll 1 Calcite  Muscovite abundant
L;l.-7 Bimodal Pine . 0 83 17 97 0 3 Qz welding Mica 3%
él Poor Med. w. cgl. layer 10 90 Q 80 20 Q Silica Some mica
57  Poor Coarse 8 92 0 81 o 19  sSiderite Little mica
7% Good 7Mediﬁm‘tp fine o :>ldO 0 90 10 0 Silica Mica sparse
23 Fairlypoar Very coarse  0‘  100 0 88 12 Q Silica
%4 Poor Coarse A "0 100 0 81 19 0 Silica
56 Moderate Very fine o 100 0 73 0 27 Silica Siderite pellets. Mica
12% Fair Medium 0 | 100 0 98 2 0 Carbonate
ljg‘ Bimodal Fine 0 72 28 100 "0 0 Sil, mud Pyrite bearing
l}b\ Poor Fine 0 71 29 100 e 0 Sil, mud Some muscovite
139  Poor Hedium 0 76 23 100 0 0  sil, mia
lh%_ Bimodal Medium o 90 10 100 0] 0 Silica Mica v. rare
1.5 Moderate  HMedium 0o 100 "0 87 13 0 Silica Mica rare
173 Poor Coarse 3 97 0 80 - 20 0  -Silica  Mica rare
192 loderate Medium 0 100 0 89 11 0  Silica
‘28% Moderate Very fine 0 100 0 100 0 0 Sil. + Cq Calcite 30%, mica 2%
fBOB_ Poor Coarse 3 97 0 90 8 é Silica Mica rare
EIb Very poor Granule/medium 45 55 0 92 7 1 Silica Mica rare
'31: Moderate  Fine \ o 100 0 100 0 0 Carbonate
3el Poor Medium 0 100 0 99 1 0 Silica Mica rare
325  Moderate Fine 0 100 0 100 0 0  Silica |
32% Moderate Medium to fine 0 100 0 87 13 0 Silica
jjb Fair Fine 0 109 0 35 15 0 Stlica Mica rare
369  Bimodal  Granule/medium L - 60 0 88 12 0 Silica Wica rare
374 Bimodal Pine 0 75 25 100 Q Sil, mud
375  Bimodal  Fine o 65 35 100 0 Iud




TABLE 5

MODAL ANALYSES OF NAMURIAN SANDSTONES

Semple ~ .  Silica = -Rock  White  Argill. .
" No. - Quartz mgeqent: -Felspar - frags. mica Calcite matrix Siderite Access.
7 93 s S o2
16 65.1 30,8 bl | S S |
20 49.7 8.2 T 53 38.8 |
¥ 781 - o 26 31 S 162
- 51 79.3 19.6 | | | N 0.1
57 - 648 , o 15.6 _‘ ~19.0 0.6
70 89.0 10,5 0.5 |
95  8l.9 6.8 1L3 | )
9k 80,5 | 18,1 : | : Lok
% 661 - 7.3 o 242 2.4
123 527 ¢ . o kb 0.9
133 72.1 T 219
135 69,1 - 2.0 27.9 | 1.0
139 765 S | | 23.2 - 0.3
142 90,1 | ' ) 9.9
115 86.5 13,2 0.3 -
173 79.5 200 07
192 88.9 ¥ 11,1 . : |
286 66.5 : | 2.5 29.7 . 1.3
305 9.8 8.1 . ' o 0.1
310 92.7 6.8 . o o 0.5
317 51.8 o | 2.3 4O 1.9
321 81.7 - 0.6 7.2 . ' 0.5
326 96,1 3.7 - - 0.2
327 86.5 12,5 1.0 '
330 81.8 18,2 | | |
369 88.1 11.5 0.3 . 0.1
374 73k L 25.9 0.5 | - 0.2
35 630 . . 33.7 3.3
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Accordlng to the adopted classification quartzarenites are
not necessarily quartz-rich, and, 1n fact, carbonates could

account for up to 50% of the total composition.

Framework constituents. Many authors, including

Krynine (1940, 1946) and Folk (1961), have attempted to
classify quartz into several types on the basis of its
extinction properties; these types were then related to a
particular source rock. Recently, Blatt and Christie
(1963) demonstrated that the problem of quartz gehesis has
been oversimplified by previous authors, and that no one
type of quartz comes from a unique type of rock. They
show (ibid., p. 565) that only three types of quartz can
be dlstingulshed:-

1) non-undulatory; that with straight extinction,
2) undulatory; that exhibiting strain features,
3) polycrystalline; that composed of more than one

crystal with varlable orientation.

All three types can be observed in the guartzarenltes from
the Upper Limestone Group, but the polycrystalline varlety
(Plate 23) is by far the least gbundant, The very fine
quartzarenites, in fact, have a negligible amount of
polycrystalline quartz. This is 4n agreement with the
findings of other authors that texturally mature sandstones,
such as gquartzarenites, are more llkely to have low per-
centages of undulatory and polycrystalline quartz than
immature sandstones. This phenomenon is the result of the
of strained amd  coupound grains (Bid. p.5T!) Which randers e liable
lower stability(to fracture during prolopged transport and

reworking.



113

None of the quartzarenites has a medlan grain
size.greater than the medium size.grade of the Wentworth
Scale. Borting 1is usually moderatély good; only one very
fine guartzarenlte could be classgd as well-sorted. Inman
(1949) has pointed out that sediments approximating to the
flne grade are usually better sorted than those which are
coarser or finer., No statistical proof of this observa-
tion has been obtained from the quartzarenite suite, but
it 1s observeble that the coarse subarkoses are generally
poorly-sorted (Table 4). The roundness of the quartz
grains in the quartzerenites varles widely from,well-
rounded to angular. In mary cases the angularity is due
to corrosion by the carbonate cement, but there are certain
grains in which this angularity appears to be a primary

featurs.

Alkalil felspar 1is never present 1In an unaltered
state in any of the quartzarenites; it is invarlably made
over, elther wholly or in part, to hydromuscovite, and

never accounts for more than 2% of the rock.

Cement. Sillca, calcium carbonate, and iron
carbonate (probably siderite in mosﬁ cases) comprise the
common cements of the quartzarenite suite. A small amount
of argillaceous matrix locally occurs as a bonding agent;
its principal effect appears to be to prevent the forma-

tion of other cements. wmost quartz gralns are mutually in

contact and both pressure welding and suturing are common

' phenomena, usually in association with quartz overgrowths.
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The ultimate in this type of cementation is represented
by the rlrestone ganistér (No. 326), which appears in thin
sectlon as a multl-crystalline mosaic of interlocking
quartz crystals (Plate 24). The vast majority dﬁéuartz-
arenites studied, however, have both silica and carbonate

cements.

Calcite and siderite can be distinguished in thin
section by the fact that calcite 1s always clear and
occurs as large crystals, whereas siderite has ferruginous
plgmentation and only occurs as small crystals, of the
order of 0.02 mm.‘ Frequently,; the siderite occurs only
as a thin veneer coating the detrital quartz grains, while
calcite occuples the larger pore spaces (Plate 25). Some
of the siderite occurs preferentlally along some bedding
laminations and 1s belleved to be of detrital origin. On
the other hand, small crystals of siderite alsc occur
authigenically within calecitic crinoid columnals, yuch
of the calclte may also be a primary detrital mineral; it
is difficult to escape this conclusion when calclte accounts
for 44% of the total rock (No. 317). A mechanism involving
an increase in the percentage of calcite by extensive
corrosion of the detrital quartz grains could be postulated,
but the absence of skeletal and badly corroded grains
argues strongly against this. Even though the calclte 1s
largely detrital it has also undergone authigenic enlarge-
ment; large crystals of calcite commonly enclose several

grains of detritel quartz (Plate 26). Rarely, secondary
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calcite can be seen intruding the basal partings of white
mica, which may 1itself be authigenic. Small rhombs of
calcite can, in fact: be observed within the mica in the
process of formation. Small spherules of microcrystalline
quartz may occasionally be observed In thin sectlions of
carbonate cemented quartzarenites, but it forms avvery

small percentage of the total cement.

Accessory constituents. White mica 1s the most abun-

dant of the accessory minerals, sometimes amounting to 2%
of the whole rock snalysis. Fragments of coal and oth?r
carbonaceous detritus are commonly present in small amounts.
Zircon 1s the commonest of the heavy minerals, occurring

in most of the thin sections examined. In one sample of
the Low Slate S111 (No. 123), tormaline and sphene were

also recorded.

D Muddy quartzarenite

Six examples of this rock type have been des-
cribed from the hamurlan strata in the research area.
Muddy quartzarenites are not common in the sequence gnd
Invarliably occur as thln beds. Two of the samples are

bws are  burrowed shell foms (133,(39),
seatearths (Nos. 139, 31‘47'17),/\ one belongs to the marginal
facies of the nogerley Channel (No. 47), and another
(No. 375) is a burrowed sandstone of doubtful affinity
but possibly belonging to the same facles as the shell
beds. Muddy quartzarenites have between 10 and 50% of

argillaceous matrix according to the classificatlion used



In this thesis. In practice, values betwsen 20 and 30% are

more typlcal of those muddy quartzarenites occurring in the

ares.

Framework constituents. Quartz 1s the only framework

constituent which occurs in the muddy quartzarenites
studied. All three mineralogicsel types (p. [I4) occur, but,
as with pure quartzarenites, the frequency of polygrystalline
gquartz 1is very low. 1n poorly sorted varisties thefe is a
definite tendency for the polycrystalline gquartz to oc§ur
as larger grains. Only in one sample, from the Rdokﬁoﬁe
Shell Beds (No. 133), 1s there an observable preponderance
of non-undulose quartz, but no sysﬁematic analyses have
been made. Despite the relatively high matfix content,
contacts between quartz gralns are common and the effects
of pressure solution are in evidence; this often takes the
form of sutured contacts. Stralght contacts between quartz
grains are usually produced by the conjunction of adjacent

authigenile¢ overgrowths.

1he presence of arglllaceous materlal in con-
siderable amounts indicates that the grain size distri-
bution is bimodal. Within the sand-sized fraction degree
of sorting varies quite widely between poor and good. Of
those quartz grains in which the original outline may be
discerned it can be seen that well-rounded grains are
extremely rare, and that the vast majJority are sub-rounded

to angular.
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Cement and matrix. In all examples of muddy quartzar-

enites studied there 18 a combination of silica cement and,
inevitably, the fine gralned detrital matrix. The clay
mineral may occur as irregular clots and patches associated
with clearer areas of relatlvely pure quartz (Plate 27),

or more uniformly distributed throughout the rock (Plate
28). The mineralogy of fhe clay matrix has not been inves-
tigated, but from the limited petrographical data available
it appears commonly to be hydromuscovite or chlorite. ‘the
chlorite matrix (No. 275, 18 often partly linionitised, and
relatively large crystals of authigenf¢:chlorite may develop
locally. In the Lower nookhope ohell Beds (No. 139) a single
oolith occurs, apparently composed of the. same minersal,
which also contains a large authigenlc crystal of chlorite.
By comparison with the more detalled petrographic work on
the Knucton Ironstone (Chapter 14) it is possible that this
mineral 1s 1n fact a_l4R chamoslte. Crystals of pyrite

occur within the clay matrix of one sample (No. 133).

Accessory constituents. Carbonaceous material and

coal fragments may be abundant among the minor ccnstituents
of the muddy quartzarenite suite. Cosal fragments, in fact,
account for 2% of the whole rock 1n the marginal facles
of the Rogerley Channel (No. 47). Detrital siderite and
white mica occur rarely, and, of the heavy minerals, zlrcon

is the only one recorded.
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E Subarkose

Fourteen specimens of subarkose have been lnves-
t;gated from the Namurian stfata of the research ares.
Statistical sampling methods were not used 1n the field,

but, in spite of the probsble bias in collecting, it 1s
clear that subarkose 1s an important rock type in the
Upper Liméstone Group. It may, in fact, be possible to
subdivide this group further on the bésis of grain size
'amd sorting characteristics, but the results of the
pesent investigatlon are not suffid ently objective for
this to be accomplished satisfactorily. However, it will
become apparent that those subarkoses which are.cbnsidered
to be fluvial in origin are generally moderately to very
poorly sorted; subarkoses with a marine origin are medilum

to fine grailned with good to moderate sorting.

Framework constituents. Quartz accounts for 80 to 95%

of the major detrital constituents 1n the subarkoses inves-
tigated; the balance 1s made up in all cases byffélspgr.
Undulose and non-undulose as well as polycrystalline éuartz
occur in varying proportions._ Most of the granule and
pebble sized fragments of the subarkose suite (the "quart-
zite pebbles" of field terminology), are composed of
polycrystalline quartz (Plate 23), and only rarely 1s a
non-undulose guartz granule observed. Some of the poly-
crystalline fragments resemble the "megaquartz"” of Chanda

(1963), which occurs as a diagenetic cement 1n sandstones.
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The sand sized grains. contain markedly less polycrystalline
quartz, and 1t 1s apparent that the abundance of this type
of quartz 1s related to grailn size. The breskdown of the
large composite fragments produces small grains of either
undulose or non-undulose guartz. The lower frequency of
polycrystalline quartz in the finer grained subarkoses
does not, therefore, necessarily indicate a different
provenance, But it could indicate a greater amount of
reworking. The relative abundance of undulose and non-
undulose quartz.grains does not appear to be constant 1in
the subarkoses studied, although detalls are not avallable.
Most of the samples have a preponderance of undulose
gquartz, and only rarely does non-undulose quartz attain
significant amounts. Minute liquid inclusions, sometimes
containing gas bubbles, occur 1n some quartz grains; they
camonly occur as linear "trains" and may be so numerous

as to glve the whole graln a clouded appearance.

Degree of sorting in the subarkose sulte covers
a wide range from very poor to good; thils may be a reflec-
tion in some degfee of the equally wide range of ﬁedian
grain sizee (Inman, 1949). Many of the conglomeratic
subarkoses approach a bimodal size distribution with
discrete slze ranges for the pebble and sand fractions;
sorting of the sand sized grains is wusally poor. In all
cases most of the quartz gralns are mutually in contact
so solution phenomena, such as sutured contacts, are

common. The original shape of the grains 1is usually
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masked by authigenic overgrowths, but 1n some samples dusty
coatings on the detrital grains show that many are well-
rounded. The obsérved range of roundness for the sand
sized gralns 1s from well-rounded to subangular. The
guartz grains in the Firestone S111 subarkose (No. 20) are
predominantly angular; -a feature which 1s probably at least
partly due to the corrosive effect of the calcité cement.
The polycrystalline quartz pebbles are usually well-

rounded (Plate 23).

Despite the sometimes conslderable amounts of the
felspar component in the subarkose suite little 1s known
of its mineralogy. Alkall felspar 1s the commonest
variety but it 1s usually altered to hydromuscovite; the
process of alteration begins preferentially along cleavage
planes, Some of the fresher examples show a well-developed
perthitic texture, and one felspar crystal exhibits
Carlsbad twins. Plagloclase felspar usmially occurs only
as an accessory constituent, but in one specimen from the
Low Grit Sil1l1 (No. 16) it forms about half of the total
felspar content. The plagocélase crystals show a combina-
tion of albite and pericline twins and are clearly zoned;
one crystal at least, 1s approximately andesine gn com-

position.

Cement. In the absence of a fine gralned detrital
matrix the pore spaces of the subarkose suite of rods are

in all cases filled with chemical cement. Most commonly
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the cement 1is silica, but one sample of the Firestone Sill
(No. 20) has a calcite cement. The most abundant type of
sllica cement occurs in the form of authigenic overgrowths
on original detrital grains. The material for this process
. is believed to have come from:pressure solution of contis
guous grains as a result of burial (Siever, 1962). In
medium grailned sandstones this 1s generally sufficilent to
close the pores, but coarser sandstones tend to have larger
pore spaces and this seems to be the prerequisite for
ahother type of silica cement, known as microcrystalline
quartz (Cheanda, 1963). Excellent examples of this have
been observed iIn the poorly sorted, coarse subarkoses of
the Low Grit Si11 (Plates 29, 30). It may be very abundant,
and in one sample (No. 16) microcrystalline guartz accounts
for 31% of the total rock analysis. Chanda (ibid.,) con-
sidered that thils kind of silicaocement 1s a replacement of
original calcite, but in the rocks investigated by the
writer ho evlidence of this mechanism can be observed. A
little megaquartz (ibid., p. 730) has also heen seen in

these rocks.

The calcite cement in the Firestone Sill (No. 20)
represerts 39% of the total rock analysis, and it is likely
that at least some of it is detrital in origin. Its
original form 1s unknown because 1t has now recrystallised
to large crystals which poikiliﬁically enclose several
detrital gralns. A minor, poor cement 1s patchlly provided

by the hydromuscovite derived from the alteration of the
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alkall felspars. Thls frequently is able to invade adja-
cent pore spaces during diagenesis, which suggests that
this process must occur at an early stage before the

development of a silica cement (Plate 31).

Accessory constituents. The most common accessory mmenal

of detrital origin are, in order of abundance, white mica,
zircon, plagloclase, tourmaline, and sphene. Mica 1is
particularly rare in the coarse subarkoses, presumably
becaxse the high energy regime which that rock represents
(p. 226) is not conducive to the settling of mica flakes.
Rounded coal fragments are not particularly common, but
do occur. Authigenic, flaky clay minerals can be
observed in some specimens, and may be termed hydro-
muscovite for want of a detailed X-ray investigations
they grow from the aggregate of hydromuscovite crystals

produced by the alteration of alkall felspars.

F Sublitharenite

Only one of the twenty-nine sandstone specimens
studled falls into the category of sublitharenlte. Its un-
usual composition may stem from its uncommon sedimentological
position as part of the channel margin facies of the Low

Grit Sill (Fig. 7.4).

Pramework constituents. Quartz comprises 81% of the

framework constituents of this subllitharenite, the remaln-

der being made up entirely of rock fragments. The median
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size of the quartz grains 1s coarse and the sandstone is
poorly sorted. Most of the qﬁartz gralns have undulose
extinction, but polyerystalline guartz 1s also qulte
common; the percentage of non-undulose quartz 1s relatively
small. The presence of an apparently original veneer of
detrital siderite (Plate 32) enables the roundness to be
assessed as varying from subrounded to subangular. The
detrital coating on the guartz grains is not sufficlently
thick to prevent the development of silica overgrowths in
optical continuity, which are quite commén. Sutured con-
tacts as a result of pressure solutioﬁ also acur, and some
corrosion as a result of siderite replacement has taken

place.

The rock fragmentscontalned in this rock are all
of ene type and appear to have been derived penecontemps -
oraneously from previously deposited sediments (Plate 33).
They are entirely composed of clay mineral which from its
low birefringence and other optical properties, and its
pale green colour in hand specimen, may be regarded as
chlorlte, perhaps even a 148 chamosite of the type des-

cribed from the EKnucton Ironstone (Chapter 14).

- Cement. Detrital siderite acounts for 19% of the
total rock composition but it does not form the dominant
cementing material; 1t occurs as silt sized grains, mostly
incompletely coating detrital guartz. Authigenic silica,

occurring as overgrowths on the quartz grains, is a more
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important cemsnt.

Accessory constituents. Accessory minerals are of

little importance in this sublitharenite, forming as they
do, only3% of the total rock. White mica is the most
abundent of these, and tourmaline, occﬁrring within a
detrital quartz grain, is the only heavy mlneral present.
Limonite occurs in the weathered zone as an alteration

product of siderites.

G Litharenite

Litharenite is another uncommon rocﬁ‘type within
the Upper Limestone Group, and only sandstone (No.96) so
- far described can be assigned to it. The speclmen comes
from the top of the Fiddler's S1l11 in Nookton Burn but it
1s unlikely that this term should be applied to the unit
as a whole, 1t refers particularly to a banded unit within
the sill. Another sample, from the base of theWhite S111,
has beén réégrded éshbelonging to this mineralogical
sulte, but it has been discounted on the grounds of grain

size; 1t 1s only a sandy siltstone.

Framework constituents. The quartz grains in this

ﬁery fine grained litharenite comprise 73% of the major
detrital components (Table 4). Polycrystalline Quartz
grains are not apparent, and by far the most abundant are
the non-undulose and undulose varieties. A certaln amount
of pressﬁre solution has taken place but many of the grains

fall within the rounded to subangulsr range; sorting is






moderately good.

The most abundant type of rock fragment in the
sandstone 18 sideritic ironstone; rounded coal fragments
also occur but are of minor iImportance., The slderite
occurs as pure segregations of silt sized crystals which
vary from about 0.02 to 0,08 mm. in long diameter.
Occasionally the ironstone fragments are elongate in the
plane of the primgry lamination and occur in prominent
bands about 5 mm. Wide separated by siderite-free bands
of similar width. 'The modal analysis (Table 5) 1is an
average for the whole rock; individual bands will be
appropriately blased towards either the quartz or siderite
component. The margins of the rock fragments are not
always smooth and water-rounded (Plate 34), but they
are clearly detrital, and it 1s assumed that some siderite

penetrated the pore spaces after depositlon.

Cement. Siderite has, in fact, invaded the pore
spaces sufficiently for 1t to be regarded as a partisl
cementing agent, but 1n the non-sideritic bands silica 1is
the c¢ommon cement, ‘As usuel, this takes the form of

authigenic overgrowths on quartz grains.

Accessory constituents. White mlca occurs quite

gabundantly in this sandstone and makes up 7% of the total
rock andysis; it is usually segregated along particular
bedding planes. An authigenic clay mineral also occurs,

which is pleochroic in shades of brown. Without an X-ray



study this minersl cannot be 1ldentifled, but 1t may be
some varlety of chlorite. One or two small c¢rystals of
plagioclase felspar, with the approximaté compos1t1on
of oligoclase, occur., Zircon is the only heavy mineral

observed.



CHAPTER 14

THE KNUCTON IRONSTONE

I Introduction

The Carboniferous rocks of the Britlsh Isles are
known to contain abundant syngenetlic sedlmentary irgn
deposits. These generally occur 1ln the form of siderite,
most commonly as clay ironstone concretions in shales. They
also occur as sphaerosiderite concretions in underclays
(Deans, 1934), and as maffix in locally persistent beds of
sideritic sandstones and limestones (Hudson, 1941). A
mineral commonly assoclated with siderite in many sedimen-
tary iron formations of Mesozoic age is the iron
alumino-silicate chamoslte (3Fe0. Alg 0z. 25102. ag.).
Recorded occurrences of this mineral 1n the Carbéniferous
of this country are very few, however, and only one qhamosite
bearing horizon has previously been recorded in the Upper
Limestone Group (Reading, 1957). 1In the research area the
writer has discovered three horizons, the Knucton Ironstone,
and the Lower and the Upper Rookhope Ironstones (p. 3!/), at
which chamosite ooliths may occur abundantly, as well as

several other impersistent oolitlc bands.

Chamosite was first recorded from British

Carboniferous deposits by Deans 1in 1934, who described it
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from nodules in the underclays below the Hallfax Hard Bed
and the Cottingley Crow Coal of Lower Cosl Measure age

(lenisulcata zons). The chamosite forms the matrix to

sphaerosiderite concretions, amounting to 70% in some
‘nodules, and 1s apparently the dlagenetlc alteration product
of felspathic and ferromagnesian materlal (1bid., p. 57).
In 1936 Deans described a less common type of spherulitic
ironstone which he found at three horizons 1n the Millstone
~--Grit and Coal Measures near Leeds and Bradford. The 1iron-
stones each occur immedliately above coal seams and
characteristically contain ooclitiec clay minerals and siderite.

The Robin Hood Oolite (modiolarls zone) is the only horizon

at which the "isotropic clay" occurs in oolitic form.
Petrographically "there 1s nothing to suggest that the
isotropic clay is not primary" (ibid., p. 174). A subsequent
X-ray study by Brindley and Robinson (1950, p. 87) showed
that the "lsotropic clay" gave only a kaolinite pattern and
they concluded that this mineral probably existed in a finely
divided form in the ooliths. In view of the apparent ease
with which chamosite is converted to kaolinite (plus
goethite), (Hallimond, 1925; Taylor, 1949, p. 37), it is
conceivable that the concentrically layered ooliths were
originally chamosite, although there is no direct evidence to

support this conjecture (Deans, 1961, personal communication).

An interesting occurence of chamosite has been
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recorded by Willliamson (1946) from the Etruria Marls (Upper
Coal Measures) of North Staffordshire. The chamosite is
associated with "rhombohedral carbonate" in the matrix of
grits which are intercalated in the formation. The chamosite
also occurs in ooliths where 1t may alternate with zones of

clear carbonate or darker isotropic méaterial.

Chamoslte has been recorded in the Ayrshire Bauxitic
Clay of 'Millstone Grit”age, where it is thought to have
formed in pools and lskes from materlal derlived from the con-
temporaneous decomposition of the underlylng lavas.
Brindley (1951) confirmed the original diagnosis of Eyles and

others (1949) by an X-ray study of the chamosite.

Strong (in Edwards, 1951, p. 18 and in Falcon and
Kent,ﬂiQGO, pp.'50-54) recorded light to dark green "grains"
of chamosite at several horizons in the Coal Measures
(Ammanian) and Upper Nam&rian as seen in borings In the East

Midlands.

In the literature to date there is only one refer-
ence to chamoslte In the Lower Namurlan rocks of Britailn.
This was made by Reading (1957, p. 46) who discovered
chamoslte ooliths in thevCoalcléugh Marine Bed in Baldersdale,
North Yorkshire. .The boliths occur in a lenticular,

fossiliferous, sandy mudstone which also contain glauconite.

4 series of small diameter bores in the Upper
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Limestone Group west of Allenheads (Northumberland) showed
that "thin, red-brown, limy, ferruginous oolite bands" con-
taining fosslls occur at four horizons betweeh the Little
and Lower Felltop Limestones (Dunham and Johnson, 1962).
The writer has recently had the opportunity to study these
borehole specimens. They are largely composed of siderite,
but the scattered ooliths are believed to be chamositic.
Sideritic chamosite‘oolites of this type have also been
examined from the Geologlcal Survey borehole at Woodland,
near Middleton in Teesdsle, indicating that chamositic
1ronstones are more widespread in the Upper Limestone Group

than has previously been supposed.
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ITI Petrography

Ironstones in the~Uppef Limestone Group of the
study area Include a number of types which apparently fé@m
a serles of variable composition with the three end members,
sand, ooliths, and siderite. The gross lithology of the
recorded ironstone horizons 1s by no means constant. They
show conslderable lateral variation, perhaps passing within
relatively short distances, from a sandy sideritic chamosite
oolite to a sideritic sandstone or a sandstone with scattered
ooliths. Major differences 1n depositionsal environment are
brought out by the marked concentration of ocolitic deposits
at three horizons, the Knucton Ironstone, and the Lower and
Upper Rookhope Ironstones. Extreme varlation in lithology
is a character which the Namurlan ironstones share: with
those in other formations, such as the Northampton Sands
Ironstone (Taylor, 1951, p. 79), the Dogger Ironstones
(Rastall and Hemingway, 1939 et seq.), and the Banbury
Ironstone (Whitehead et al., 1952, p. 164). Both the petro-
graphy and mineralogy of the Knucton Ironstone, the best

developed chamositic horizon, have been studled in detail.

A. Hand Specimen petrography

The Knucton Ironstone in its ocoliltic development
1s a sandy, sideritic, chasmosite collte using the nomen-

clature of the Geologlcal Survey as devised by Taylor
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(1949i;!pe. 5). Siderite is inveriably the most abundant
mineral in the best developed oolites, and quartz commonly
tekes a subordinate position, although still present Iin
considerable amounts. The quartz grains are usually of
medium grain size, but the lowermost few Inches of the
ironstone may contaln very coarse sand up-to 1.5 mm,. in
diameter. When thils very coarse sandy type contains
ooliths theyitoo are larger than usual, averaging 0.5 mm,
suggesting that the same depositional factors affected
oolith and quartz grain alike (p. 219). It is impossible
to speak of a "typical Knucton Ironstone" in view of its
extreme variation, but the modal analyses given in Table 6
provide a general impression of the lithology of the

oolites.,
TABLE 6

Modal analyses in percent of the Knucton Ironstone and the

Lower Rookhope Ironstone
Seample number 73 2561 290 328 196 365

Siderite 48.0 37.2 36.1 52.0% 24,7 23,0

Chamosite ooliths 34.2 23.8 29.8 25.5 32.5 15.5

Quartz 15.0 37.4 27.9 20.5 24,7 45.5
Others 2.8 1.6 6.2 2.0 2.8 16.0
Knucton Ironstone ILn Rookhope

Ironstone

# Heavily limonitised
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The oollths are generally very pale green in hand
specimen, although some may be slightly darker and appear
grey. In fact near Coal Crag in Noykton Burn approximately
45% of the ooliths in the sample collected are dark grey to
black in colour. These :are the result of opallsation of
chemosite ooliths and are similar to the "black ooliths"
o;?%ogger (Middle Jurassic) described by Rastall and
Hemingway (1939). This question is discussed more fully
on page /50, The size of the chamosite ooliths in the
Knucton Ironstone of Nookton Burn ranges from O.,1 to 0.5 mm.,
measured along the longest diameter, and the mode of the
distribution lies at 0.35 mm. Ellipsoldal or disc-like
ooliths are by far the most common, but more or less
spherical ones also occur. The disc-like ones achieved
their shape as a result of post-depositional compaction.
This 1s shown by the frequent cases of ooliths with deep
indentations, which can be seen, in thin section, to have
been caused by the pressure of contigous quartz gralns
(Plate 39). The ellipsoid shape, however, may be a
primary feature. It 1is quite common to find ellibsoidal
calcareous'ooliths in areas of»récent carbonate sedimen-
tation, such as the Bahama Banks, where the final shape is

often related to that of the core.

The siderite 1in the oolites occurs dominantly in
the matrix, and gives the rock 1its dark grey colour. Dis-
tribution of siderite 1n the rock as seen In hand speclimen

is rarely uniform, and typical ooclite has a blotchy or



Figure 14.1
Pure slderite segregations of believed primary

origin in sandstone, Knucton Ironstone.
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mottled appearance. This in part is due to the fact that
the concentration of the ooliths ispatchy, but also partly
due to the presence of worm burrows; in which siderite ié
the only constituent. The burrows may have a well-developed
tube-1ike form or they may be more lrregular. There is a
marked contrast and a sharp margin betwsen the host rock,
where quartz gralns and ooliths abound, and the burrows,
where both these components are absent. One particular

kind of burrow seems almost to be dlaegnostic of the Knucton
Ironstone and has been found widely over the study area..

It 1s characterised by having s quasi-concenfric arrange-
"ment of the materials composing the burrow and often by an
open passage running'along its length, which rarely may be
filled by coarsely crystalline calcite. Usually the bulk

of the material in the burrow 1s siderite, but chamosite
ooliths may occur within it, occaslonally disposed in con-
centric bands. The guasi-concentric arrangement 1s believed
to be related to the grazing habits of the creature anthe
sediment. ' A similar type of burrow, but occurring in

groups, 1s represented by Phycodes Richter.

In Sipton Cleugh, the non-oolitic lower part of
the Knucton Ironstone contains saucer-like bodies of
siderite about 4 cm. in diasmeter and ranging in thickness
from 1 mm. to 1.5 cm. (Fig. 14.1). The saucers or lenses
lie in the bedding plane, are composed entirely of siderite,
and have sharp contacts with the surrounding sapdstone.

Semi-continuous sideritic bands with varying thickness also
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occur. These segregations cannot be attributed to worm
action, and they cannot have formed by secondary processes
of accretion after deposition because they would otherwise
contain as much quartz as the rest of the rock. There
seems, therefore, to be a good case for postulating a
primary origin for these siderlite bodies. Dunham (1960,
p. 259) has suggested that chemical precipitation of
siderite, probably initially in the form of a gel, may be
possible under sufficiently anaeroblc conditions. It 1is
possible, therefore, that the siderite lenses just described
represent such a gel which was sufficlently competent to
resist the inclusion of sedimentary quartz grains. Rastall
and Hemingway (1940, p. 270) have also proposed a primary
origin for siderite occurring as a matrix to a sandstone
in the Dogger of Yorkshire.

It is interesting to note that the Knucton
Ironstone has virtually the same petrographic features as
the Ajalon facles of the‘Dogger Ironstones (Rastall and
Hemingway, 1941, p. 362; 1943, p. 227). The Ajslon
facies may vary from an "ill-graded sideritic sandstone with
a few oollths at the base through an oolite with sand grains
to a black oolite" (1943, p. 228).

Of the remainling rock formling constituents in the
Knucton Ironstone the fossils are perhaps the most
important. Brachiopods are by far the most abundant group,

but molluscs, bryozoa, trilobltes and crinoids also occur.
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They occur scattered throughout the whole thickness of
the rock, but also segregated in thin bands.

Collophane, élthough present, is rarely abundant,
and 1ts presence cannot usually be detected in hand
specimen. Greenish mud-pellets, ranging in size from a
few mlilliimetres to three centimetres, are common at some
localitlies. It is suggested that these represent an

original chamosite mud which has been reworked.

B. BEffect of Weathering

A factor which has undoubtedly contributed to the
chamosite oolites in the Upper Limestone Group being over-
looked has been the fallure to recognise them when weathered.
All the rocks which have been studied were obtained from
outcrop and consequently are weathered to a greater or
lesser degree. It would appear that siderite 1s the most
easily affected by oxidation. It quickly takes on a brownish
tint due to partial limonitisation. Thils process 1s rapidly
brought to completion upon prolonged exposure, and commonly
the ironstone may appear as a medlium gralned sandéfone,
having a limonite cement, but still with abundant green
ooliths. A similar rock has been described by Taylor from
the Northampton Sands Ironstone (1949, p. 38), and from the
Banbury Ironstone by Whitehead (1952, p. 165). Weathering
of the ooliths themselves does not produce an immediate
breakdown 1nto hydrous ferric oxides because of the develop-
ment within many oo0liths of a large crystal of authlgenic

144° chamosite. The chamosite 1s believed to have formed
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_at more or less normal temperatures (p./49), and as such

1s relatively stable under ordinary weathering conditions.

A common rock type found at outcrop 1s a sandstone with a
limonite cement and abundant large flakes of the pale green
14A° chamosite. Whiteheadvalso‘found in the Banbury
Ironstone (1952, p. 162) that "the.'oxidation' of the
chamosite crystals always lags behind that of the ooliths..".
Although not actually recorded as such it 1s concelvable
that his "chamosite crystals" are in fact of authigenic
origin. Small crystals'of limonite-stalned siderite do
occur within the chamosite, so the final product of weathering
of all the 1lron minerals will be essentially limonite,
probably in associatlon with non-ferriferous clay materials.
In the Northampton Sands Ironstone Taylor (1949, p. 37)
found that the alteratlon products comprise "a finely divided
mixture 1n varying proportions of kaollnite with geothite or
possibly with some silicate of ferric iron". They may
either retain the oolitic structure or occur as an aggregate
of unorientated fibres. Kaollnite has not been detected 1in
any of the ooliths of the Knucton Ironstone. 1In any case
this would be very difficult to diagnose by X~-ray analysis

because of -its assoclation with chlorite (Pib4).

C. Thin sectiongpetrographj

Concentric rims of the ooliths. The chamosite forming

the concentric layers in the ooliths 1s generally pale brown
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to more or less colourless in plane polarised 1light, and -
it 1s not noticeably pleochroic. This shows considerable
differences from most of the chamosite occurring in the
Jurassic Ironstones of Greaf Britain, which is green of
various shades and markedly pleochrolec (Taylor, 1949, p. 17;
Dunham 1952, p. 17). Howsver, ooliths of pale brown
chamosite do occur in fresh rock of the Ajalon facies of
the Dogger Ironstones at Rosedale Abbey Bank (Rastall and
Hemingwaj 1949, p. 277). Pulfrey, in studying the
Ordovician chloritic chamoslite ocolites of Nbrth Wales (1933),
found that he could recognise several chlorites on the basis
of thelr optical properties, and he tentatlvely suggested a
correlation with chemical composition (ibid., p. 419). One
of his "types' 1s a greyish chlofite developing yellow or
brown tints on slight weathering, which 1s non- or feebly
pleochroic. This apprears to be optically very similar to
the Knucton chamosite. Pulfrey's chemical analyses showed
that this type was "mainly chamosite". This statement could
probably be elaborated by a more up-to-date investigaﬁion
of the Welsh chamosites, but, for the moment, it can be
regarded as a tentative confirmation of the present writer's

dilagnosis.

The mean refractive index of the chamosite from the
Knucton Ironstone has been measured ln one sample as being
1.637. Although a single reading is not very significant it
compares favourably with those determined by previous

workers in other formations. Dunham found that in the
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Liassic Ironstones (1952, p.l9) the mean index ranges from
1.605 to 1.660, and Taylor's measurements on the
Northampton Sands chamosite (1949, p. 18) range from 1.62
to 1.66. Taylor also found that the lower index chamosites
were paler 1n colour, and he concluded that both the depth
In colour and the variation 1in optical properties were
partly due to the amount of clay assoclated with the
chamosite.

The bilrefringence can be estimated from the inter-
ference colour and is found to be commonly around 0.003
(dark grey), eand never greatZer than 0.009 (white to very
pale yellow). The birefringence in the Liassic Ironstones
may be as high as 0.0l5 (first order orange) (Dunham, 1952,
p.19). The chamosite in the concentric rims has the slow
ray orientated parallel with the basal cleavage, indicating
a positive sign of elongation. According to Albee (1962,
D. 863) the slgn of elongation in chlorites is always
opposite to the optic sign. It can be shown by X-ray
analysis that the Knucton chamosite is a true chlorilte
(p. 68); thus, although a direct measurement cannot be made,
the chamoslte must be optically negative., For the chlorites
that Albee studled, hé found that optically negative ones
had /A refractive indices ranging from 1.63 to 1.68, and
that those without anomalous 1nterference colours were
iron-rich varieties. These also have the highest refractive

indices. This observation confirms Taylor's contehtion that

the least contaminated chamosites (and therefore the most
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iron-rich) have a high refractive index near 1.66. The
chamosites of the Knucton Ironstone conform to the optical
properties of Albee's iron-rich chlorites except in so far
as the refractive index seems too low for one with normal
interference colours. This argument, of course, hinges on
the assumption that the Knucton chamosltes are strictly
comparable with the chlorites studied by Albee, which didqd,
in fect, 1lnclude samples from sedimentary iron formations.

Evidence from several authors (Pulfrey, 1933;
Taylor, 1949) suggests that pale-coloured chamositic ooiiths
are not pure monomineralic substances. Albee's work demon-
strates that iron-rich chlorites should have a high grefrac-
tive index (near 1.68), and any anomalies require an
explanation. Taylor's evidence (largely based on chemical
analyses; supports a contaminatioﬁ hypothesis to explain this,
and it 1s necessary to investigate independent lines of
evidence with regard to the mineralogical make-up of the
Knucton oolites.

It 1s difficult to ascertalin from thin-section
studies whether more than one clay mineral occurs in the
ooliths; the minute size of the crystals is the 1limiting
factor. Generally, however, 1in the concentric rims,
chamosite and/or other clay minerals haﬁe two manifestations,
In the first place they may occur as extremely minute,
almost submicroscopic, crystals which have a concentric

arrangement, but one which 1is only vaguely defined (Plate 36).
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In the second, the crystals occur as much coarser

concentric layers which may almost completely encircle the
oolith (Plate 35). These seem to be large single crystals
of chamosite, gulte distinct from the layers of collophane
discussed later (p. /S5). Commonly both types of crystal
occur in the same ocolith, and it is conceivable that the
difference in form reflects an intrinsic difference in com-
position or structure. This guestlion 1s further discussed
in relation to the interpretation of X-ray diffraction data
on page {64 . Equally tenuous evidence for a heterogeneous
constitution is afforded by the slight differencqs in
refractive index and birefringence which can be detected
throughout the concentric rims of some ooliths. None of this
evidence, of course, can be sald to prove that the ooliths
are composed of anything other than chamosite, but 1t serves
to illustrate that the physical properties of the concentric
rims are by no means uniform.

Reference has already been made to the concentric
layers of collophane which occur commonly within the ooliths.
The collophane 1s pale yellow or yellow brown 1n plane
polarised light and 1s lsotropic. Xx-ray analysis of the
Knucton ooliths leaves the ldentification as collophane in
no doubt (p. (6l ). The collophane layers completely encircle
the oolith and, as they may be quite numeréus they serve to
enhance the concentric nature of the chamosite. The most
likely explanation of the collophane bands 1s that they
represent contemporaneous phosphatisation on the sea floor.
The presence of associated phosphate pebbles in the 1lronstone

(p. 56 ) gives added weight to this hypothesis.
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Caes of the ooliths. 1In the Knucton Ironstone the

cores of the ooliths are commonly composed of unorientated
flakes of chamosite. This dlagnosis is'suppaﬁﬁd by the
general optlical properties as far as these can be ascer-
talned, but it is perhaps unlikely that the core materisl
is 100% chamosite. The chamosite in the cores of some
ooliths may be virtually coiourless even though that in
the concentric shell 1s pale brown. Thils suggests a two-
fold origin, and lends support to the conjecture that the
structureless core represents a previously deposited
chamosite mud whilich has been reworked by the encroachment
of a more vigorous environment. Ooliths with this type of
core are abundant in all known chamosite oolite deposits,
and in many cases, such as the Northampton Sands Ironstone,

they are the most common (Taylor 1951, p. 80).

The proportlion of coliths with cores of material
other than chamosite mud 1s relatively small, but grains
of Quartz, collophane and calcite have been observed to
form original nuclel. The general absence of Quartz as
nucleus to the ooliths 1s astrong point in favour of thelr
origin In an area whers clastlc sedimentatl"on was absent.
The lronstone 1s always very quartz-rich, and there are
many gralns of a size sultable for the formation of ocoliths
which do not have even the finest coatlng of chamosite.
This iIndicates that the ironstone 1s a product of sediment
mixlng which necessarlly 1lnvolved the removal of the ooliths

from thelr place of origin. Other authors (Cayeux, 1922;
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Hallimond, 1925, p. 9; Taylor, 1949, pp. 7, 78), have also

noted that oolitlc ironstone deposits are often redeposited.

Authigenic chamosite. Several authors (Taylor, 1949,
p. 17; Dunham, 1952, p. 27), have observed ooiiths from
sedimentary 1lronstones which apparently have nuclei of
large, well-developed crystals of chamosite. The usual
interpretation placed upon this observation 1s>that the
crystals represent an origlnal core around which the rest
of the oolith accumulated. Evidence from thevKnucton
Ironstone, however, suggests that such 1arge_flakes are
secondary in origin, and have grown authlgenically from a
structureless core. gfxamples are common in which the
large book-like crystals of 148 chamosite occupy the core
of the oolith more or less exactly (Plate 38), but even
more common are those In which the chamosite cuts across
the concentric chamosite laminae (Plates 40, 41). The
replacive nature of these crystals can be in llttle doubt,
but 1t has yet to be established that the non-transgfessive
chamoslte just occupylng the core i1s not a primary nucleus.

This is more difficult, and there is no irrefutable proof

that this 1s so., Even though the modus operandi is not
understood, a plausible mechanism for the formation of
authigenic chamosite has been deduced by & study of thin

sections from the Knucton Ironstone.

Development of authigenic chamosite has taken
place in every sample of the Knucton Ironstone investigated.

In any specimen there 1s always a mixture of unaffected






140

ooliths retaining their original structureless core and
thosp in which authigenic chamosite has become dominant.
Extreme cases occur where the chamosite has completely
taken over the oolith,'leaving no evidence of its former
oolitic structure. It can be demonstrated (Plates 35
Fo 41) that there 1s every gradation between the two
types mentioned. The authigenic chamosite appears first
in the formerly structureless core as a serles of small,
wispy flakes of high birefringent material having a
preferred orlentation parallel to the long axis of the
oolith (Plates 36, 37). These flakes are so filamentous
and fragile that 1t 1s highly unlikely that t hey could
have existed ss such in an aqueous envlronment, and an
authligenic origin seems most probable. It 1s believed
that these small orientated chamosite crystals grew at
the expense of the original chamosite mid nucleus, even-
tually becoming a single crystal completelj occupying
the core of the oolith. This is the stage which has most
commonly been observed by other workers, and which has
been taken to represent an original nucleus. Some ooliths
contaln large flakes of chamosite which are orlentated
with their basal cleavage at right angles to the length
of the oolith (Plates 42 to 44). This is an impossibly
unstable system in an oolith-forming environment, in
view of the ease of disaggregation along the basal part-
ings. In one crystal of authigenic chamosite there sre

traces of smaller, randomly orientated crystals, which do
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not extingulsh at the same time as the rest of the crystal,
but which are definitely part of it. This 1s regarded as
evidence in support of the suggestion that the crystal
recrystallised from a disorlientated mass. The next stage
1s simply the enlargement of the chamosite crystal until

it eventually obliterates the original oolith (Plates 41,
44). The varlous stages in this process are usually quite

well preserved.

The marked preferred orientation of the authigenic
chamosite wlthin the ooliths is one of the most puzzling
features of the transformation. By far the most common
orientatlon has the strong basal cleavage exactly parallel
with the long axis of the oolith, but there are other
examples where the chamosite 1s orientated exactly at
right angles to thls. There are never any intermedlate
orientations. Clearly, therefore, this phenomenon is not
fortuitous, but its explanation 1s open to much‘speculation;
Petrographic evidence indicates that parallelism with the
long axis of the oolith 1s a feature which 1s inherent in
the authigenic development of the damosite in the first
place, because even the early formed éryétals show 1t. Tt
might be suggested that any authligenlc mineral which might
form within an oolith would tend to use the pre-existing
minerals as a nucleus, especlally 1f they had the same or
similar structure. Flattened ocoliths already have a strong

pfeferred orientation of the original chamosite, so, 1if
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bthis process were operative, it would seem natural to expect
the authigenic.mineral to have the same orientation. However
this does not seem a likely mechanism, because it does not
explaln those chamosites with cleavage at right angles to
the axis of the ooliths. Furthermore, some of the early
crystals grow in the core in contact with, but at right
angles to, chamosite in the concentric rims. Clearly, there

can be no question of "seeded growth" in this case.

If the larger scale textural relations within the
ironstone are examined it can be seen that authigenic
chamosite in adjacent ooliths often has the same orientation,
thus Imparting a pseudo-bedded appearance to the rock. This
effect i1s purely local, and nearby ooliths may have chamosite
developing at right angles. Nevertheless, this "reglonal
orientation" is believed to be a significant feature, and
it argues in favour of the suggestion that the chamosite
developed in response to the same factor which pfoduced
flattening in the ooliths., This factor 1is, of course, com-
paction. It 1s also significant that very few ocoliths which
are circular in cross-section (and, therefore, presumably,
little affected by compaction) have developed authigenic
chemosite (Plate 45).. Thus, it would appear that a certain
amount of pressure 1s reguired before conditions are
favourable for the formation of the chamosite. Many of the
chemosite crystals which have grown with their cleaVage at

right angles to the length of the oolith have also developed
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an "accordian-like" structure (Plates 43, 44), which is
posslibly the result of locél variations in the direction
of the stress field. The diaéenetic~process involved in
the growth of the chamosite seéms, therefore, to be very
much akin to metamorphism. The chamosite.developed in
response to slight, more or less unidirectional pressure
in an environment which must have been agqueous and at a
relatively low temperature. Work on recent sediments in
the Gulf of Mexico (Murray and Harrison, 1956, p. 367) and
on Tertiary sediments from the Gulf Coast (Burst, 1959;
Powers, 1959, p. 318) has shown that chlorite does indeed
become better crystalline with increasing depth of burial;
such transformations are primarily a function of time,

pressure, and temperature (Yoder and Eugster, 1955).

The formation of authigenlic chamosite at the
expense of primary oolitie chamosite has not been described
from any British oolitiec ironstonevformation, although
Pulfrey (1933, p. 408) does record a high birefringent
chlorite developing in the matrix of the Nérth Walss qiites;
‘this is believed to be the result of metamorphism. Similarly,
in the Ajalon facles of the Dogger Irénstone, Rastall and
Hemingway (1941, p. 362) record "flakes of chloritic
chamosite . . .'with the usual properties and a slightly
higher birefringence", which may well refer to an authigenic
chamosite of the type described from the Knucton Ironstone.
A careful restudy of oolitlc ironstones from several forma-

tions should bring to light furﬁher evidence which should
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confirm or disprove the hypothesis outliined above.

Optically, the authigenlc chamosite is generally
similar to the "oolitic chamosite", but, because of its
better crystallinity, its physical properties can be more
readily obtained. The two types are believed to be essen-
tially the same mineral (p. (63). It is usually strongly
pleochrolc on the scheme X-neutral, Y, Z- brown: the slow
ray 1s orlentated parallel to the basal cleavage, although
it may be displaced by up to 3°. The authigenic chamosite
is biaxially negative, with a 2V less than 10°. The bire-
fringence is invariably higher than that of the concentric
chamosite 1n the same oolith, being, on average, around
0.009 (low first order yellow). The optical properties of
the aguthlgenic chamosite conform with that of Albee's iron

rich variety of chlorite.

Opalisation. Chamosite ooliths in the Knucton Iron-

stone have been observed to undergo partial opallsation
(Plate 36). This ddsgenetic process occurs most commonly

in nookton Burn where 1t can be shown to be a post-
depositional feature, at least in part. This phenomenon

has been observed to be particularly common in the vicinity
of the open worm burrows described elsewhere (p.!36), These
clearly aid the migration of silicifylng solutlons, but are
not absolutely essentlal for the process. The opal is

dark brown, virtually opesque, in transmlitted light, but

dead white in reflected light. Opalisation may locally be
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almost complete, affecting both matrix and oocliths. Occa-
sional ooliths show arrested stages in the process of
opalisation and seem to indicate the limit of opalising
fluids making thelr way through the rock from a particular
centre. Only rarely are ooliths completely made over to
structureless opal, and 1n most cases the concentric
arrangement of the ooliths is still preserved. It can be
seen that the opal.occurs in intimate association with a
clay mineral of low birefringence which X-ray analysis

shows to be chamosite (p. 165),

Opalisatlion of the ooliths may also occur, however,
without apparent external influences. In these cases the
process 1s never complete and the opaline silica occurs
only in small patches or thin concentric bands. The con-
centric bands show the same optical features as other
opalised areas, but cen be seen to be composed of minute,
almost submlcroscoplc grains of an unidentifiasble mineral.
The largest of these are not 1n themselves opaque, but the
smaller ones are apparently so. These are presumably
equivalent to the "semi-opaque bands" described by Hallimond
in ooliths from the Cleveland Ironstone (1925, p. 45). It
seems difficult to escape the conclusion that these represent
contemporaneous opalisation of the ooliths prior to cementa-
tion. Examples are known in which the core of the oolith
has been preferentislly opalised. This issusually irregular

and never wholly confined to the core, so contemporaneous



opalisation of the nucleus must remain a more conjectural

process.

The process of opalisation observed in the Knuéton
Ironstone has also heen reported as an important and wide-
spread feature in the Cleveland Ironstone of Yorkshire
(Dunham, 1952, p. 24). Dick (1856, p. 95) first discovered
that "silica in a soluble state" with a concentric arrange-
ment occurs within the ooliths. Thils feature was also
noticed by Stead (1910) and recorded as "siliceous envel -
opes". Hallimond later concluded (1925, p. 45) that his
"semli-opague bands" were due to slight alteration, with the
formation of finely divided silica or clay. Dunham (ggig.,
P. 25) inferred that opalisation may be the result of
axidation when he stated that "there is no microscopical
evidence of the presence of opal in the unoxidised
Frodingham or Marlstone ironstones". He emphasized this
further by writing (ibid., p. 26), "in oxidised ores it is
probable that the limonite 1s accompanied by opaline silica,
derived from the breakdown of chamosite". Evidence from the
Knucton Ironstone in no way contradicts this suggestlion, as
all the samples studied are partially oxidised. The most
intense post-depositional opalisstion occurs around obvious
holes in the rock (p./50), through which oxidising ground-

water could pass.

A very useful study of opalised ooliths in the

Dogger of north east Yorkshire was made by Rastall and
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Hemingway 1in 1939. They found that after heatling thelr
"black ooliths" they were observed to be made of "zones

of a finely lameliar pale yellow mineral, powdery in parts,
alternating with lenses and zones of colourless cryptocrystal-
line and of opaline silica. Frequently the nuclel of the
0oliths are similarly preserved in opaline silica (ibid.,
p. 231). Clearly, the opalised ooliths of the Knucton
Ironstone are petrographically identical with those des-
cribed frOm the Dogger. Rastall and Hemingway concluded
from thelr chemical analyses and petrological studies that
the original mineral in the ocoliths was chamosite which
suffered penecontemporaneous leaching, with the development
of a pale yellowvchlorite and kadinite. This process was
belleved to be accompanied by silicification, with most

of the silica belng derived from an outside source (ibid.,

p. 232).

The concentric bands of opal in ooliths from the
Knucton Ironstone conflirm that silicification can be.a
contemporaneous process (p.!S!). Whether it is accompanied
by the formation of other minerals is a ques%idn-which
cannot be resolved by a purely petrographical investigetion,
but an X-ray study of 'black ooliths" from the Knucton Iron-
stone revealed only opal snd chamosite (p. !6S). Evidence
from the opalisation produced in the Knucton Ironstone after

cementdlion and from Dunham's work on the Llassic Ironstones

strongly suggests that the process 1s encouraged by oxidising
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conditions. It 1s possible, therefore, that the bands of
opal in the ooliths may represent temporary periods of

oxidation in thelr area of formation.

Slderite. Siderite occurs ubliquitously as a matrix
mineral in the Knucton Ironstone. It never achieves a
coarse state of crystalliization and is common as crystals
less than 0.05 mm. Siderite can usually be distinguished
from calcite in thin-sectlion by 1its brown colour which is
due to the develppment of limonite., ©Siderite forms the
bulk of the matrix in those areas wlth abundant ooliths.
An increase in quantity of quartz, however, results in
the siderite occurring rather more sporadically, usuélly

tending to rim chamosite oollths and quartz grains.

The question of whether the siderite in the
matrlix is a primary or secondary mineral has been dlscussed
earlier (p. 136), and 1t is regrettable that thin-section
studies contribute little to this problem. No evidence
has been forthcoming to confirm Taylor's suggestion (1949,
p. 81) that "much of the siderite . . . results from the
carbonation of chamosite"”, but in the Knucton Ironstone it
can be seen that at least some of 1t has a replaclve
origin. Complete replacement of chamosite ooliths by
siderite as in the Cleveland Ironstone (Dunham, 1952, p. 27) is
never achleved, but siderite does invade the outer shells

of the ooliths, locally destroying its concentrlc arrangement;
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it never penetrates the ooliths deeply, (Plate 444. The
siderite also cuts across authigenlc chamosite suggesting
that some sideritisation post-dates the formation of the
latter. Quartz gralns are commonly attacked by siderite
(see p. (55), and rather larger crystals than ususl tend
to develop on the margins of shell fragments, where
siderite has grown at the expense of calcits. Sikaerosid-
erite, wlth radially dlsposed crystals may develop within

the shells.,

Quartz. Quartz is always an abundant constituent of
the Ironstone although variable in amount (Table 6, p.i3%),
Most of the grains are of medium size (0.25 to 0.5 mm.),
but they are poorly-sorted and range from 0.1 (very fine)
to 1.5 mm. (very coarse). On the whole the quartz grains
aréT;uch bigéer than the gassoclated ooliths. Abrupt
inereases in the grain size occur at particular horizons
and presumably represent changes in the depositional regime.
Roundness of the quartz grains varies from angular to sub-
rounded, but many gralns show signs of corrosion by slderite,
so this factor is of 1little significance. Most of the
sharply angular grains can in fact be attrlbuted to resorp-
tion. The quartz may be deeply penetrated by siderite and
heavily criss-crossed with siderite filled cracks. TUndulose
and non-undulose guartz are the most abundant types, but

polycrystalline quartz also occurs.

Collophane. Apart from the collophane occurring within
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the ooliths (p.143) a number of phosphatic pebbles are
invariably present in the ironstone. In transmitted light
the collophane 1s brown and isotropilc exceﬁt @pr very
small crystals of apatite, which have crystallized out of
the reputedly amorphous phosphate. Usually, however, the
collophane occurs as featureless pebbles, or, perhaps,
incorporating a number of small quartz grains. The origin
of these phosphate pebbles remains obscure. They may rep-
resent primary precipitates on the sea floor, or a process
of replacement of pre-existing rocks. For the most part,
however, they occur as discrete, rounded pebbles, and are
probably derived from elsewhere. One example has been
obsefved in which the boundary of the collophane follows so
intimately the margins of adjacent grains, even enclosing
ooliths, that 1t must be concluded that some of the phos-

phate accumulated in place.

Calcite. The bulk of the calcite occurring in the
ironstone 1s organic in origin. Crinoid columnals,
brachiopods, lamellibranchs, and gasteropods all contribute
to the make-up of the rock. Frequently; sparry calcite
has crystallized inside the shell cavitles. Calcite may
also contribute to the matrix as a coarse crystalline
mosalc, often partially encl@sing quartz gralns; it has

probably undergone recrystallization in this case.

Minor constituents. The accessory mlnerals assocliated

with the Knucton Ironstone are plagloclase (of andesine com-

position), muscovite, sphene, zlrcon and tourmaline.
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IIT Mineralogy

A Introductlon

Petrographic study of the Knucton Ironstone
indicates that the ooliths are composed of chamosite, and
X-ray analysis has confirmed this dlagnosis. 1In all cases
a:strong 148 reflection was present on the powder photo-
graphs, demonstrating that most, if not all, of the chamo-
site has a chlorite type of structure. Themineralogical
affinity of chamosite has been a controversial topic for
many years, but most authors agree that two types exilst,
one with a 7% repedat pattern along the c-axis and the |
other with a 142 repeat. Orcel and others (1949) suggested
the name "berthierine" for 78 chemosite, but, although it
i1s generally agreed that a nomenclature problem exists,

thlis term has not been universsally accer ed.

Present day workers cannot agree on the basis of
the classificatlion of chamosite. The relative importance
of the following factors havetoteresolved before progress

can be madse: -

(a) Significance of type locality material. This takes

preference in zoological nomenclature, but no similarly
stringent rule exists in mineralogy. The chamosite from

Chamoson, Switzerland, hsas a 148 structure.

(b) Chemical composition. Minerals with the same composition
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may be manifested either as 7% or 148 structures., A
mineral»with trioctahedral 143 structure is classified as

a chlorite. The same composition with a trioctahedral 7R

. structure would be classified as an "aluminian serpentine"
by Brindley (1961, p. 278) but as a chlorite (septechldrite)
by Nelson and Roy (1958).

(c) Crystallographic structure. Brindley i1s strongly in

favour of classifying "chamosites" on the basis of thelr
structure (1961, p. 278). In particular he objects to the
use of the term septechlorite, (which includes chamosite),
for trioctahedral VK structures. He considers that, in
this case, chemical composition 1s of less importance, On
this point he is in partial agreement with Mackenzle (1959,
p. 6£), who, however, accepts that 78 chamosite is a
septechlorite, although separating it from the true 142

chliorites.

(d) Common usage. The term chamosite has been widely used

o

in Britain to refer to the 7A mineral occurring in the
Jurassic lronstones. On account of this, plus the fact
that the 7% chamosite is allegedly more abundant than the

148 variety, Brindley considers that the name "chamosite"

: o]
should be retained for the "7A type.

(e) Genetlc relationship. ©Nelson and Roy (1958) have dem-

onstrated that their 7R septechlorite can be converted to
142 normel chlorites at suitable temperatures and pessures.
Largely on these grounds they advocate retaining the 78

trioctahedral minerals among the chlorites. Théy propose

the term "septechamosite" for 7R chamosite.



In two recent classification schemes (Mackenzie,
1959; Frank-Kamenetsky, 1960), the term berthierine has
been used to refer to VR chamosite, but no specific men-
tion was made of 148 chamosite. On the othér hand,
Lazarenko's classification (1959) includes chamosite as
the "commonest chlorite". Clearly, although several
attempts have been made to clarify the situation concern-
ing chamosite, no solutlon has yet been reached. As Hey
(1954, p. 279) has pointed out, different names should be
found for the two structural types of chamosite; but, at

the moment, the same name must apply to both.
B Method

X-ray diffraction data for the chamosite of the
Knucton Ironstone have been obtailned using a 114.6 mm.
powder camera on a Philips Norelco machine. Flltered
CoKe radlation was used throughout. In extracting the
ooliths the rock was gently crushed and sleved between
60 and 120 mesh; fresh ooliths could then be plcked from
this material with relative ease. It was found that
singly mounted oolliths gmve results as good as those
obtained by using powdered materlal, so fhis method was
adopted. It has the advantage that t he presence of
large flakes of authigenic chamosite would be detected

by its preferred orlentation spots on the powder photograph.
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C Identificatlion of chamosite

In the early days of X-ray diffraction studies
chamoslte was regarded as a chlorite type of mineral with
a somewhat anomalous structure and a distinctive powder
pattern (Bannister, 1939). More recently a considerable
amount of detuwiled work has been done on the British
Jurassic ironstones, particularly by Brindley and Youell,
who concluded that they contalned only 78 chamosite.
Brindley (1951) showed that variations in the powder

data of 78 chamosite could be resolved in terms of the

relative concentration of two structural components, viz.,
an orthohexagonal (or orthogonal) and a monoclinic stadk -
ing of the layers. On the other hand, 14% chamosites
(Englehardt, 1942; Shirozu, 1958), appear only to have an
orthohexégénal lattice: monoclinic varieties have not been

described.

The strength if the 148 1ine 1s sufficient to
indicate that chloritic material i1s an abundant constituent
of ﬁhe Knucton oolithér Several authors have assumed that
a weak 148 reflection is due to impurity, but the 001
reflection of iron rich chlorites is usually ﬁeak in any
case, 80 this criterion 1s largely subjectlive. The
behaviour of the 00{ reflections on heating leaves no
doubt that the chamosite has a 148 structure (p. 162).

Comparison of: powder data from the Knucton 142 chamosite
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with monoclinic chlorites shows that they are incompat-
ible, even with those relatively rich in iron (Table 7).
The first five orders of 00! compare favourably, but

the detalls of the other reflectlions are considerably
different. The Knucton chamosite does, however, bear

a marked similarity to the orthohexagonal chlorltes
(Table 7) of Engelhardt (1942) and Shirozu (1958):
Brindley considers that both these chlorites are examples

of 142 chamosite (1961, p. 266).

The many reflections due to collophane
(apatite) tend to mask or slter those due to chamosite,
Nevertheless, all the major reflectlions of ﬁhirozu's
data occur in the Knucton chamosite with a high degree
of accuracy, both as to position and intensity. Bearing
ibh mind the effect that small differences in composition
have on powder data, it must be concluded that the
Knucton Ironstohe material is a 148 orthohexagonal
chamosite. 'heésence of reflections 2.832 (005),
2,408 (025), 2.028 (007), 1.412% (0,030), and 1.180 %
(0,0,12) 1s belleved to be due to the fact that the
oolitic chamosite is too finely crystalline for them to
be recorded as definite lines; they are all present in
the powder data from the better crystalline authigenic
chamosite (p. 167 ). The relatively strong reflection

around 2.67% 1s prbbably assoclated with either the



- TABLE 8

COMPARATIVE X-RAY DIFFRACTICN DATA FOR CHAMOSITE

1 2 3 | v s
.3' I/I, 2 1/1, 2 14, 2 1/1, g I/1,

| 14,0 90  1k2 60 13 70
7.05 100 7. 0 90 7.07 100 . 7.07 100

£

467 20 62 60" 469 60 - 166 70

1L.58 20 |
.28 5 L.27 60
3,90 10

352 100 3.5% .70 7 353 80 3.5, 80
305 50 346 20 3.k 20

3.0 20 3,19 10
.09 20 308 10 3,07 30
.2.80  ? 2,79 79 2,80 100 2,80 70 2.81 100
268 40 2,67 &0 271 60 271 60 271 60
A 265 50 2,64 30 2.63 30
2,52 90 2,52 100 2,52 80 2,51 90 2,53 5

2,40 40 | - | |

2.3 5 ” , 2,30 5 230 5
2.27 5 227 40 2,26 30 2,25 20 2,26 20
2.1 &0 2,12 70 2,1, 3 21y 70 2,14 10

| | 2,06 10

2,01 10 | - 200 5
1,968 20 1.969 .20 |

o | . C1.943 30 1,940 40 195 40

. 1.83% 10 - © 1,867 200 1,887 20 1.89 10

1.841 40 1.84 40 - 1.8y 60
Co 1,807 20  1.802 20 1.8 30
1,769 4O 1,769 60 1,777 20 L771 50 177 30
B © 1751 200 1,753 10 1,75 30
| 1,725 20 1,725 10 172 30
1.665 5 - |

1,639 10 . 1.64 10

1,602 10 1.61 5
1.555 70 1.550 90  1.555 40  1.553 70  1.54 5
1.521 30 . 1,516 60 1.519 10 7 1.518 50 1.52 5
1.473 10 477 60 1.7k 200 1475 K0 147 20

1,451 10 1450 10 .46 10

1425 10 fak2l. K0 14425 10 .42k 20 1.43 10
b 1,407 5 . o |

1361 5

i 1347 5 N

| 10326 5 1,320 50 1320 20

10295750 . 1,299 10
- © 1.280 10 1. 279 10
1,256 20 1,259 10 1,257 10
©1.232 20 1,235 10 1.233 10
o 1.215 10 1.215 5
1,169 40 1,164 5

1,159 10
1,112 10 1.115 5
. . 1,098 10 1,099 - 5
1,073 50 1,072 5
1.047 - 60 1046 10
1.040 20
1,020 20
1,008 60 - 1,005 10

0,980 - 60 0.974 5 0.976 - 10
0,937 60 0,937 5 0.938 5
0.918 40 -

1. Ayrshire Bauxitic Clay. (Brindley, G.W., 1951) |

2, Cleveland Ironstone, Lohgacres (Bannisfer, in Whitehead et al., 19
' 3. Knucton Shell Bed, Nookton Burn (3275)

k. Knucton Shell Bed, East Allendale (3277)

5. Fluorspatite (McConnel, 1957, p. 981)




TABLE 7

COMPARATIVE X-RAY DATA FROM CHLORITES AND CHAMOSITES FROM THE KNUCTON IRONSTQNE -

»1 ' 2 3 , L . - 5 | 6 - '_ 7
2 /T 3 1/1 S 7 S 17 SERD S 7 SR /1 2 E%:

.2 80 1,2 70 L3 70 lh2 50 1kl 50  1h2 30 140 30
7,12 100  7.10 100  7.07 100  7.07 100 . 7.05 100 7.1 100  6.93 . 100
k.75 80 %72 70 W66 700 470 B0 469 50 468 20 L6k - 50
L | W48 40 , | o
| L2 30 L _

3.56 100 356 100  3.54 80 3.53 - 1000 3,52 90 3.55 80 3.50 90
2,85 40 2,85 4O  2,80c 70 2.8 70 2,83 40 2,8 5 2,784 30
_ 271 ¢ 60 2,67 50 2,67 10  2.68 30  2.694 10
2,58 30 2,60 k0 2,57 70 o

| 2,55 50 2.56 40 2.5L ¢ 90 - 2,50 80 °
2.4 4O 2,45 40 | -

2,38 20 2,39 .20 - o » S 2400 5 243 3
5 2.27 30 2,27 30 2.25c¢ 200 . 2,24 10 .. - o
| o 2.b ¢ 70 214 60 21k 40 215 20 2,138 30
g _ 2.9 5 ) - ) ‘ : : o -
| 2.0 20 3,02 10 _ 2,02 30 2,02 20 2,03 3

S 2,00 40 2,00 50
| 1,891 20  1.888 20  1.887¢ 20
1.855 20  1.830 10 I | |
o 1.771c 50 1,761 60 1776 40 L7710 1.770 ' 20
| 1.732 10 | _ , ‘ | -
- 1.672 10 1.668 10
| 1.577 20 1,570 40 ﬂ o ' i . .
1:5K1 60 1.549 50 1.553 70 1,548 70 1.559 50  L.557 50 1.559 50
1.507 20 1.513 20  1.518 50 1.513 30  1.525 30 1,521 30 1.527 20
o 1.497 30 | . B
| 1475 40 175 10 179 40 L4805 1.476 10
1.429 10 1,415 20 1,424 20 1,416 50 1.42, 10 1.422 10  1.428 10
1.403 40 1.395 40 | S 1402 30 |
- . 1.33%7¢ 5 1.33% 5 1,3 5 1,343 5
1.323 20 1.327 10 1.3200 20 1.317 30 1.326 10 1,323 10
1.29% 30  1.299 5  1.299¢ 10 1,293 30 1.300 10 1.302 5
| 1.257¢ 10  1.248 5 1.253 10 1,263 3

|
|

1.228 10~ 1,222 5 1.233c 10
- L1963 |
1.192 10, 1,180 10 o 1172 5 1,179 20 1,183 5

1.161
1.072 5 1,063 5
1.046 10 1.042 10
0.976c 10 0,977 5
0.938c 5 - 0.937 5

1, 2, - & Monoclinic chlorites (see Brown, 1961, p..288)
3, & Golitic chemosite, Knucton Ironstone (3277)
k, : Authigenic- chamosite, Knucton Ironstone (3897)

5, 6, 7 : @ethohexagonal chlorites (see Brown, 1961, p. 291)-

¢ - partly due to collophane.
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o)
2.64 or the 2.71A reflection due to collophanse.

Brindley and Youell agree that all British
Jurassic chamosites have sa 72 structure, but it 1is
interesting to note that Bannister (1952, p. 22)
recorded a strong 142 reflection for chamosite ooliths
from the Cleveland Ironstone; his identification of the
chamosite was supported by chemlcal eyidence. The X-ray
diffraction pattern of the Cleveland chamosite corres-
ponds closely with that obtained from the Knucton Iron-
stone, and they appear to be the same mineral (Table 8).
However, Youell (1962, personal communication), beliesves
that Bannister'!s work may be unrepresentative. of the
Cleveland Ironstone. His observations suggest that
where 148 material occurs it 1s elther an impurity or
an alteratlon product. ‘The present writer belleves that
142 chamosite may indeed be of diagenetic origin, but it

is not the product of a random process (pp. 145-150),

D Thermsl behaviour

Chlorites are generally recognised by the
presence of an 601 reflection between 14.0 and 14.32,
and 1iron rich chlorites are characterised by relatively.
weak 001, 003 and 005 rdlections. ©The chamosite from
the Knucton Ironstone confqrms to all these reguiremernt s,

but as a further check, two samples have been subjected



TABLE 9

COMPARISON OF X-RAY DIFFRACTICN DATA FOR HEAfED.AND UNHEATED SAMPLES OF CHAMOSITE

IR U7 SR S SN 7 S S 7 SR SRS 7 S SR 73

143 70 1.2 100 1.2 60  13.7 90

, 8,02 10 : 8.19 20
“7.09 -100 ¢ 6,964 4O 7,07 100 | 7.12 100 7.06 100
467 50 1,50 60 4,69 60 448 10 468 50  L.54 60
- o ; 430 20
4,03 5 410 10
. 387 5 | 3.90 10 3.95 30
3.54 80 . 353 80 3,55 100 3.53 100

3.45 60 3.4 80  3.45 50 346 80

3.3 10 3,37

3,20 20 3,18
3,08 20 3,08
- 2,80 80  2.80 °

3,20 20 3,18 40
309 20 307 50 3.07 20
2.80 100  2.81 100
| S 2.78 30 |
2.7 60 2,71 80 - 271 60 2,71 90  2.71 50 2,63 70
| 2.64 20 2,65 50 . 2.6 50 2,64 60 -
'2.57. 10 259 10, | - ,
2,51 60 253 - 70 2,52 80  2.53 20 2,55 100 2,46 80

‘8"*55‘3

2,307 10 2,29 10
2.27 30 2.6 40 . 2.26 30 . 2.25 60
S 2.2h 30 2.22 5 , . o .
2,141 50 - 2,143 5 2.1 30 2.142 10 2,15 70 2.11 60
1.965 10 . 2,004 10 1,969 20 -
1.940 40 1.943 50  1.943 30 1.951 70
1.887 30 . 1.889 40  1.887 20  1.886 50
1841 40  1.846 60  1.841 K0  1.842 70
1,800 30 1.802 40  1.807 20  1.800 50
1.775 30  1.774 50 1777 20  1.972 50  1.779 60 1,752 50
1.750 30 1.752 40 1,750 20 1,751 50
T 1,727 30 1,726 4 1,725 20 1,725 50
1646 5 1.639 10 1.642 10
o . 1.608 5 1,602 10
1550 70 1.555 40 1.563 70 1.517 70

o

1.517 40 1,497 5 1,519 10  1.500 10  1.526 50  1.486 40
1.473 20 1.477 . 20 1.474 20 1.470 20 1.481 60 1.465 40
. L5210 1.ﬁ5h3"2o 1.451 10 1.450 20

U 125 0200 ¢ 1432 100 L2510 1,428 20 L4335 40 1,398 40

1.280 5 1,280 10 1,278 10
1.258 5  1.259 10 . 1,258 10
1.235 5 1.235 10 1.234 20

5 1.215 10 1.216 20

1.216
' 1.112 10 1.113 10
1,098 10 1.098 10

0.971 5

0,937 5

1 : Chamosite from the.Knucton Ironstone, unheated (3125)

2 : Chamosite from the Knucton Ironstone, heated at 500°C for two hours (3131)

3 + Chemosite from the Knﬁcton Ironstone, unheated (3275) |

4 3 Chemosite from the Knucton Ironstone, heated at 600°C for three hours (3279)
: '5°: Chamosite from Corby, Northents., unheated (Brindley and Youell, 1953)
6 Chamosite from Corby, Northants., heated at 400°C (Brindley ‘and Youell, 1953)
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to heat treatment. Heating a chlorite in air to around

500° C has the effect of partially dehydrating the
brucite layer, which results in an appreciable reduc-
tion in the c-parameter of the unit cell. ‘'this effect
1s enhanced by the oxidation of Fe" to Fe''!, which

o)
involves a reduction in 1lonic radius from 0.83 to 0.67A.

Sample 3125.was prepared by powdering a number
of hand plcked ooliths. ‘The X~ray powder photograph
showed a normal pattern with a strong 00l reflection at
14.32. The material was then heated at 500°C for two
hours and X-rayed again (Table 9). Very little change
“occurs in the 001 spacing, but the 142 line becomes
- considerably enhanced. The diminished intensity or
disappearance of the 72 and 3.5R reflegtions follow the
pattern expected of sedlmentary chlorites (Warshaw et
al., 1960, p. 119). There is also an apparenf small
increase in the intensity of the 003 reflé@ﬁféhf}4;673)
gssoclated with a shift in value to 4.502. The chlorite
studied by Warshaw and her co-workers (ibid.) developed
only one basal reflection at 15.82 after heating to 500°V,
This difference in behaviour may be attributable to
small differsnces in composition. Nelson and!:Roy (195&,
ﬁ. 340) pointed out, howe;er, that length of heating
period, particle size, and degree of crystallinity are

all factors which affect thermal behaviour.
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A single oolith was chosen for the second sample
(3275). A powder photographvwas prepared before and after
heating for three hours at 600°¢C (Table 9). In this case
the 001 reflectlon dimlnished from 14.2 to 15.72, but with
increased intensity, and both*the 7 and the 5.53 reflec-
tions disappeared completely, These observations parallel
those made by Warshaw and others (1bid., p. 119), except
that in the Knucton sample the 003 reflection is still

present as a very faint line.

Brindley and Yousll (1953) found that heating a
72 chamosite from the Northampton Sands Ironstone produced
a ferric chamosite at 400°C with different unit cell dimen-
sions. PFurther heating to the 450-500°C range resulted in
the material becoming amorphous. The behaviour of the 7
and 4.68% reflections appear to be similar to that of the
Knucton specimens (Table 9), but the remainder do not

generally follow the same pattern.

The thermal treatment of the Knucton ooliths has
not been sufficiently ecritical to discern whether a 78
mineral, either septechlorite or kaolinite, 1s present.
Mixtures of these mlnerals are very difficult to detect
because of the superposition of most of the strong lines.
Careful heat and acld treatment can sometimes be used to
distinguish the two components if present (Brindley et al,
1951; Vivaldi and Gallego, 1961). Brindley (1962, p. 262)

suggested that the presence of a strong reflection at
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2.3832 may be a good indicator of kaolinite. Thils could
represent the 003 reflection of that mineral, as the
coincident 006 reflection of chlorite is usually very
weak. The absence of this reflection in the Knucton data
may indlcate that no kaolinlte is present in the ooliths.
The position with 73 chamosites 1s more difficult. Com-
parison of the Knucton X-ray data wlth those calculated
for 7R chamosite (Brindley, 1951), at least shows that
none of the reflections characteristic of monoclinic
chamosite is present. It 1s still conceivable, however,
that small amounts of VK orthohexagonal chamosite are

associated wlth the 143 chamosite,

The numerous reflections dué to collophane are,
of course, unaffected by the heat treatment. However, 1t
is interesting to note that on heating two extra lines
appear at 8.19 and 4.102. These reflections are also due
to apatite, but they only occur in good powder patterns
(Brown, 1962, p. 482). It seems, therefore, that heating
has alded the crYsta%lisation of the collophane, perhaps
inducing the small crystals of apatite already present to

enlarge.

E Black oolilths

An X-ray amalysls of the opalised "black ooliths"
was undertasken to obtain more information concerning thelr

constituents. The resultant X-ray photograph of a single
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oolith showed only very faint lines even after prolonged
exposure. There must, therefore, be less crystalline
material than in green ooliths of the same size. The
powder pattern indicates that both collophane and chamosite
are present. All the chamosite reflections are weak, and
the 142 reflectlion is apparently absent. However, a faint
148 11ine developed after heating at 600°C for two hours.
This observation 1s more likely to represent the usual
enhancement of the 00l reflectlon in a chlorite than the
transformatlon of a septechlorite structure to a normal
chlorite: it cannot truly be used as evidence of a VX

mineral in the black oollths.

Petrographic evidence indicates that opsal
accounts for a large proportion of the black ooliths.
X-fay identification of opal depends on the presence of
a diffuse band around 3.98 (Bannister, 1952, p. 20),
and in the Knucton specimen a broad band occurs between
3.7 and 4.73, which may be taken as tentative 1ldentifica-
tion of opal. The evidence so far indicates that opalisa-

tion took place st the expense of the chamosites.

F Authlgenic chamoslte

The process whereby authigenic chamosite grows
at the expense of oolitic chamosite has been described on
page 145. Flakes of authigenic chamosite were removed

from the ooliths, and, after gently crushing, X-ray
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photographs were prepared. The photographs éhow marked
preferred orientation effects due to the relatively large
size of the chamosite crystals, and, consequently, the
eétimated Intensities of the low angle reflections may

not always be significant. However, the correlation of

the Knucton data with the orthohexagonsl chlorites (=chamo-
site) of Shirozu and Engelhardt (Table 7) is very good.

The comparison 1s much closer than that of the oolitic
chamosite, because the absence of collophane and the

better crystallinity enables more reflections to be
resolved. There are slight differences in the values of
some reflections between the oolitic and authigenic
chamosite. This may be entirely due to modification by
superimposed collophane lines, or partly to slight differ-
ences in composition. The proportion of Fe'!!, for example,

may have increased during the authigenic process.

The presence of impurities, even In the authigenic
chamosite, 1s indicated by a 10.98 reflection due to a
mica clay mineral, possibly 1llite. The Peflection at
4.482 may also be partly, or even wholly, due to 1llite.
It 1s too low to represent the 020 reflection of chlorite,
which should 1lle between 4.6 and 4.72. The high order of
crystallinity of the chamosite 1s illustrated by the
presence of the 007 (2.023), the 0,0,10 (1.4162), and the
0,0,12 (1.772) reflections. The line at 2.57% was not

recorded by elther Engelhardt or Shirozu, but it may
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represent the 202 reflection. The 240 reflection at 1.76%
haes a lower value than that recorded by Shirozu; it occurs
as a broad line in the Knucton specimens, as do two out of
three of the Japanese samples. The possible significance

of this, if any, is not known. The preflection at 1.4168

is also rather broad and may 1n fact represent a combination

of 064 (around 1.412%) and 0,0,10 (c. 1.414%).

1v Discussion

Both the oolitic chamosite and the authigenlc
chamosite from the Knucton Ironstone are orthohexagonal
chlorite minerals. Although theé present experiments have
not been sufficlently sensitive to reveal the definite
presence or absence of 72 chamosite in the ooliths the
occurrencé of this in other formations is of considerable

importance.

Previous authors have placed no special importance
on the geological age or environment of the chamosites they
studied. These factors, however, are considered to be of
great significance., It is demonstrable that as a general
rule, Palaesozolc chamosites have a 148 structure, whereas
Mesozolc ones have a 72 structure (Table iO): there 1s,

however, insufficlent evidence to be dogmatic.
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TABLE 10

Distribution of chamosite types iIn the stratigraphical column

System Locality Chamosite type Author

Quaternary,
Tertlary, None Kknown
Cretaceous,

Cleveland, (14§) Bannister, 1952
" Jurassic Banbury, 7 Youell, 1955

Northampton
Permo-Triassic None known

Northern 142 This thesis
Carboniferous Pennines

Ayrshilre 72 Brindley, 1951
Devonian Pennsylvania l48 Sheppard and

(at least in Hunter, 1960
part)
Silurian Schmiedefeld 148 von Engelhardt,
1942

Wabana « 143 Hayes, 1915
Ordovicilan o ‘

Llandegal 14A Pulfrey, 1933
Cambrian _ None known

The crystallography of the Devonian chamosite from Pennsyl-

vania (Sheppard and Hunter, 1960} was not specified, but
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Ficure 1.-— Relation of chlorite structure (b) to kaolin-type structures (a) and
(c); the arrows indicate the movements of the Si atoms required to change (b)
into (a) or (c).

Figure 14.2<
Mixed layer kaolin-chlorite structure (Brindley
and Gillery, 1954).
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some iron-rich chlorite does occur inthe ooliths. Chamo-
site from the Ayrshire Bauxitic Clay provides the only
X-ray dafa avallable from the Carboniferous of the British
Isles, Its mode of formation is believed to be atypical,
and Brindley (1951) showed it to have a 7% structure.
Brindley and Youell have also clearly demonstrated that

British Jurassic chamosites generally.have a 7R structure,

o
but Bannister's record of 14A orthohexagonal chamosite

should not be overlooked.

These observations need to be substantiated by
more evidence from other chamosite localities, but a tenta-
tive hypothesis to explain the formatlon of 142 chamosite
seems justifiable. The experimental work of welson and
Roy (1958) showed that septechlorites (such as 72 chamosite)
can be converted into "normal" chlorites by applying the -
right temperaturse and pressure conditions. Naturally
occurring chlorites have been described in which this trans-
formation 1s apparently only partially completed (Brindley
and Gillery, 1954). The mineral has "mixed layering" and
1s composed of a combination of both 148 and 7% trioctahedral
lattices (Fig. 14.2): the same phenomenon has also been
described 1n Synthesized material (Roy and Roy, 1955, Pe
173). Nelson and Roy (ibid., p. 718) suggest that septe-
chlorites are mstastable (Fig. 14.3), but point out that
the transformation to 148 chlorite is extremely sluggish
and is favoured by high pressures. It follows from this

statement that the metastable septechlorites are least
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PHASE DIAGRAM SHOWING RELATICNSHIP BETWEEN 14 X AND 7 R CHLORITES (N:LSON & ROY, 1958)

800
FORST,
FoR ENST, FORSTERITE, CORDIERITE, SPINEL
ENST, FORSTERITE, CORDIERITE + SPINEL CORD.
CORD. 700| FORST., CHLORITE. CHLORITE , CORDIERITE +
FORST., CHLORITE CHLORITE, CORDIERITE * ENSTATITE SPINEL
+ENST _
+ SPINEL TaALC, AMESITE (14])
° 600
TALC, AMESITE (14 A) o FORST., 14& or NORMAL CORDIERITE
FORST. S *
N (7)) CORDIERITE z + CHLORITES SPINEL
W . -
CHLORITE
CHLORITE o SPINEL ¥ 500 M (14 k) COR
< ;S AMESIT A 2 CHRgs 4+ ]
CHR.+ CHL () ’ / ESITE(44) a . — AM (7 &)
- + @ (142l 7
T/ / CORUNDUM & CHLORITE /,// CORUNDUM
Q- SPINEL é e ’fr /./"'/ SPINEL
w s o 400 e AMESITE (72)
4 & < / AMESITE (14 &) — ]
o, 3 /- /S * TAor DIASPORE
2+ 3 sy / DIASPORE
xr -, VA A ; + SEPTECHLOR!TES SPINEL
5 ¢ S // / SPINEL 300
Ay
"/ /// /
L0 / —
6Mg0.4Si0, 5quo.A\lzol,.3Sio2 4M¢0.2Alzo3 -28i0, 6Mg0. 4510, 5Mg0 41,0, 33:0, AMG0 241,04 2510,

F1G. 5. a. Preferred version of a composition-temperature diagram drawn for a pressure of 1000 atmospheres, for the join chrysotile-amesite
extended. The lower part of the diagram is a true binary join, above this, however, the equilibrium is quaternary and the diagram shows only the
stable solid phases at various compositions as a function of temperature. Precision in such diagrams is poor (+15° C.) especially in the area of
solid solutions which decompose to other solid solutions. The preferred version shows as a shaded area the p-t range in which (7 A) septechlorites
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Fic. §. b. Possible alternative to Fig. 5 a. with septechlorites now shown as stable low temperature polymorphic forms of chlorites.
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likely to persist in the most anclent deposits. This infer-
ence 1s, to a'large extent, borne out by the distribution of
the two types of chamoslte in the geological record. Older
~deposits have commonly undergone deeper burial, perhaps

even slight metamorphism, and the tlme factor 1s in favour
of transformation taking place. No positive rule can be
established, however, because geological environment,
involving such factors as intensity of metamorphism, if

any, play an important part. For instance, a Jurassic 72
chamosite involved in the Alpine orogeny may experience

the exact conditions favourable for recrystalllisation to a
142 chamosite.b Excessive metamorphism, however, seems to
destroy the chamosite structure and produce a different
chlorite such as bavalite (Hallimond, 1939, p. 458) or
thuringite (Engelhardt, 1942, p. 158). Clearly, a closer
look st the geology, as well as the physics and chemistry,

of chamosite would prove rewarding.
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CHAPTER 15

DEPOSITIONAL ENViRONMENT'OF UPPER LIMESTONE GROUP ROCK TYPES

I The sedimentological concept of a "Yoredale-

n

type" cyclothem

Westgarth Forster (1809) and John Phillips (1836)
made lmportant cort ributions to our knowledge of Carboni-
ferous geology in Britain, but it was left to Hugh Miller
(1887) to draw attention to the rhythmic nature of the
Upper Limestone Series in Norfhumberland. A few years
later, Goodchild (1890) issued the remarkably progressive
statem nt that "during pauses in the depression of the
land, deltas advanced from the north-west carrying thin
sheets of sediment which spfead out far and wide over the
newly formed limestone. As more sinking ensued the shore
l1ine and its deltas were carried again far to the wporth-
west and more thin wedges of limestone were formed." This
hypothesis has subsequently found favour with many con-

temporary geologlsts.

The modern approach to the question of Carbonif-
erous cyclothems was ushered in by Hudson's (1924) detailed
account of the rhythmic sequence of the Yoredale:rocks in
Wensleydale. The term "cyclothem" was first applied to
thése deposits by Dunham (1948) following the work of

Wanless and Weller (1932) in the Pennsylvanian of the



United States. In recent years the whole concept of
cyclothemic sedimentatlon has been severely crificised;
both the velidity of the expreséion and the mechanism of
their repetition have been controverslal issues. In A
this work the present writer would llke only to comment
on the use of the term "cyclothem" as a sedimentological

concept.

Implicit in the original definition of a
cyclothem by Weller (1930), 1s the concept of a marine
sequence which becomes progressively coarser in grain
éize upwards and a non-marine sequence which becomes finer
upwards. Duff and Walton's (1962) definition of a
cyclothem as a group of rock units which tend to recur
in a certain order is an oversimplification of the
observable facts, at léast 8o far as the Upper Limestone
Group 1s concerned. The nature of the cort act between the
rock units was ignored by Duff and Walton. The effect of
thils important factor has thugfgaitted from thelr statis-
tfcgl study of cyclothems making this work of limited
value. In the Upper Limestone Group the present writer
proposes a rigid application of the term "cyclothem" as
proposed by Weller (1930). A coarsening-upward cycle is
the rule rather than the exception, though at some hori-
zons where fluvigl influences are dominagnt, it is 4diffi-

cult to distingulsh a cyclothemlc pattern. The coarsening-

upward cycle may be Interrupted at any stage by the
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introduction of a fluvial member. This may be idéntified
by its sharp erosive contact, perhaps only picked out by
an abrupt change in lithology, and a fining-upward cycie.
The essential features of cyclothemic sedimentation in

the Upper Limestone Group are summabised in Figure 15.1.

The pattern of sedimentation represented by the
cyclothems of the Upper Limestone Group is vihtually iden-
tical with that observed in recert sediments of present-
day deltas (Scruton, 1960). The combination of a coarsen-
ing-upward cycle and the occurrence of shoestring erosive
sandstones with a fining-upward cycle 1s.not known from
any other environment. Whether one prefers to refer to
this type of deposit as a "delta" or a "low-lying coastal
area of fluvio-marine sedimentation" 1s a matter for
personal prejudice; the essential concept is the same.

The expression hdelta" is acceptable as a "sack term",
bearing in mind the considersble range of environments
which it encompasses and having no preconcelved notions

as to what a delta should be. In many instances, deposits
of a so-called "deltalc sequence" may have littie or no
direct evidence of terrestrial influences, but in the
writer's opinion the valldity of the term is no less
impaired. 1t 1s now proposed to dliscuss the varilous
lithofacies observed in the cyclothemic deposits and to
suggest in greater detail the possible &nvironmerts in

which they were deposited.
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ITI . Pacies A :- the limestone member.

Limestones fepresent a relatively small percentage
of that part of the Upper Limestone Group studled by the
writer, they are importaht from a sedimentologlical point
of view becausé they indlcate a deflnite environment and
serve to delimit certain cyclothems and formations.,. A
limestone 1is defined as a rock which contains over 50% o«
calciam carbonate (Folk, 1959, Fig. 1, p. 4). Meny shell
beds and calcareous concretions in sandstones qualify for
the name "limestone” but these are considered under theilr
appropriate sections; only the principal limestones forming
the lowermost member of a cyclothem and occurring persis-

tently over wide areas are considered here.

A Petrography and stratification

The Limestones in the Upper Limestone Group vary
from 1light to dark grey in colour, but usually become
limonite-stained when weathered; the iron 1s originally
in the form of pyrite. Crinold columnals are usually the
dominant component, a feature which is readily seen in
hand-specimen, end all tym s contain a certain amount of
quartz sand: only the Crag Limestone is aremaceous through-
out 1ts whole thickness., Most o mmonly, sand 1s confilned
to the basal few inches, although occaslonally there may
be a sandy top, and very fine sand may occur sporadically

throughout the whole of the limestone. The arenaceous
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base is often black in colour and highly carbonaceous,
even to the extent of contalning vitrainous material; it

may also be markedly ferruglnous.

All of the limestonses studied may be referred
to as biomicrites (Appendix I), according to Folk's
classification (1959). A better name Br some of them
would be "bilomicrosparite”, in view of the fact that very
little true micrite may be observed in them, but Folk
believes that microspar is merely a recrystallisation
product of micrite (ibid., p. 32). The petrography of
the limestones is not always uniform throughout their
thickness and the proportion of terrigenous and allo-
chemical conétifuents my vary conslderably. Thils is
shown by the frequent occurrences of thin, highly
fossiliferous bands within the limestone, which are
analogous with the shell beds of other parts of the suc-
cession. Indeed, the sandy base of the Crag%Limestone is
packed with decalcified brachiopods (Plate 45), and has a
strong resemblance to a true shell bed member. The Lower
Felltop Limestor may locally have an almost brecciated
appearance which results from the presence of irregular
patches of yellow weathering carbonate which 1s probably
dolomite (Plate 46). The problematic dokomitic structure
in the Little Limestone 1s discussed in Appendlix I; the

origin of the dolomite is unknown.

Stratification is not often apparent in the thin
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limestones of the Upper Limestone Group; they usually‘
weather as massive beds, but 1In detall, some lamination
may be observed. Of the thicker liﬁestomes, the Power
Felltop 1s the only one which exhibits wavy bedding
(Plate 18); the Little may occasionally have irregular,

but essentially plane bedding (Plate 1).

B Fossll content

The limestones are composed largely of crinold
fragments but other macrofossils are not abundant; they
tend to occur on restricted horizons in the rock.
Brachiopods, especially spiriferids, productids,
athyrids, and Orthotetids are the commonest macro-
fossils, after the ublquitous crinold debris, but
molluscs, corals, and trilobites have also been observed.

Chaetetes 1s the only widespread compoﬁnSTBLurring within

the limestones but 1s not abundant; zaphrentld and

clisiophylliid corals are also known. "Caudagalli'fburrows

have been seen at several limestone localities.

No:-systematic work has been attempted on the
microfossil content of the limestones, although this 1is
prolific, and a study of them could be rewarding.
Endothyrid and plectogyrid foraminifera are very common,

and bryozoa such as Rhombopora, Fenestella, and

Rhabdomesidae have been recorded.
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C Lithological relationships

The base of many limestones is often transitional
to the underlying beds, despite the fact that tThey occa-
sionally rest directly on coal. In such cases the basal
few inches of the arenaceous limestone contain considerabls
amounts of ﬁoody material, followed by a similar rock with
shell fragments, which eventually passes into a limestone.
This feature may be observed in both the Little and the
Crag Limestones. At horizons wlthout a coal, fosslls may
become sburdant in the top of the underlying sandstone,
and a passage Into the liméstones 1s effected by a reduc-

tion in the relatlive amount of sand detritus.

The top of the limestone member is unfortunsately
rarely exposed, so little 1islnown of the relatiqnship with
the overlying facles. Some of the limestones have a sand-
rich top, and in at least one case, there 1s a gradual
passage through a thin bed of siltstone into the thick
shale of Faciss B above. It is also suspected, however
that some limestones have a relatively sharp contact with

the overlying shale.

D Possible environment

The presence of abundant marine fossils and the
absence of primary minerals indicating reducing or other-

wise sbnormal marine conditions demonstrates thatthe
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r&#ncipal limestones were deposited in an open-sea envir-
onment. That the sea was relatively shallow 1s attested
by the presence of a small but significant proportion of
corals, some of which at least, appear to be living in
situ. Elias (1937, p. 410) quotes the maximum depth for
coral development as 150 feet, but JohnsZon (1960, p. 126)
has implied a much shallower depth than this for the form-
atlon of Yoredale limestones. Certainly, the occasional
shell beds suggest shallow water conditions (van Strasten,
1959; Rusnak, 1960), and the presence of calcareous algae
in at least some of the limestones, indicstes formation in
the sea wlthin the range of light penetration. The amount
of terrigenous material in the maln body of the limestones
1s generally small, but this does not necessarily imply |
deposition in an off-shore position. In fact, the observed
transition with the coal swamp facles suggests that at
least the base of some limestones could be formed very
close in-shore, perhaps in a "tidal flat" énvironment, but

certalnly in a delta-platform position.

The persistent nature and uniform petrography of
limestones such as the Little, the Lower Felltop, and the
Upper Felltop suggests contemporaneous deposition over
wide areas, which is compatible with the concept of the
flooding of a low-lying delta plain of considerable
extent. The contrast with the extremely variable shell
bed facles of believed lagoonal origin (p.213) is parti-

cularly striking, but a simllar origin may be consldersd
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for the Crag Limestone in the area, which behaves in many

ways like a shell bed.

The general.petrography of the limestones may
v+ appear to detract from the validity of the conclusion
that they were deposited in very shallow water. According
to Folk (1959) biomicrites are analogous with poorly
sorted muddy sandstones arnd, as such, are usually
deposited below local wave base. There are twoposslbilitis s
whicdmight explain away this apparent anomaly. The first
i1s that the microspar which is the usual matrix for the
linestones studies, does not represent recrystallised
micrite, but has some other origin: perhaps it 1s con-
siderably reworked organic material (Appendix I). The
second is that a serles of small bars existed withinthe
shallow sea, which werd sufficlent to reduce the energy
level of the waves and tides, but not sufficient to
enclose tle area and thus convert it into a restricted
lagoon; banks of crinold debris have in fact heen des-
cribed from the limestone facles 1n the Carboniferous
(Moore, 1958, p. 122). Micritic calcium carbonate could
crystallise locally in this shallow water environment,
but still be under the influence of marine agents bringing
crinoid columnals, shells, and other organic debris. The
Crag Limestone is a possible exception to this axiom in
view of its observed passage irnt o ironstone (p. 29),

suggestive of a restricted environment.
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III Facies B :- the principal shale member

One of the most consistant members of .the Upper
Limestone Group cyclothems is the‘thick black shale
“occurring above the limestone or prominent shall bed
member. In this thesis, little work other than that
derived by field observations has been undertaken on t he
fine clastic part of the cyclothem. It must be stressed,
however, that not all of the fine clastlics occurring
within the Upper Limestone Group of the area surveyed
will be included in this section. There are those thin
units, often about two or three feet thlck, which occur
associated with shell beds or as seatearths, and which'

are clearly of different facles.

A Petrography, stratification and fossil

content

Harbord (1962), in his study of Middle Limestone
Group rock types, established at least six different types
of shale based on thelr gross mineralogilcal propérties as
seen in the field; these appear to be related to different
mineralogical frameworks (ibid., p. 73). In the present
work no attempt has been made to subdivide the shales in
a similar manner, although 1t 1s true that thelr petrogpaphy
i1s by no means uniform. Herbord (ibid., p. 68) was able to

show that the principal clay minerals in the shales were
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111ite, chlorite, and mixed-layer minérals. The latter
are apparently degraded 1llitic material (ibid., p. 70)
and are tyﬁically illite-chlorites with only a small |
amount of chloritic material. The principal variations
in the relatlve proportions of these minerals involve a
decrease in the amount of 1lllte upwards in the cyclothem,
and aniancrease 1In the amount of mixed-layer mineral.
Kaollnite has also been recorded in Carboniferous cyclo-
thems, especlally in the upper parts (Johnson and Dunham,
1963).

In the field, variations in overall petrography
may be described in terms of mica content, fossll cort ent,
stratification, and type and form of carbonates, if present.
A generalised, but consistent, lithologlcal variation can
be established in the fine clastics (Fig. 15.2), but
detalls of the variation are a feature of 1individual
cyclothems. It has become accepted as standard that in
the Middle Limestone Group the shales overlylng the
major limestones are calcareous (Moore, 1958, p.jBS;
Johnson, 1959; Harbord, 1962). Thls axiom is not appli-
cable to the Upper Limestone Group, where llmestones are
less important and the role of the calcareous shale in
the cyclothemic make-up has correspondlingly diminished.
The generally non-calcareous nature of the shales 1is
primarily a function of the low abundance of calcareous

fossils; chemical calcite ¢tement 1s never‘present. Where
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calcareous organisms do occur 1In the shale member of the
cyclothem they are usually too sporadically distributed
to produce a calcareous shale, and, in any case, are
uéually replaced by secondary non-calcareous minerals.

A typical example of thisisthe dark grey non-calcareous
shale above the Crag Limestone, whiech contains scattered
crinoid columnals, with rare brachiopods, rugose corals
and bryozoa, and relatively abundant thin-shelled
lamellibranchs and ostracods. The Coalcleugh Marine
Band, despite its relatively abundant brachiopod and
molluscan fauna, is composed of non-calcareous shale.
Siderite nodules, up to 6 inches long, are usually
typical of non-stratified shales and occur within and
above the brachliopod shell band. Development of septariam
fractures within these nodules 1s a feature only of the

larger examples.,

The shale forming the lowermost beds of a
cyclothem 1is predominantly non-micaceous, at least to
the naked eye. It 1s principally mica which produces
stratification in the fine clastics, so the lower shales
are relatively homogeneous and tend to have a sub-con-
choidal fracture. The general upward increase in mica
cont ent produces greater fissility at a higher level.
Occasional horizons containing plant fragments may
enhance the fissile nature of the shale, but plants do

not appear in abundance until siltstone becomes the
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prominent rock type (Fig. 15.2). Thin lenses or bands
of siltstone may in fact occur at any level within the
principal shale member of the cyclothem, but generaily
are more ® mmon towards the junction with the overlying

siltstone.

Pyrite 1s present 1In the lowermost beds
especlally, and may occur disseminated throughout the
shale or as a replacement éf fossil fragments. Its
presence may often be anticipaééd by the development of
jarosite on fracture planes within the shale. ‘The
process of pyritisation appears to have been selective
in that not gll specimens have bgen replaced.b Those
crinoid columnals which have been pyritised are
uncrushed, but unpyritised ones are considerably frac-
tured by compaction effects. This serves to indicate
that some pyritisation took place before any appreclable
load was placed on the crinold fragments, so that the

process must have been at least penecontemporaneous.

The fossil content of the fine clastic member
of the Upper Limestone Group cyclothem 1s subject to
considerable varigtions, which are of value in attempt-
ing a reconstruction of the environment of deposition
of this series. Occasionally, the base of the shale
sequence is marked by a thin, micaceous siltstone or
even sandstone, not more than one foot thick, which is
noteworthy for its being abundantly reworked by burrow-

ing organisms. Above this, or even occurring as the
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basal béd of the series, may be a brachioﬁod rich shale,
never more than a few feet thick, which gives rise to
such members as the Coalcleugh Marine Band. Lamelll-
branchs, which include nuculids, edmondiids, sanguino-
1itids, and membsrs of the pectinacea, occur within
these shell beds, and appear to be the most wide-ranging
of the faunal elements (Fig. 15.2). They occur through-
out the shale, but with aecreasing abundance upwards.
Occasionally, towards the top of the micaceous s ale
sequence, anastomosing, sub-horizontal worm tubes occur,
filled now with siderite. There are other examples
which do not contain siderite, where the only evidence
as;ito thelr presence 1s obtained from the reworked state
of associated siderite nodules. Burrowed shale may, in
fact, be a more common rock type than heretofore suspected.
Plant fragments, which occur sporadically throughout the
sequence, are not seen in abundance in the shale member,
Other fosslls such asi:flsh-scales, ostracods, bryogzosa,
conodonts, chitinous brachlopods, and gasteropods, occur,
but as no systematic collecting has been attempted 1in
this study, data concerning these fosslls are too

unrepresentative to be discussed here.

B Possible environment

Discussion on the nature of the physlcal
environment represented by the principal shale member

of an Upper Limestone Group cyclothem can be approached
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in two ways. Filrstly, the environment may be inter-
preted in terms of distance from the prevalling shore-
line, as represented by the nature and relative propor-
tions of terrigenous detritus.in the deposits. Secondly,
an attempt may be made to use faunal phases as direct or
indirect indicators of water depth at the time of deposi-
tion. The palaeontological evidence may be open to some
criticism in view of the difficulty of distingulshing
between life- and death-assemblasges, but 1t may be used
in conjunttion with the petrographical evidence and thus
result in a more balanced conclusion. Moore (1958, p.
125) and Harbord (1962, p. 200) regard the variation in
faunal content as belng due to varying rates of deposi-
tion, whereas Elias (1937), in comparing fossil and
recent organisms, related faunal content to depth of sea
water, Both these concepts are effectively the same,

al though Elias' 1s more refined, because in detaic
deposits depth of water and rate of deposition are
related phenomena (Scruton, 1960, Fig. 8, p. 93). An
important element of the shale member of an Upper Lime-
stone Group cyclothem 1s the brachlopod-rich shell bed.
Beds below this, whether they are limestone, ironétone,
or simply a burrowed shale or siltstone, are generally
indicative of shallow water condltions. The rock com-
prising the shell bed and the sideritic shale above
represents the perlod when terrigenous sedimentation is

at a minimum. This suggests that 1t was deposlted some
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distance from the source (i.e. the coast-line), and
possibly therefore in relatively dqepiwater. They thus
correspohd'in positionito the bottomset beds of fhe
pro-delta shelf in terms of deltalc accumulation.
Within the shell bed the abundant articulate brachio-
ﬂpbds‘and occasional corals, bryézoa, and burrowing
lamellibranchs suggest that the water was possibly
between 90 and 130 feet deep (Elias, 1937, p. 410). It
has been suggested (Cralg, 1954, p; 107) that nuculids
live at depths not greater than 180 feet, and that
grégarlous molluscs, perhaps such as the pectiniform
lamellibranchs also recorded from this member, do not
occur beyond 120 feet depth (EHas, 1937, p. 419). The

presence of Fenestella, which may be adapted for very

strong currents in a littoral environment (ibid., p.
418), may suggest shallower conditions, but it 1is

likely that this fossill has been reworked and redeposi-
ted. Bottom currents sufficlently strong to winnow
crinoid columnals and shell fragments 1nto amall pockets

may occur (Dunham and Johnson, 1962, p. 252).

The eventual upward change from a brachiopod-
lamellibranch fauna to a dominant lamellibranch fauna
probably reflects an increased rate of sedimentation as
suggested by Moore (1958) and Harbord (1962) and also a
decrease in the depth of water as suggested by Ellas

(1962). Wanless (1958) notes that the Pennsylvanian
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lamellibranch faunas of Illinols, which are similar to
those in the Upper Limestone Group, are very diverse,
and most formsAare apparently adjusted to special.
environmental situstions. If the uppermost part of

the shale member may be saild to belong to a true mollus-
can facies then the depth of water may be in the region
of 60 to 90 feet (Elias, 1937, p. 410). The possible
shallowing of the sea due to closer proximity to the
shoreline 1s also indicated by the upward increase in
terrigenous material. In particular, silt sized mica
flakes and quartz fragments become apparent, and thelr
occaslional differentiation into discrete laminae indi-
cates that the sorting effect of currents is becoming
effective. Plant fragments also become notliceably more

abundant.

Little 1s known concerning the chemlcal envir-
onment of the sea at the time of Upper Limestone Group
sedimentation, but the abundance of fossils -suggests
that the bottom waters must have been oxldising.- The
siderite nodules and crystals of pyrite in the shale
member are probably, therefore, diagenetic, and formed
perhaps some way below the sediment/ water interface
(Dunham, 1961, p. 8). That reducing conditions within'
the shales could be produced 1é indicated by the presence
of black organic pigment (ibid., p. 1) and other organic

remains.
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iv Facies C :~ the siltstone member.

This facies 18 essentially a transitional member
of the Upper Limestone Group cyclothem, for it passes down-
wards into black shale (Facies B), ahd upwards into fine
and medium grained sandstone (Facies D)f' A slltstone must
contain at least 50% of silt sized grains, a distinction
which is often difficult to make in the field. vGrain size,
of course, 1s not the key to environment, and all siltstones
are not deposited iIn the same facies. Fhe following account
is meant to 1llustrate some of the commonly occurring features
of the thick siltstone member of the cyclothem and to indicate
a possible environment of deposition. other siltstones,
which occur in association with other lithologies, may have

differsnt origins.

A Petrography and stratification

Mineralogically, 1t 1s evident that fhe most abun-
dant component in siltstones is quartz, but they sll contain
varylng amounts of white mica and argillaceous and carbon-
aceous materlal. 'his latter may take the form of black
organic pigment associated with clay minerals (Dunham, 1961,
p. 1), fineiy disseminated materials of presumed plant origin,
recognisablé plant fragments, and reworked vitrainous coal
fragments. Many of the quartz gralns are angular and thus do
not contradict the hypothesis proposed by Rogers and his co-

workers (1963, p. 628) that silt sized grains are produced by
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chipping of larger grains rather than the progressive size

reduction of sand sized grains.

The admixture of clay materids and finely dlissemi-
nated plant fragments is rQSponsible in lafge measure for
the dark or medlum grey colour of the siltstone. Pure
siltstone 1s in fact almost white, as 1s evidenced by the
finely laminated siltstones, where white and grey laminae
alternate on a very Small scaie. the lamination 1s produced
by the differentiation process of currents, which separate
the silt sized gquartz graihs from the finer or more platy
detrital fraction and allow them to be deposited separately.
Although many siltstones have perfectly regular lamination,
others may contain small-scale asymmetrical ripples.
Symmetrical, wave produced ripples have not yet been ob;efved
in a siltstone. Not all siltstones are laminated; some are
felatively uniform 1n colour, although still with a marked
fissility resulting from the abundance of mica flakes, which
may reach 0.5 mm. in dilameter. olltstones do not as a rule
contaln concretions of any sort, but rarely, in highly
‘argillaceous members of this group both calcareous concre-

ond siderite
tions,concretions, have been known to occur. Detrital

siderite, occurring in dixzrete laminase in siltstone, has

also been observed.

B Fosslil content

Lamellibranchs are important members of the rather
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sparse fauna present 1n the sliltstones serles. 'I'hey generally
occur scattered throughout the rock and may be found in close
association with plant stems and leaves, some of which are in
an excellent state of preservation. 1In at least two cyclo-
thems, theWhite Band and the Knucton Ironstone CUyclothems,
thin brachlopod shell beds occur within the sliltstome . The
one below the Firestone S1il1l in theWhite Band Cyclothem is
associated wilth highly fissile, micaceous and sometimes
sideritic siltstone, and contains a fauna composed domin-

antly of productids, Spirifer, and Camarotoechia (p. 27).

The shell bed occurring within the siltstone member of the

Knucton Ironstone Uyclothem has Chonetes aff. hardrensis

group as its most typical fossil (p. 43).

Numerous trails and annelid-like burrows may be
present at some horizons in the siltstones. The sub-
horizontal burrows in the more argillaceous siltstones may
now be filled by dlagenetic sidefite. U-shaped vertical
burrows, of the type also found in the sandstones of
Facies D (p. /95), may occur towards the top of the siltstone
member, and may indicate very shallow water and slow deposi-

tion.

C Lithological relationships

The principle of transitional passage from one rock
type to snother in the "Yoredale-type cyclothem" has been

expounded many times and is a well-known phenomenon. 1t 1is






192

a particularly important principle for the siltstone member
of the cyclothem because, by and large, both its top and
bottom are gradational (Fig. 15.2;. The underlying shale
passes into the grey siltstone by first developing thin
lenses, and then thin beds of sillty material. The siltstone
grades into the overlying sandstone by the 1lncursion of fine
sand as thin discrete layers, which eventually become domi-
nant., <These thin sandstones are usually well-laminated

and often ripple-laminated {Plate 47), and in fact tend to
be of the same type as forms the main sandstone above. ‘the
sandstone ribs may maintain a constant thickness for a
distance of many yards, but others vary rapidly; one
observed ripple laminated sandstone increased from one to
ten inches within five feet. wurientated load casts have
been observed on the base of some of these sandstones (Plate

48).

D Possible environment

Petrographical variations within the underlying
shales are believed to indicate progressive shallowing of
the sea and increased rates of deposition (p. 18§). This
situation 1s, not unnaturally, continued in the siltstone
member. <the general increase upwards in terrigenous con-
stituents such as gquartz, mica, and plant fragments is
presumed to indicate a gradual approach of the shoreline.

Lamination 1s a very common feature of the siltstones,



193

especially in the upper paft'where even rippling may occur.
Lamination has been recorded down to a depth of 132 feet in
the Mississippimdelta, and 198 feet in the Khone and Fraser
deltas (van Straaten, 1959, p. 208). Shepard (1960, p. 70)
records, however, a different impression and states that
some "stratification'" but not lamination is pfesent on the
foreset beds of the Mississippl delta; laminstion 1is mainly
restricted to the topset beds of the delta platform. This
serves to indicate at least thaf fine.lamination is a

feature of shallow water sediments.

The main siltstone member of the Upper Limestone
Group cyclothem possesses the diagnostic features of a
fluvio-marine environment (van Straaten, 1959, p. 207;
1960, p. 424). Marine organisms are still present, yet
the effect of presumably fluvial-borne detritus is becoming
more and more apparent. It appears likely, therefore,
that these are deposits of a delta slope environment, and
represent part of the foreset beds of a delta complex.
The actual inclination of the delta slope would probably
be less than 2° (van Straaten, 1960, p. 424), and the
average rate of deposition would be hlgh. The presence of
occasional burrowed horizons (p.!91 ), does indicate that
pauses in sedimentation took place and were of sufficient
duration to allow colonisation by borrowing organisms. The

siltstone/sandstone itercalations in the upper part of this
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member are presumed to represent the more proximal beds of
the delta slope environment. This is borne out by the
presence of ripple lamination; presumably férmed in quite
shallow water. The'presence of brachiopod shell beds
within the siltstone indicates that the fluvial element

was not always the dominant depositional medium. The shell
beds are not consldered to be in situ and the shells could
have been transported from the pro-delta platform to the
shallower waters of the delta slope by on-shore marine
currents and wave action. On the other hand, shell banks
may have developed on the delta slope from time to time and
provided the necessary organic debrls for the shell beds

in the sequence. Chonetes may be illustrative of this
maxim, because of its inferred partiality to a silty

environment (p. (91).
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\' Facles D :- the non-erosive sandstone member

This sandstone member has often been referred to
as the "normal" sandstone in the stratigraphical section of
this thesis, because it forms ﬁhe expected culmination of
the coarsening upwards cycle described in Facies B and C.
The sandstone 1s referred to és a single facles, but it may
well represent more than one "environment", because the
distinction between proximal foreset beds on the delta sloﬁe
and topset beds on the delta platform is often marginal.
Variations in physlcal environment parallel with the con-
temporaneous coastline may also be important in producing

locgl varlations within this facles.

A Petrography

The dominant rock type in this facles 1s a well-
sorted, siliceous, micacaeous subarkose, which 1s typlcally
fine grained but varies 1n grailn size from medium to very
fine. Highly carbonaceous and micaceous laminae alternate
with pure“quartz laminasge fo give the finely banded appear-
ance typlcal of this facies (Plate 49). Where the plant
material 1s not finely broken up it may be lineated as a
result of current action. Calcite cémmonly occurs in the
form of large concretions which are concordant to the strati-
fication within the sandstone. Thils fact, plus the obsérva;

tion thét calelte occurs preferentially along laminae within
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the rock (Plate 50), indicates that the calcite has a
primary detrital origin. The calcite which ocurrs in the
laminae has a clouded appearance and some crystals are
rectangular; they appear to represent eroded crinoid
columnals, at least in part. The present ségregation
into large nodules and the recrystallised nature of the
calcite (p.(23), argues in favour of a secondary modifica-
tion of a unifbrm band of calcite-rich sands. The concre-
tions, although still rétaining the cross-stratification
structures of the surrounding sandstone, have the comp=sil-
tion of limestone; one modal anslysis indicated 71% of
calcite. The occssional thin shell beds which occur in

this facles may also have an abundant calcite cement.

A sandstone wlth an umusual composition was
collected from the base of the White Sill in Rookhope Burn.
It contains 30% of argillaceous material in the form of
irregular flakes much bigger than the assoclated white
mica (Plate 51). The flakes contain a certain amount of
ferruginous matter, now in the form of limonite. It 1s
possible that they formed as a result of the floéculation
process which 1s often described from an estuarine environ-

ment.,

B Stratification

Three basic stratification types may be recognised

in this sandstone fsacies.
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These are:-

1) uniform lamination
2) small scale linguoid asymmetrical ripples

3) small scale straight symmetrical ripples.

FPrequently, two of the types occur 1n assoclation, but 1t
1s significant that so far, straight symmetrical ripples
have not been found superimposed on sandstdnes with uniform
lamination. It appears that the two types are mutually
exclusive and suggests that they are formed in different
regimes. The thickness of the regular lamlnae ranges from
a fraction of a millimetre to one centimetre (Plates 52,53),
although in the finely laminated sandstone one to two
millimetres is usually the maximum (Plate 49). The laminae
are perfectly parallel over considerable vertical thick-
nesses, Very shallow troughs up to £ feet across occur
within the uniformly laminated sandstones producing an
angular discordance of only 10° or so; they disturb the
orderly sequerice but little (Plate 54). Many of the sand-
stone laminae contain parting lineation (Plate 55), indica-

ting that bottom currents are active.

The small scale linguoid asymmetrical ripples
(Allen, 1963a) of this sandstone suite are quite different
from the shallow, erosive troughs just described. They are

of much smaller width (Plates 56 to 58), and are believed to

represent a shallower water environment. The width of the






Figure 153

Small arrows indicate depositing currents

Theoretical model illustrating formation

of asymmetrically filled troughs.
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ripples is typlically 3 to 5 inches, and the thickness 1is

0.5 to 0.75 inch; the greatest observed length of'phe troughs
was 12 inches. The structure 1is identical to that described
by Hamblin (1961) which he named'"micro-croSs-lamiﬁation".
Ideal trough cross-laminated series such as those ilI;strated
by Allen (1963) do not always occur in reality. Both the form,
of the base and the form of the fill are subject to irregu-
larities. <The degree of erosion 1In two adjacent troughs is
not always the same, and they can erode to different levels.
The lamination of the contained sandstone is.always concor-
dant to the erosive base but not always parallel; in trans-
verse section the laminae may be markedly asymmetrical.

This feature 1s produced when troughs are filled dominantly
from one side (McKee, 1954, p. 57), and is not simply the
apparent asymmetry produced by observing an oblique section
through the trough (Hamblin, 1961, p. 393). If a trough 1s
to be filied with symmetrically laminated sediment then the
following linguoid ripples (Allen, 1963a, Fig. 14, p. 214).
wlll presumably have to be symmetrically placed about the
trough axis. A situation could exist where effectively only
one succeeding ripple was filling a trough (Pig. 15.3); the
infilling sediments would then have asymmetrical laminae.
Rarely, the base of the troughs may have small scour holes

resembling flute casts and presumably representling locally

turbulent flow.

1'he small scale linguold symmetrical ripples com-

monly have several horizons which have been modified by small
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scale straight symmetrical ripples. They are erosional
features, but have a smsll number of continuous lamlnsae
deposited over the whole of the ripple: most exampleé of this
type have sharp straligit crests (Plate 59). The amplitude

of the ripples in this sandstone facles usually varies from
0.25 to 0.75 inch, but large examples with amplitude of up

to 5 inches have been observed (Plate 22). The ripple index

(the ratio of wavelength to amplitude) ranges from 4.6 to 12,

Somewhat larger, solitary troughs oceur in the
upper part of thefiddler's Si1ll1 in Nookton asnd Beldon Burns.
One exemple 1s 24 feet wilde and eroded into silty shales
below (Plate 8). It contains cross-stratified medium to
fine grained sandstone which apparently filled the trough
 fromvthe side, and which now has the amazlingly steep incli-
nation of 55%. This is not a tectonic effect and the over-
steepening of an original depositional dip which could not
have exceeded 28° (McKee, 1954, p. 48), must be atkributed to
compaction. The base of the trough presumably sank into the
underlying shales, keeping the top 1n more ér le ss the seame
position, thus producing an increased depth/width ratio.. Evi-
dence of this movement is afforded by the downturning of the
shale underneath the frough and the presence of a small

"diapir" of displaced "mud" alongside the trough.

C . Fossil mntent

Organisms are not abundant, but of those which do



2090

occur, probably only the burrowers lived in this environment.
1The high rate of sedimentation and possibly the slightly lower
salinity in the poximity of the river mouths, are the main
factors inhibiting life. Vertical annelid burrows and sinuous
tracks and trails on the bedding surfaces are the only indi-
genous organisms, and even these were presumably ecologlcally
restricted t o areas of locally redﬁced sedimentation. Brachio-
pods and mollusecs do occur, however, as very thin shell beds

" within the main sandstone. They are presumed to represent é
death assemblage‘which have been washed into their present -
position, Occasionally the effect of winnowing can be obéerved,
and a shell bed perhaps comprising a single lamina; will con-

tain only a single fossil type, such as Schellwienella or a

turreted gasteropod. The brachlopods are sometimes fragmented
and clearly deposlted 1n very shallow water. Small plant frég-
ment s are frequently in close association with marine organ-
isms, and in the sandstone below the Lower Felltop Limestone,
large tree fragments have been observed only a few inches

gbove a Schellwlenella band.

D Lithological relationships

The base of this sandstone member is, by definition,
transitional t o the siltstone below. Numerous tﬁin, laminated
sandstones occur within the top of the siltstones, become
thicker upwards, and eventually pass 1into the lower part of

the sandstone (Plate 47). It is the top of the sandstone
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which shows the most variation, because it can pass into a
variety of rock types, each representing a separate facies
to be described presently. The upper 1limit of this facies
may be transitional with a maasive maring sandstome (p.205),
a shell bed series (p. 203), a seatearth (p.?zl), or it may

have a sharp contact with an erosive sandstone (p. 22b).

E Possible environment

One of the most useful criteria which can be
employed in an attempt to assess the depositional environ-
ment & a sandstone 1s the study of the contained sedimentary
structures. A comparison with the results of simllar
studies on recent sediments is more or less essential far
this. In studying the Mlssissippil delta region, ioore and
Scruton (1957, p. 2743) have noted thatt here are three
factors which relate minor sedimentary structures to

environment of deposition. These are:-

1) sources of sediment

2) processes of primary and secondary sedimentation

3) rate of deposition.

Lamination may be produced in a sedimentary environment where
the material is derived elther from one source in which the
amounts of the transported constituents varies, or from more
than one source. +the deltaic concept of Upper Limestone Group

sedimentation implies that there is predominantly only onse
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source for the sediments, though those deposited in the sea
may suffer considerable reworking before finally coming to
rest. It 1s possiblé, therefore, that the lamination seen
in this sandstone member could be produced by fluctuations
in the volumetric discharge of the ri&er system carrying the
sediment; van Strasten (1960, p. 424) believes thAt this 1is
the origin of most of the lamination in the proximal fore-
sets of the Rhone delta. Moore and Scruton (1957) presert

a more sophlsticated plicture in their study of the Mississippl
delta region, and draw attentioh to the complex interplay of
the various factors (ivid., Fig,13, p. 2744). They note
(bid., p. 2733) that flner, though less continuous, laminae
occur with increasing depth down to a maximum of 120 feet;
only thieck laminaé, assoclated with cross-lg@ination occur
in depths of the order of 6 to 8 feet. Howeﬁér, because of
Iall the modifying factors, absolute depths of‘fofmation of
the vérious structures havé little value other than lllus-
trating an approximate order of ﬁagnitude (}2lg.,fp. 2747);
Within the Upper Limestong Group théhfinenéss of the unifbrm
lamlnae and the absence of assoclated Symmetriqal ripple s
indicates an origin below the level of abtiﬁe wave scoﬁr,
presumably in a depth of water greater than a few tens of
feet. However, wave-induced agitation could play a part in-
winnowing the sediment and thus producing the laminae; so
that the final effect may essentially be the result of both

primary and secondary processes of sedimentation.
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An example of a sediment In which an increased )
rate of deposition has had an effecton the type of strafifi-
cation is afforded by the Firestone Sill in Nookton Burn
(Plate 54). Here, the amount of argillaeceous material is
minimal (cf. Hipple Sill, Plate 5Z), and the gquartz laminae
correspondingly thicker. Although uniform lamination 1s
still common, there 1s a gréater development of erosive
troughing which suggests shallower water. +ithese features,
plus the thin shell beds, indicate an environment relatively
close inshore, perhaps periodically under the influence of

waves.

Recent work on asymmetrical riprles by Allen
(1963a,b) has shown that the structure variously known
as small scale trough lamination,lscour and fi1ll1 (Shrock,
1948), rib and furrow (Pettijohn, 1957), and micro-cross-
lamination (Hamblin, 1961) is due to the migration of
trains of asymmetrical ripple marks. Conditions sultable
for the formation of such ripples are turbulent water which
has sinuous flow lines (Allen, 1963a, p. 200). The presence
of small scale trough lamination testifies only to shallow
water and strong unldirectional currents. Modern linguoid
ripples are frequently observed in th%htertidal zone, and 1t
is suggested here that this i1s iIn fact the environment in
which these small scale trough laminated sandstones accumulabed.

The frequent assoclation with small scale straight symmetrical
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ripples, which are produced by wave action, also indicates

very shallow water, perhaps only a few tens of feet.

In more general terms, these fine grained sand-
stones which contain the remains of both terrestrial and
marine fosslls and many features of shallow water deposi-
tion must represent the submarine topsets on the delta
- platform of the Upper Limestone Group delta complex.- Such
an environment may be subject to tidal influence, but in
any case, the sandstones exhibit many of the features of a
modern tidal flat (van Straaten, 1959). Regularly laminated
sandstone may, however, accumulate just off the delta
rlatform at the proximal end of the foreset beds on the delta
slope (ibid., p. 208). The shallow erosive troughs which
have been described from the uniformly laeminated serles
(p. '97) may have their counterpart in similar deposits off
the Rhone delta (ibid., p. 208). These occur below wave
base in a region with no tidal currents, and van Straaten
suggests thatthe erosive meéhanism i1s slow turbidity currents
which do not transport the sand great distances. In some
examples of thls facles in the Upper Limestone Group; small
scale slumping has occurred (Plate 21), which could con-

ceivably represent an incipient turbidity current.
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VI Facies E :- the massive, marine-fossiliferous

sandstone member

Locallised developments of this facles are known at
several horizons throughout the Upper Limestohe Group, parti-
cularly in the upper part of the Slate Sills Formation, where
it occurs as part of the Rookhope Shell Beds. . [he best and
most widespread development, however, is the Pattinson 5111,
which maintailns a constant lithology over most of the area

surveyed (p. (4).

A Petrography, stratification, and fossil content

The Pattinson Sill is a medium or fine gra1ned
silicic subarkose. ‘There are invariably no major mineral
constituents other than quartz and alkali felspar, the latter
now mostly converted t§ hydromuscovite; mica and argillaceous
material are very rare. calcite occurs locally as a cement
and forms large comretions. The rock invarlably contains no
strétification structures, possibly because of the abéence of
platy minerals. In one calcareous development, however,
symmetrical ripples were observed, picked out by colour
variations which are presumably due tovarying concentrations
of carbonate and quartz. very occasionally, argillaceous
matérial may become relatlively abundant and this serves to
pick out irregular bedding laminae; thls type may be dark

grey and mottled due to the passage of burrowlng organlsms.
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Cylindrical or more irregular burrows may occur throughout

the purer sandstone tooc, but they are not sufficliently
abundant to destroy any stratification there may have been.
The top few inches of the sandstone & ten contaln e vidence

of considerable burrowlng activity and probably represents

a disftinct pause in sedimentation. Crinoid columnals and
brachiopods such as athyrids, orthotetids, and productids,
tend to occur segregated iIn sm 11 lenees, and can occasionally

be gquite prolific.

B Lithological relationships

The base of thils sandstone facles may be either
transitional or abrupt. In the"Péttinson 5111 16 usually
has a downward passage 1ﬁto the uniformly laminated member of
Facles D, but occasionally it is~seeh to rest quite abruptly
on dark grey siltstone of racies C. The Lower Rookhope
Shell Bed 1s of this facies in Beldon Burn and this immediately
overlies a thin, coal-bearing shale. The Upper Rookhope Shell
Bed in Sipton Cleugh on the other hand, passés down into the
fluvial sandstone of the High Slate Sil1l. The nature of the
upper contact 1s also variable, but this facies is always

overlain by merine shales.

C Possible environment

T The general absence of mica and clay from sandstones
of this facies 1n a suite of rocks where these two constituents

are abundantly available, indicates their deposition in a high
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energy environment. The rare oscillation rlpples and the
winnowed fossill remains confirm this. bﬁrthermore, the
manner in which the base of thls facles may rest on several
different rock types suggests a migratory existence which is
independent of the coarsening upward cycle so far described.
Two sedimentary environments may be sald to possess all these

features, beaches and off-shore bars.

The occurrence of off-shore bars is almost a neces-
sity for the formation of the_ironstone faciles of the Upper
Limestone Group (p. 216), but it is a facies which is not
often preserved in anclent sediments. Off-shore bars or
coastal barriers are found in areas of active coastal deposi-
tion such as maintaln off delta complexes. They form as a
result of wave action, but their base may béHrelatively deep
watér (van Straaten, 1959, p. 205). In the deeper parts,
where wave action is not so vigorous, burrowing organisms
may occur, and may explaln the rare cases of reworked
sandstone found in the Pattinson Sill. Some of the members
of this facles may represent bsach deposits, but theyv are
very difficult to distingulsh. The off-shore bar hypothesis
is preferred because in contemporary examples they frequently
enclose lagoons with restricted circulation and abnormal
salinity (Rusnak, 1960). Such lagoons are believed to be
gmportant in the formation of the many sideritic and chamos-

itic ironstones found in the Upper Limestone Group.
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VIiI Pacies P :- the shell béed member

Carruthers (1938) first drew attention to the
preponderance of shell beds within the Upper Limestone Group,
" but, to date, no detailed description of this facies‘has
appeaped in the literature. They occupy a similar position
to the lime stones of the Middle Limestone Group, but there
are lmportant physical and chemical'differences which indi-
cate that they were deposited in somewhat different environ-
ments., Both limestones (Johnson, 1960, p. 126) and shell
beds show evidence of having been deposited in shallow
water, bﬂt, whereas the limestones are indicative of open N
water fully marine conditions, shell beds fréquently indicate
a restricted environment with abnormal salinity. The follow-
Ing description is intended to fill a gap 1n our knowledge of

Upper Limestone Group rock types.

A Petrography and stratificatl on

An important feature of the shell bed facles is
that it contains several rock types, which usually occur 1in

beds only a few feet thick. The commonest of these are:-

1) ripple laminated, interbedded siltstones and
sandstones

2) Dburrowed, medium gralined sandstones with or
without shells

3) . 1lronstones.
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Subordinate amounts of black, micaceous shale with occasional
small lenses of black, carbonaceous sandstone also occur

within this faciles.,

The ripple laminated siltstones and sandstones are
laterally very varlable. Dark grey siltstones and silty
shales are the host rock types and are usually well
laminated with very little distubance by burrowlng organisms.
The included, light grey, fine grained micaceous sandstone
may occur as thin lenses or thin beds, and is 1nvariably
ripple laminated. The sandstones may range from one to nilne
inches in thickness., Occaslonally, thin beds of sandstone
and siltstone alternate on asmall scale, each bed being le ss
than three inches or so thick. fhe ripples are always of
the type referred to by Allen (1963a) as small scale linguoid

asymmetriml ripples (Plate 56).

The burrowed sandstones are easily recognisable 1n
the field by their mottled appearance (Plate 60). The major-
ity are medium grained but every grade between coarse and fine
may be represented. They occur in beds which may vary from
three inches to six feet, and in some localities theyc om-
prise the dominant member of the shell bed facles. The
burrowed beds invariably contain carbonaceous and argillaceous
material, which s eems to be a prerequisite for the pesence of

bottom-1living and -feeding organisms., Some anlmals have the

effect of "cleaning" the sediment, leaving a burrow filled
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with pure sandstone, but otherscolléct the fine material and
deposit it, presumably as excrement, in their burrows. These
latter are often difficult to distinguish from plant rootlets.
White mica is often present, buf although the bed ma?hhavé

been originally stratified, no stratification 1s now apparent.

Chemical cement in the burrowed sandst nes may be
absent or represented by calcité and siderite in varying
proportions, Calcite 1s only abundant where fossils occur

in conslderable numbers, that 1s, in shell beds sensu stricto.

In sparsely fossiliferous beds the sandstone and the shells
themselves are decalcified. In thin-section the calcite
cement 1s observed to occur as large, clear crystals which
poikilitically enclose detrital sand grains. It is assumed,
therefore, that this cement 1s authigenic, andberhaps derived
from the assoclated a"ganic calcites. Some siderite occurs as
small discreté crystals scattered throughout the sandstone
and may have a detrital origin. Siderite also occurs as
nodules, especially in the silty shales, where it 1s presumed
to represent secondary segregations., Plate-like or ssucer-
shaped bodles of siderite have also been observed in'the
sandstones ahd these are belleved to be primafy preciplitates
(p. (36).

The proportion of siderite in the rock shows a
considerable incresase at the top of the shell bed facles and

usually forms a dlscrete 1ronstone member, Thils subject 1s
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considered in full in Chapter 14. Chamosite ooliths usually
‘make thelir appearanée at thié lévél, but the relative propor-
tion of ooliths and siderite is very variéble; ‘The %ifronstones
still contaiﬁ abundant shells and burrows; in fact, there 1is
often an apparent relationshlip between the.présencé of worm
tubes and siderite: this glves the 1ronstones arrubbly

appearance (Plate 3).

B Fosslil content

Within the shell beds sensu stricto, brachiopods -

comprise the most abundant fossils, but usually associated
with burrows of various kinds. In mény cases a certaln
species of brachiopod attains dominance over the others

and may represent a considerable proportion of the brachbpod

community. Spirifer bisulcatus and Spirifer'trigonalis are

the dominant brachliopods in the Knucton Ironstone in Nookton
Burn, but & the same horizon on Carrshield Moor, West

Allendale, Phricodothyris is t he most abundant. It is not

known whether this differentiation 1s due to the selective
winnowing of a more heterogeneous assemblage 6r whether it
represents the transport en masse of a compkate fauna adapted
to some particular environment. The valves of the brachlopods
are € ten disarticulated, indicating that current ac&ion has

played a decisive part in the formation of the shell beds.

The effect of many kinds of burrowers can be observed
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in the shell bed facies; they may be divided ihto two date-
gories, sesslle and mobile. The most easily recognisable
"sessile burrows" are the U-shaped ones, whose successive
growth stages are marked by fine, curved lamellae. The U-
shaped burrows may be several inches deep and have tubes up
to three-quarters of an inch in diameter (Plate 61). Other,
more simple burrows are known comprising a single vertical
"tube" up to one foot long, but less than half an inch wide.
Mobile burrowers usually move more or less parallel to the
bedding planes. Some horizonfal, pesslbly annelid, tubes may
be one foot long and up to three-guarters of an inch in diame-

ter (plate 62). "Caudagalli" burrows are often abundant; and

generally occur to the exclusion dfalliothernﬂn§ils (Plate 9).
Occasionally, sinuous trails of possibly annelid origin'occur
on the bedding surfaces of some of the finer gralned sand-
fones and siltstones. It 1s interesting to record that
distinctive kinds of burrow may be used in short fangé corre-
lation; cf. Phycodes, found in the Knucton Ironstone, has not
been observed at any other horizon (p.l36). The more irregu-
lar mottles in this facles may be due to other organisma& such
as lamellibranchs. This has been shown to be possible in
recent sediments (Moore and Scruton, 1957, p. 2742) and, in
fact, burrowing lamellibranchs have been observed in some of
the ironstone beds of this facies; they occur embedded in the

rock in theilr 1ife positlon.
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C Lithological relationships

In most cases the base of the shell bed facles is
transitional to the fine grained ripple laminated sandstones
of Facies D, and occasionally into a sandstone of Facies E.
Both of these underlying facles cont ain shell beds, but the
passage into the true shell bed facles is'evidencedby the
incoming of burrowed sandstones, the occasional development
of thin beds of fine clastics, and the introduction of
siderite in obvious amounts. IR Rookhope Burn, the rather
poorly developed Lower Rookhope Shell Beds have a gradatlonal
passage into the fluvial facles of the Low Slate S11l below,.
The culmination of the shell bed facies in a sideritic iron-
stone horizon which frequently contains'chamosite ooliths 1s
almost universal. In many cases the ironstone 1s 1mmediately
followed by the blaeck shale referable to racles B. 1In several
cyclothems, therefore, the complete cycle 1s occupried by rocks
which have a strong marine influence; this confirms the.obsser
vations of Uunham and Johnson (1962) that a considerable

amount of marine strata occurswithin the Upper Limestone Group.

D Possible environment

The principal clues to the depositional environ-
ment of the shell bed facles are afforded by the mp~esence of
extensively burrowed beds andthe existence of primary precipi-

tate iron minerals. 'The proportion of mud-feeding,-érawling
)
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and burrowing ofganisms varles inversely with the rate of
deposition (Moore and Scruton, 1957,.p. 2742). }In the vici-
nity o6f the Mississippi delta the effsects of burrowing organ-
isms cannot be discerned when the rate of deposition exceeds
0.15 foot per year (ibld., p. 2744). Mottled sands are
known from two principal recent envirommerts¥, lagoonal bays
and pro-delta shelves., Of these, the lagoonal bays are more.
likely‘to exhibit shallow water features such as are seen'in
the Uppér Limestone Group shell bed faclies. rerhaps more
important, they are more.likely to possess an abnormal
salinity and chemical environment such as might precilpitate

both siderite and chamosite.

Van Straaten (1959, p. 202) notes that mottled
structures occur in the main pdrt of the coaStg} iagoons,
while Moore and Scruton (1957, p. 2735) quote the depths
between two and nlne feet as belng the range in which the
mottling of sediments occurs in some Texas lagoons. Shell
beds are also very common features of coastal lagoons
(van Straaten, 1959, p. 202), and in Laguns Madre may be
up to one foot thick with an extensive lateral distribution
{Rusnak, 1960, p. 166). The internal structures and petro-
graphy of the shell bed facles, together with 1ts close aSso-
clation with a believed tidal flat environment (Facies D) are
strong arguments in favour of a mariﬁe lagoonal environment

for this facles.
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The evidence suggested by the ilronstone horizons
also adds support to this general comcept of a lagoonal
phase in Upper Limestone uroup sedimernt d¢tion. A similar
origin has been proposed for the Cleveland Ironstones
(Rastall and Hemirgway, 1940, p. 271; 1941, p. 362), and
for the Northampton Sands Ironstone (Taylor, 1949, p. 79).
The problem concerning the chemical enviroﬁ?mant in which
siderite and clanosite may be directly‘precipitated i1s dis-
cussed in a comprehensive review by Dunham (1960). A few
of the important facts concerning the formation of a chamo-
site oolite rock are summarised below, and discussed in terms

of a lagoonal environment.

1) Normal sea-water does not carry sufficient iron
to precipitate chamoslte.

Lagoonal water does not have the composition of normal sea-
water: one of the importent features of the hydrographygfb(
coastal lagoons 1s the extreme range of salinity (Shepard and
Moore, 1960, p.124; Rusnak, 1960, p. 161). Salinitylis
variable In different parts of the lagoon and also varies at
a given locality with time. <Thils is a function of the complex
interplay between ssa-water on one side of the barrier beach
and fresh water brought down by rivers on the other. A con-
stant or stsble situation rarely, 1f ever, exists for long

P

periods.

2) In all probability, therefore, there must be
rivers nearby to provide enrichment in iron.

There are two hypothesis which attempt to explain the problem
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of where the iron reqguired to form sedimentary ironstoﬁes was
ulfimately derivéd. sorchert!s (1960) enﬁisaged mechanism of
derivation by solution from 1ron-beafing sediments on the sesa
floor is considered unlikely to explain the often restricted
development of Upper Limestone uroup chamositic ironstones.
The alternative hypothesis, that the iron was sﬁpplied by
rivers draining a land where chemical weathering is an impor-
tant agent, is therefore favoured. The known existence of é
well-developed fluvial drainage pattern is a strong point in
favour of this hypothesis. It 1is here suggested that many
rivers, probably guite small, would drain directly 1ntb}tﬁev
coastal lagoons which are postulated as existing in Uﬁper
Limestone Group times 1n northern kngland. Purthermore, they
would in all probability have passed through the coastal
swamps and marshes which are belleved to exist \p. 225), and
the river water would therefore be very acid and able to con-

tain relatively large amounts of iron (Dunham, 1960, p. 252).

3) Clastlc sedimentation must be excluded from the
region where chamosite is forming.

Chamosite ooliths in the Upper Limestone Group very rarely
contain terrestrially derived or other constituents, aslthough
they may subsequently be redeposited with other cbmponents
(p.134). Thus arises the need to remove all external influ-
ences from the_potential chamosite-forming environment. Elther
clastic sedimentation was at a minimum due to the hinterland

being topographically mature, or a barrier of some.kind existed
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which prevented the infiltration '& coarse clastlec sediment.
The preponderance of coarse clastic sediment within the

Upper Limestone Group of northern England indicates that the
hintérland was not fully mature, and that coarse material

was abundantly avallable in the areas The presence of a
"cletic trap” seems more likely, and this fact agaln Indicates
a lagoonal enviromment. The rate of sedimentation 1s generally
very low in coastal lagoons and, in the absence of major
rivers draining directly into the lagoon coarse clastics may
only be introduced by long-shore drift and the actl on of waves
and tides. It 1s these very processes which form the barrler
beaches and islands, and thus effectively debar clastic sedi-
ment from the enclosed lagoons. within the lagoons the deeper
water generally receives more sediment than the shallows,
which may again suggest a relatively shallow water origin for

chamosite.

4) Chamosite must be precipitated in shallow water
where oollths are capable of formatl on.

Cther evidence suggesting that chamosite 1s formed in shallow
water may be derived from the observation that it cdmmon%y
occurs in oolitic form. This suggests an origin in gently
agitated waters as propounded 1in the “classical" theory on
the formation of ooliths (Beales, 1958). The alternative
suggestion that chamosite ooliths grew in situ from a gel-like

substance is not widely held; the evidence, usually based on
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the presence of "necked ooliths", is considered very tenous.
Carbonate ooliths have been recorded (Rusnak, 1960) from
Laguna Madre on the coast of Texas, ipdicatiné?hat oolith-
formation 1s a practical possibility in a lagoon environment.
These ooliths are restricted in distribution and occur only
where the supply of terrigenous materigl is minimal and where
wave action is prominant (ibid., p. 174): they are formed
only in shallow water near the shore. A simllar physical
environment is proposed for the formation of chamosite

ooliths.

5) In close association with the chamosite-preci-
pitating zone there must be a sBerite zone, and a zone
where cogulna are actively being formed.

Coastal lagoons 1n most cases can be subdivided into essen-
tially separate bodies of water because of the presence of
natural barriers within them {(Rusnak, 1960, p. 161): each
basin may have its own range of salinitles and its own
chemical enviromment. Although 1little is known of the actual
chemical environment which must have prevailled in the lagoons
of the upper Limestone Gtoup the analogy with contemporary
lagoons strongly suggests that chamosite- and siderite-
precipitating environments could exist together in different
basins of the same lagoon. This could account for the rapid
lateral passage from a chamositgc ironstone to a slderitic

ironstone, a phenomenon which is very common in the Upper
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Limestone Group (p. 40).

6) Occasional strong currents must prevail to
provide mixing of the various petrographical components. -
Hallimond (1925, p. 99) suggested that siderite and chamosité

may be precipitated together by independent reactions, but
the fleld relatlonships of thesevfwé components in the Upper
Limestone Group suggest that this is not the case. In some
sideritic ironstones, chamosite ooliths occur only in the

top of the bed and 1in upward increasing quantities. In
other cases, the slze of ooliths bears a direct relationship
to the size of the accompanying detritsal qﬁartz grains,
suggesting transport by the same current. 'Fufthermore, the
coarsest deposits may occur above what appears to be a plane
of erosion (p. 4!). These observations suggest that periodic
currentswre operative which acted as mixing agents of depo-
sits formed 1n the various environments within the lagoon.
Most of the fossils now found 1n the ironstones probably
could not have lived in the reducing conditions then prev-
alling. It seems necessary, therefore, to employ currents to
wash in" the brachiopods and other shell&: The exact nature
of these currents is uncertain, but the assocliation with
marine fosslils may suggest an essentlally marine rather than
lagoonal origin. If this 1s so, then they may be induced by
tidal or storm-wave influence. In the completely enclosed

lagoons of the Gulf of Mexico, water circulation is largely
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a function of prevailling winds (Shepard and Moore, 1960,
p. 122; Rusnak, 1960, p. 161), but wind-indyced currents
are capable of eroding medium to fine sand particles (Rusnsj

1960, p. 164).
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VIII Facies G :- the seatearth member

-

The term "ganister” 1s used in this thesis as a
purely descriptive expression for an arenaceous seatearth
containing plant material in situ (Plate 63): it does not
refer to any partlicular mineralogical composition. The
corresponding argillaceous member of this facies is known
as a flreclay. Seatearths are usually widespread deposits,
but do not occur in every cyclothem. The best examples are
the Firestone ganister, the Coalcleugh ganister, and the

Hipple Sill ganister/fireclay.

A Petrography

Modal analyses have been made on the Firestone
Eanlister and the Coalcleugh ganister, both from Rookhope
Burn. The Firestone ganister contains 96% of quartz and
silica cement, and 4% of hydromuscovite, limonite, and
carbonaéeous material. This horizon has been widely
quarried as a refractory producék, in c¢ontrast to the
economically useless Coalcleugh ganister, which is a
muddy quartzarenite, containing 28% of argillaceous
material in the matrix. The Flrestone ganlster is gener-
ally medium to fine grained and moderately well-sorted.
Auth;genic silica overgrowths on the quartz grains form

the only cement, so that the rock 1s, in effect, a true
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‘ gilice. cowskilwlas o rz(ak\ba(j Y/ Par(,—
quartzite. In the Coalcleugh ganister,koﬁ the total cement,

because of the high matrix content. White mica is present

only as a minor constituent in the ganister.

. Carbonaceous material in the ganiéters is provided
by the usually sbundant plant rootlets and rhizomes. The
plant rootlets may be'long, stralght and vertical, giving
rise to the local term "pencil ganister" (Plate 64), or
irregularly meandriform. The bark of the rhizomes is usually
converted into vitrainous coal, and the softer, pithy core
has disappeared to be partially or wholly filled with pure
guartz sand. The partially filied rhizomes have subsequently
been distorted by compaction load. As a rule, th#proporfion
of carbonaceous material in the ganisters increases upwards,
and the top few inches are commonly black in @ lour and much

more friable.

Irregular siderite concretions may occur near the
base of arglllaceous ganisters like the Coalcleugh, but this
feature 1s more common in associatlion with fireclays. The
Coalcleugh seatearth does in fact become a fireck y in the
west of the research aresa sround Killhope Law. At this
horizon and a few others, small sphaerosiderite concretions,
only 0.2 mm. in diameter, occur. No plant remains occur 1in
the sideritic beds, however, but true flreclay may be |
present above it. The fireclay usually comprises a dark grey

or black shale or silty shale, which contains abundant plant
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remains, most of which appear to be subhorizontal and
allochthenous. The petrography of these deposits has not
been studied, but Johnson and Dunham (1963, p. 74) record
that kandites are the dominant clay minerals presént,
together with subordinate illite and mixed layer illite-

chlorite.

An Interesting representative of the seatearth
facies, although not truly either a ganister or a fireclay,
is seen above the Grindstone Sill in Bolt's Burn. The dark
grey, medium grained sandstone contains strongly lenticular
beds of coaly shale, one foot thick at maximum, and smasller
vitralnous lenses less than two inches thick. It eventually
passesphto a more typlcal genister, followed by a thick

development of coal.

All of the seatearths of the Upper Limestone
Group in the area studied have a coal above them, but its
thickness ranges from a mere smut, half an inch thick, to an

economically workable coal three feet thtk.

B Stratification

In the seatearth facles stratification is at best
rudimentary, and, 1n ganlsters, often restricted to the
lowermost beds, where mica may be relatively sbundant. Herse
the ganister may be described as thinly-bedded, but it

gquickly becomes massive and structureless above. The
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original bedding of the sediment, 1if any, tends to be
removed by the passage of plant-rootlets, and slso, to a
certain extent, by the interstratal solution of minerals
‘other than quartz. A crude, Irregular lamination may be
discerned in some fireclays as a result of the disposition

of the contained plants.

C Fossil content

Plant fragments are the only fossils which have
" been found in the Upper Limestone Group seatearths of the
area surveyed. In most cases they are only represented

by 1ndeterminate rootlets, but occaslonal rhizomes may be

recognised as Stigmaria.

D Lithological relationships

The base of the seateabth facles 1s usually trans-
itional to the underlying rock. The advent of the new
conditions is indicated by the entry of plant rootlets
In situ and the gradual loss of bedding features with the
upward increase of rootlets, Ganisters may develop both
on tidal flat sandstones of Facles D and on the fluvial
sandstones of Facles H; in each case the base is transi-
tional. A seatearth may in fact comprise bdth a thin
ganister and a fireclay, In which case the fireclay 1s
invariably the upper member. There is a virtual transi-
tion into the overlying coal too with the gradual increase

of carbonaceous material, but the contact with the ensuing
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shale is usually abrupt, and characterised by the incoming
of marine or brackish water fossils. There are examples,
‘however, of an apparent transitlion ito the arenaceous base

of a limestone (p.173).

E Possible environment

The presence of terrestrial plants growing in
place 1ndicates that tereestrial condltion st have main-
tained during the formation of ganister. -Underclays,
which generally contaln no rootlets preserved in situ are
also believed to“represent a subaerial envirorment. The
presence of sphaerosiderite in the lower parts of some
seatearths 1qﬁlso believedﬁo be due to subaerial exposure.
Iron dissolved in the near-surface zone of the underclay
where leaching and oxidation prevall, is transported to the
lower reducing zone, where 1t is precipitated as ferrous
carbonate (Deans, 1934, p. 62). Weller (1930, p. 122)
records that underclays have features which strongly suggest
formation by prolonged expdsure to atmospheric agert s, He
also states the opinion, reiterated by Johnson (1960, p.
127) that the length of time required to form an underclay
may be comparable with the time required to produce the whole

" of the rest of ths-.cyclothem
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IX Facles H :- the erosive sandstone member

Thls facies contains a multiplicity of rock
types, not all of which are sandstones. The full fange
is from pebble conglomerates to shales, but the proportion
of the end-members 1s so low that the whole sulte may be
conveniently considered in one section, especially as they
are soO intimately related. 1In the descriptions which
follow, the general principle will be adopted that the
rocks within this facies will be described upwarda from
the base of the member. Allowance must be made, however,
when referring to particular examples, for the fact that
local details are variable., In particular, it should be
remembered that not all examples of this facies have the
éoarse sandstone unit present; the basal unit may be

medium grained sandstons.

A Petrography

All of the coarse grained rocks occurring at
the base of the erosive sandstone facles are subarkoses
(p. {20). They are typlcally poorly or very poorly sorted
(Plates 65, 66), up to very coarse in grain size and, if
containing over 3 of granule or pebble sized material,
may qualify for the eplthet "slightly conglomeratic"
(Table 4). Grain size is by no means uniforﬁ-even over

quite small areas of the rock, Lateral variations from
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coarse to very coarse sandstone may be observed, and
similar variations occur as alternating laminae within

a single two-inch cross-stratified bed. Thls feature
indicates variations in the transporting potentilal of

the responsible currents, but without necessarily a
change in direction. Very poorly defined upward grading
from very coarse to coarse may occasionally be observed,
but this is by no means a typical feature. Graln size
varlations on a larger scale also occur within the basal
coarse sandstones, which may contain medium to fine
grained intercalations. These may be only a few inches
thick and lenticular, or up to two feet thick and persis-
tent over guite considerable distances. The cement is
almost invariably silica occurring as several varieties
(p. 123), but occasiénally,’secondafy calelte may be
introduced. Alkall felspar is usually more or less com-
pletely altered to hydromuscovite, but the occasional
plagioclase crystals are still quite fresh. White mica 1s
noticeably absent from the rock as a whole, but occurs on
restricted horizons, often in association wlth argiilaceous
material. Rounded polycrystalline quartz pebbles may occur
elither scattered thr oughout the sandstone or as discrete
pebble beds, perhaps occupying only one bedding plane,
which qualify for the expression "sandy conglomerate".
Some of the pebble beds do occur as thin lentlcular bodles

lying on an irregular er6sion surface. Contrary to the
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observation of Robson (1956).in his study of the Fell
Sandstone Serles, the pebble beds do not invariably occur
at the base of cross-stratified sets. Conglomeratic beds
composed of material derived from within the sedimentary
basin also occur. Shale fragments up to 5 cm. are the
commonest of these, but occaslonal derived clay ironstone
nodules may be found, and, very rarely, pebbles of fine
grained sandstone. Thin, irregular coal seams may occur
at the base of this eroslve phase, and presumably represent

drifted in plant material (Plate 77).

The medium grained sandstone membef of this
facies exhiblts petrographic features very similar to the
coarser phase, but appears to be more vatable. Ik contains
not only subarkoses but muddy quartzarenites as well. The
principal petrographic differences, apart from the grain
size, are the slightly better sorting (now moderately good),
and the greater abundance of micaceous minerals. Coarse
sandstone intercalations may still occur 1n the medium
sandstone, and they may,in fact, grade laterally into one
another. In the non-argillaceous sandstone silica still
forms the dominant cement, although both siderite and calcite
may occur locally; rare nodules of suthigent pyrite have

been observed.

Many, but by no means all, examples of this
facies.have an upward culmination in fine clastics. These

usually take the form of dark grey, siity shales, only rarely
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in beds over a few feet thick. They may occur simply as
intercalations 1in the top of the medium grained sandstone

member.

B Stratiflcation

Well-developed cross-stratification is ubiquiﬁous
in the erosive sandstone facles, and three basic types may

be recognised :-

1) planar cross-stratification
2) 1large seale trough cross-stratification

3) small scale trough cross-stratification.

There appeérs to be a certaln correlation between average
grain‘size and type of cross-stratification, which suggests
that each type may be restricted to a certaln flow reglms.
This is borne out by the work of Allen (1963 a,b) on the
relationship between height of créss-stratified units and
depth of water in which they.were déﬁosited. The very
coarse to medium grained sandstones of this facies almost
invariably have planar cross—stratificatioh in association
with large scale trough cross-stratification (Plate 67),
and the fine gralned sandstones predominantly have small

scale trough cross-stratification.

1) Planar cross-stratification

True planar cross-stratification occurs as
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essentially tabular sets, varylng in thickness from sbout
three inches to three feet (Plate 68). They are quite
distinct from the apparently planar cross—stréta within
large scale troughs, which, in small field exposures,
appear to be bounded by plane surfaces (Fig. 15.6). In a
detailed study of cross-stratification in the Rough Rock,
Shackleton (1962, p. 114) found that the mean thickness

of planar cross-stratification was 2,6 feet. The trough
cross-stratiflied sets in the Upper Limestone Group fre-
quently have thicknesses of thils order, but there aprears
to be a slgnificant difference in the planar cross-strati-
fied sets, which frequently average only seven inches in
"thickness. ©Shackleton did not discuss the questions of
polymodsality or mimtures of several distinct slze groups

in his paper, but his histogram of set thikknesses (1bid.,
Fig. 2C, p. 112) reveals a distinction between the O to 1
foot and the 1 to 2 feet interval. Unfortunately; any
subtleties of the distribution are masked by the use of
too.large a class interval. The distribution also has a
marked positlve skew, in which the greatest change of slope
takes place after the 2 to 3 feet interval. The relative
importance of the 1 to 3 feet interval 1s shown by the fact
that it comprises 55% of the total number of measurements,
whereas the O to 1 foot class contains only 6% of the total,
and the over 3 feet interval, 39% of the total. Unfortunately,
no systematic work has been attempted on similar measure-

ments on Upper Limestone Group cross-strata, but a more
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comprehensive Investigation of the thickness of planar
cross-stratified sandstones may reveal that three distinct
groups occur :- those with thicknesses less than one foot,
Bhose in the range 1 to 3 feet, and those over 3 feet.
These groups, 1f they exlist, may be related to differences
in mode of formation. Allen (1963a, p. 213), although
making a beginning on this kind of study unfortunétely did
not consider the skewness of the distribution curves of

his bed-thickness data (ibid., Fig. 12, p. 211).

The base of the planar cross-stratified sets are
always erosional, and may be either irregulaf or smooth. A
thin pebble bed may occur at the junction between the two
sets, but this 1s by no means unlversal. Some planar sets
are separdged by a thin bed of more or less horizontally
laminated sandstone which 1s usually medium grained and
highly micaceous. This bed is commonly two or three inches
thick, and may die out within a few feet (Fig. 15«5). The
planar cross-stratified sets on the otherﬂhand, afe very
persistent laterally, and they have been observed to extend
for at least 15 yards along the strike without change;
Shackleton has traced similar sets for 100 yards (ibid.,
p. 114). The relation of the planar cross-strata to the
base of the set is commonly discordant, but there may
occasionally be a tendency for the inclindtion o”f the

cross-strata to decrease and become almost tangential.
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2) Large scale trough cross-stratification

Most commonly large scale trough cross-stratifi-
catlion 1s seen only in vertical sections which éféfgoverned
to a large extent by Jointing. In many cases, especially
in the coarse lower layers of a channel deposit, the
troughs are of such a width that they are rarely encom-
passed by the average ourrop. The troughs may,therefore,
resemble in the fleld a series of planar sets as shown in
Filgure 15.6 and Plate 69. However, observation of many
sets in differently orientated sections,a directional
study 1if the cross-strata, and the presence of definite
troughs of smaller dimension leave little doubt as to
their true nature (Plates 70 to 72). Trough cross-
stratification is equally common 1n coarse and medium
sandstones in this facles, but, because the troughs tend
to be smaller in the medium sandstones, they often appear

to be more abundant.

The observed maximum thickness of the troughed
sets ranges up to six feet. The present width of the
troughs ranges flom 13 to 6 feet, but thls may only be a
fraction of the original. The largest so fér observed
occurs in the Coalcleugh Transgression Beds and 1is des-
cribed separately (p.234). The base of each set is
strongly erosive and‘cuts across the underlying set at

varying angles; in random sections through the troughs
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each set appears to be markedly lenticular (Fig. 15.6).
Stratification within the set in transverse section is
always conformable with the base, but in longitudinal
sections 1t approaches the asymptotic state (Plate 73).

A corollary to this observation 1s the gradual thinning
of individual beds as the base of the set 1s approached.
In extreme cases, beds of micaceous sandstone may pass
laterally into an unusval mica rock, which contains
approximately 80% of mica. This results in the spparent
anomaly of a highly turbulent environment depositing a
great quantity of a flaky mineral, which nofmally woﬁld
not settle under such conditions. Similar phenomen have
been observed by Allen (1963a, p. 205), who states that
the steep part of the cross-strata 1s produced by gravity
slip of bed-load material. Jopling (1963) has confirmed
thls by experimental studies in a laboratory flume. He
was able to show that upstream directed eddies occur below
the jet-stream of the main flow, which not only have the
effect of sorting the sediment as to grade, but also have
the ability to deposit it as "toesets" (Fig. 15.7). This
produces the concave upwatrds stmta, tangentisl to the base,

observed in most of the troughs.

Parting lineation may occasionally be seen on
the cross-stratified beds and invariably the current direc-

tion indicated by this is parallel with the inclinatlon of
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the cross-strgtum itself. More active scour is indicated
by the presence of actual troughs on the surface of some
cross-strata, and again the current direction is parsallel
with the bedding inclination. These obserwatlons are at
variance with Wright's contention (1959, p. 610) that
fluvlial currents produce cross-strata whose inclination
i1s at right-angles to the current directi on. On the
other hand, rare examples may be found where smgll scale
straight ripple lamination has been superimposed on large
scale cross-strata. The current direction indicated by
the ripples is approximately at right angles to that
indicateﬂby the cross-strata. Thls 1s believed to be due
to minor fluctuatlions within the fluvial environment, and
does not greatly affect the premise that cross-stratal

inclination Indicates local current direction.

A large scale trough 1n the Coalcleugh Transgression Beds

A series of photographs (Plates_74 to 77)-serye
to 1llustrate the salient features of a well-exposed trough
in the Coalcleugh Transgression beds of Sipton Gleugh.

The trough is epparently 10 feet wide, %tpough this may
not be the true wlidth; the cross-stratificatlion Indicates
a probable trend of £90°, which 1s at an ascute angle to
the measured direction. The sandstone 1s well-bedded and,
although the bedding has locally a definite trough-like

shape, there 1s no evidence of erosion; the trough beddling
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is conformable with the underlying sediments on both
sides (Plate 74). 1In both directions away from the
trough the bedding passes laterally into near-horizontal
bedding, but the relati"onship ’with.underlying strata
differs on either side. On the south-west side the
sandstone passes gradually down into a series of sandy
siltstones and sandstones (Plate 76) described elsewhere
as "marginal facles" (p.239), and on the north-east side
there 1s no apparent change in lithology, but an interest-
ing change in bedding structure (Plate 75). Fortunately,
a datum line is afforded by the thin coal seam which
marks the irregular base of the Coalcleugh Transgression
Beds washout channel as a whole. By applicati"on of the
"Law of Superposition of Strata" 1t would appear that
initially there were two areas of depositlion separated by
a zone of non-deposition. It is uncertalin whether the
two deposits were formed contemporaneously, for it is
unusual that two completely dissimilar rock types be

deposited at the same time 1n such close assoclatlon.,

The stratification of the lowermost sandy beds
on the north-east side is interesting in that it 1is
apparently convex upwards (Plate 75), as though the sand
formed a low-lying bank on the bed of the channel. Within
this "bank" the stratification is parallel to the base of
the channel in its centre, but is disconformable near the

inferred area of non-deposition (Plate 77). Undoubtedly,
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these obliquely stratified beds are the principal cause

of the ultimate formation of the trough-like stmtification.
As the bank increased in size by conformable increments

of thin sandy beds the sand deposited in the "zone of
non-dsposition" had stratification which was conformable
with the orlginal shape of the depression, thus producing
the structur=s now seen. Conflirmation of this mechanism

1s to some extent confirmed by the observation of smaller
convex-upwards bodles of cross-strata within the Coalcleugh
Transgression Beds at this locality. They have the appear-
ance of single ripples, wlth flat conformable bases and
containing strangly cross-stratified bedding (Fig. 15.8).
Schumm (1960, p. 183), in a study of modern rivers has
observed that in wide sandy channels, with a width/depth
ratio of approximately 280, the surfaces of deposition

are convex upwards in a manner closely resembling that

just described from the Coalcleugh Transgression Beds. It
i1s highly possible that this may be the environment in whikh

the Coalcleugh Transgression Beds were deposited in this
regbn.

3) -Small scale trough cross-stratification

Trough cross-stratificatlon on a small scale
océurs in the fine grained sandstones in the upper parts of
the erosive sandstone facles. The average width of the
troughs is approximately 2% inches, and the depth

approximately one inch. They appear to be essentially
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simiiar to the large scale troughs of the coarser sand-
stones, and differ but little from the small scale troughs
described from Facies D (p.(97). The troughs may in fact
become quite shallow, and, therefore, not éharply demar-
cated as in the typical examples of "rib and furrow"
(Plate 58); this has often been referred to as "incipient"
trough cross-strétification" in the fl eld (Plates 78, 79).
Thin beds of small scale troughcross-stratified sandstone
are cbmmonly interbedded with beds of plahar cross-
stratified sandstone, perhaps only three or four inches
thick. Thils suite isgmrently formed by the migration of
trains of both straight and linguold asymmetrical ripples
(Allen, 1963a,b). Straigﬁt symmetrical and interference

ripples are occasionally seen 1n this facles,

4) Convolute bedding

Large scale convoiufe bedding is not a parti-
cularly common feature of sandstones in this facles, The
best example has been observed in the Grindstone Sill,
where local overturning of the bedding planes occurs
(Plate 80). The disturbed bed is 2% feet thick and 1its
observed length 1s 4 feet; it 1s overlain by flat-lying
sandstone., The convoluted unit has the same general
characteristics as deformatl onal structures observed 1in
modern river sands. Harms and his co-workers (1963, p.
577) considered that this type 1s typilcal of fluvial
deposits, but Dzullnsky and Smith (1963, p. 626) are more
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reticent, and propose no correlation of type of convolute

bedding with environment.

"Mixed facies"

This sub-facles 1s afforded separate treatment
because, although it 1s essentially part of theerosioﬁal
channel phase, 1t has rather different petrographical and
structural features., As the name 1mplies, and in the
sense orlginated by Reading (1957), it 1s characterised
by having a variety of rock types . The sub-facles 1is
restricted to certain areas withiln the Coalcleugh Trans-

greassion Beds (Fig. 15.4).

The sequence generally comprises massive ganis-
trold sandstones, slltstones and ripple-laminated sand-
stones, and true ganister with slderite concretions. The
ganistroid sandstone 1s medium grained with no trace of
stratification, and contains stigmarian roots only in
parts. The siltstone largely comprises well-sorted quartz
grains, but finely disseminated carbonaceous material is
abundant and is largely responsible for the finely lami-
nated appearance. The laminae are lrregular but cross-
lamination is not pronounced, The fine gralined ripple
laminated sandstones contaln abundant micaceous and carbon-
aceous material, and occasionally the ripples may be picked
out by detrital siderite on certaln bedding planes. Both
straight symmetrical and linguold asymmetrical ripples have
been observed in this member. The topmost ganister usually

rests directly on thlis sandstone. Evidence in Frazer's
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Quarry, Rookhope (Flg. 8.3) that at least the top part of
the siltstones and sandstones Interdigitate with a coarse
fluvial sandstone, and simllar evidence in Beldon Burn

(Fig. 8.4), suggests a possible mode of formation of this

sub-facies as an inter-fluvlial flood plailn deposit.

"Marginal facles"

A certain sulte of rocks occurring in lenticular
masses at the base of, and marginal to, fluvlial channels,
has been observed in the Coalcleugh Transgression Beds
(Fig. 8.2) and the Low Grit 8111 (Figs. 7.4, 7.5). The
rocks are consldered as part of the erosive sandstone
member becaguse they occur above the plane of erosion of
this facles, although of different petrographical type.

The suite esssntlally comprises bleek sandy shale or
siltstone interbedded with dark greTy, mlcaceous sandstones.
The actual scale of tleunits differs in the two instances,
but thelr general properties are similar. The whole-éeries
has fine, uniform lamination, and although herizontal
annelid-type burrows are present they disturb the sediments
but little (Plate 76). In the Low Grit 5111 example thin
beds of coarse sublitharenite occur which dis éut com-
pletely in only a few yards. Towards the nérth—easﬁ the
deposits appear to become generally coarser and to contain
aulte large plant stems in position of growth. Small sid-
erite coﬁcretions are present in the siltstones, which may

have well-preserved leaves and lamellibranchs of possible
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fresh-water habitat. The base of thls sub-facles is inferred
to have a sharp, eroded contact with marine beds in each
case, and the top is conformable with the overlying fluvial
sandstone, into which there is a rapid transition (Plate 76).
The marginal positlon and the general properties of this
sub-facies suggestu that it may be the representative of a

levee environmsnt.

C Fossll content

Fossil material in the erosive sandstone member
is largely restricted to plant fragments, although occasional
worm burrows and trails may be observed in the medium grained
sandstone. The plant fragments areof various siges, from

finely fragmented stems to large logs of Lepldodendron over

six inches in dlameter; Calamites is also recorded. They
usually occur as drifted remainé on the beddlng surfaces,
but in the "marginal facies" they do occur in situ occasio-
nally., U-shaped burrows filled with argillaceous material
occur in the medium grained sandstones and sandy shales of
the upper parts of the main series; sinuous trails of uncer-

tain origin also occur.

D Lithological relationships

Characteristically, the basal member of this
facies, be it coarse conglomeratic sandstone or medium sand-

stone, lies above a strong plane of erosion. Most examples
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occur as well-marked channels, some of which may be traced
for quite considerable distances. ¢nly one horizon, the
Low Slate 5111, has a sheet-lilke form: it stlll has an
erosive base and retains all the petrographic features of
the shoestring or channel sandstones. when observable in
detail, the base of the channel is extremely irregular and
in places the erosive contact may be sub-vertical (Fig. 7.3).
Smaller washout channels may, however, have smooth regular
bases (Plate 11). In other cases the plane of erosion is
hardly discernible and can only be inferred by general
lithological relationships (p. 68 ). Within this facles
there is invariagbly a systematic decrease upwards in grain
size, which may eventually lead to a thin development of

fine clastics at the top.

The uppermost beds of this facles pass gradually
into elther a seatearth or a shell bed facies. The seat-
earth, which may be either a fireclay or ganister or both,
is never very thick. In rare instances no seatearth 1is
present, but the top 1s marked by an impure cocal. The
passage into the shell bed facies may take place through a
postulated beach or coastal bar facles (p.205), or through
a complex series of arglllaceous sandstones and siltstones
of uncertain origin. In either case there 1s no interven-

tion of marsh or swamp facles.

E Possible environment

All of the features of the previously described
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series indicate a fluvial environment of deposition; the

main factors are summarised below:-

1) the universal occurrence of an erosive base

to the series;

o

the commonly observed channel or shoestring

nature of the facles;

3) the contalned sediments gradually become
finer grailned upwards;

4) the presence of cross-stratification of
fluvial aspect;

5) the preponderance of plants of presuﬁed

terrestriel origin, and the complete absence

of marine fossils.

Many of these points are self-explanatory, or have been
sufficiently elaborated in the preceding text, but some of
them are worth considering in greatef detall. Although not
a slngle one of these attributes, if taken by itself, could
be saild to 1ndicate conclusiﬁely a fluvial environment, the

presence of all five is convincing.

The concept of a fining upward cycle has often
been emphasised in the text wilth reference to Upper Limestone
Group sandstones of this facies. Exactly the same phenomenon
has been described from many modern river channels (Fisk and

McFarlan, 1955, Eig. 2, p. 28l; Dunbar and Rodgers, 1957,
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DPe 32; van Straaten, 1960, p. 419; Schumm, 1963, p. 1096).
In the Mississippl Quaternary flood plain, Fisk and McFarlan
(1955) consider that the passage upwards of the fluvial
facies into their finer "deltalc plain'" facies is due to

the rise of sea level after the Quaternary glaciation. The
same feature may also be produced during aggradétion of a

river system (van Strasten, 1960; Schumm, 1963).

Sedimentology has recently seen important
advances in our knowledge of the stratification of sediments
deposited by rivers. It 1s generally agreed that most
deposition in meandering streams takes place on point bars
on the insides of meanders (Dunbar and Rodgers, 1957, p.

31l; Wright, 1959, p. 611; van Straaten, 1960, p. 419).
Wright (3912') maintained that polnt bar deposition would
result in planar sets formed at right angles to the prin-
cipal current directlon. However, three recent papers on
modern point bar deposits (Frazier and Osanlk, 1961; Lane,
1963; Harms et al., 1963), 1ndicaté that stratification is
mainly of "trough-type" with subordinate "planar-type'".
Furthermore,-the cross-strata are orientated parallel with
the local stream flow and not at right angles to it.. More
general aspects have been studied by Allen (1963a,b) in a
series of papers on the origins and classificatlon of cross-
stratification types. The overall concluslons of these
several workers are much in agreement, and will be briefly
summarised below in relation to the Upper Limestone Group

examples.
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Trough cross-stratification of various scales is
a common feature of fluvial sandstones in the Upper Limestone
Group of the area surveyed (p.229). The nature of 8hese
troughs is exactly similar to those observed in modern river
sands, and there is therefore good rseson to postulate an
essentially similar origin; there may not, however, be a
unigque mode of formation. Fraziser and Osanik (Eglg., p. 135)
and Allen (1963a,b) have shown that trough cross-stratifica-
tion may form as a result of the contemporaneous erosion
and deposition inherent in the migration of a train of sand
waves or large scale linguold asymmetrical ripples. Harms
and his co-workers (1963, p. 574) have suggested another
mechanism in view of the absence of sand waves or large
vlinguoid ripples from the viecinity of the Red River point bar
which they studied. They postulate local turbulence in the
form of vortices moving with the cufrent flow which scours
out a spoon-shaped trough. This 1s subsequently filled wlth
sediment by an unspecified process. The whole sequence of
erosion and deposition is believed to represent one con-
tinuous process {(ibid., p. 574). One important point of
difference between the trough stratified sands in the Eked
River point bar and the Locksite polint bar 1s that the latter
are believed to form entirely below water (Frazier and
Osanik, 1961, p. 136), whereas the former are periodically
expoéed and are only covered by the river for approximately

six months of the year (Harms et al, 1963, Fig. 3, p. 569).
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The thin beds of planar cross-stratified sand-
stone found in the Upper Limestone Group in associatlion with
trough cross-stratification also have thelr counterpart 1in
modern fluvial sands. Harms and his co-workers (1963, p.
576) record thin sets of planar cross-strata, some three to
four inches thick, but reaching two feet in thickness on
occasions. They are the deposits of migrant "sand waves"
or, in Allen's terminology (1963a), large scale straight
asymmetrical ripples. In the 0ld River Locksite point bar,

planar cross-stratificaetion was nowhere observed.
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X Directlonal studies in fluvial sandstones

A study of the directional properties of the
fluvial sandstones in the arsa to the east of the Burtreeford
Disturbance was undertaken during the course of the routine
mapping. Poor exposure limited the usefulness of these
data except 1n the case of two horizoné, the Low Slate Si11l
(and 1ts equivalent the Low Grit Sill), and the High Grit
Sill. Mosﬁﬂ%he measurement s were made 1In the tributaries of
the River Derwent and Rookhope Burn where exposure is gobd;

a few measurements were also obtained in Eazt Allendale.
Time unfortunately did not allow use to be made of several

good exposures to the west of the Burtreefard Distmbance.
A Method

Exposures in the fleld rarely allow discrimination
to be employed in the collection of the directional data
from cross-stratified sandstones. Normally, as many
observations as possible were made at any outcrop, but
readings were limited to one per set of cross-strata.
Azimuths were measured with a prismatic compass to the”
nearest 50, and inclinations were measured with a clinometer
level. The structural dip 1s difficult to measure at out-
crop because of the cross-stratification, but 1t averages
5 or 6°; thus, no correction of the cross-stratificatlon
data for tectonic dip was considered necessary. As a

precaution, readings with strata inclination less than 10°
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were discarded (Tanner, 1955, p. 2472). The data were
subsequently plotted as rose deagrams with a 10° azimuthal
separation (Flg. 15.9), and statistically analysedfusiﬁg
the Curray method (1956). In this way, both the aximuth
and magnitude of the resultant vector may be calculated:
the.resultant vector magnitude (in percent) gives a measure
comparable with]standard deviation (1bid., p. 120). The
significance of the result 1s checked by using the
Rayleigh teést, for which Curray gilves a graph relating
total number oflmeasurements and vector magnitude (3219.,
Fig. 4, p. 126). The probability levél accepted in this
thesis is 0.10. Thils indicates that there 1is a.ié%
probability that the r esultant vector actually does rep-
resent the distribution employed in the calculation and

is not merely due to chance, It does not 1lndicate the
probability that the resultant vector represents thev
actual directional field at that locallty. The method.of
calculating the resultant vector is given below, and the

results are summarised in Tables 11l and 1lZ2.

Calculation of resultant vector

(from Curray, 1956)

North-south component = 2n cos ©
East-west component = 2n sin ©
ten O = $n sin ©
Zn cos 0 ‘
r = '\[(2n sin 0)24- (4n cos 9)2
L = T , 100

n



Data on resultant vectors of cross-

TABLE

11

stratification agimuths 3 Low Slate Sill

Locelity

Fo
H o

O o0 ~N OO W W

n

82

49
125
36
27
11
16
15
17
6

35

r

2k 3
11.6
33.0
9. 06
6.79
5.0
5.48
5.57
6. 24
2.83
9.6L4

Az,

137
147
147
108

82
126
110
129
182
156
171

L(%)

29.6

23,67
26,4

25.17
25.15
45,45
3k4e 25
37.12
36.73
47,13
27.54

&,
0.01
0.05

1072
0.05
0.10
0.05
0.10
0,10
0.05
0.10
0.05
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azimuth from 0° to 360° of each observation or

where ©
group of observatlons
© - azimuth of resultant vector
n - observation vector magnitude, or, in the case of
grouped data of unit vectors, it 1s the number
of observations in each group
r = magnitude of resultant vector

L = magnitude of resultant vector in percent

B The Rogerley Channel

The exlstence of a channel of considerable mag-
nitude, represented by the Low Grit Sill, was first démon-
strated by Dunham in 1948. He observed (ibid., Fig. 4,

p. 38) that the trend of the channel was approximately
NNW-SSE around Hunstamworth, but becoming N-S through
Stanheépe InWeardale. This is coﬁfirmed so fas as 1is pos-
sible bv recent mapping: the trend of the western édge-of
the channel in the Hunstanworth area was found to be 155°
(Fig. 15.10). A total of 256 cross-stratification azimiths
were measured iIn three trave£ses along beldon, Nookton, and
Bolt's Burns; the result s are summariged in Table 11 and
Figure 15.9. The azimuths of the resultant vectors 1n
Beldon and Nookton Burns are both 1470, which agrees well"

with the observed trend of the channel in that area. In
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Bolk 's Burn the resultant vector has a bearing of I37°,
which presumably indicates a slight change in the orienta-
tion of the channel. Analogous directional studies by
Frazler and Osanik (1961) and Harms et al. (1963) on
recent fluvial sands lend convictlion to tha bellef that
vectorial analysis of cross-stratification directions

truly indicate current flow.

The results of the 0ld River Locksite obser-
vations (Frazier and Osanik, 1961) are perhaps le"ss ﬁseful
in the present context because the autha 8 do not make
clear how many cross-stratification directions were
measured ln each trough; it would seem tha€ only one was
measured as a general rule (ibid., Fig. 11, p. 134). Thelr
quoted average dip direction presumably indicates morenér
less the orientation of the troughs, assuming that the
measurements were made near the trough axis. ‘the corres-
pondence between the postulated& direction of current flow
and the actusal local channel alignment 1s very high. the
results of a similar study on a ked River polint bar \Harms
et al., 1963) are more comprehensive, and produce two

important conclusions (ibid., p. 573):-

1) resultant vectors of trough axes closely
parallel local stream flow directlions
2) resultant vectors of included cross-stratal

inclinations also parallel local stream flow
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directions, but a few tens of observatlons

are requlired for comparable accuracy.

" In studying the directional properties of ahcient rocks 1t
i1s often impossible ta measure directly the trough axis;
restrictions provided by naturasl exposures are the major
inhibiting factor. In the present study, therefore,
‘directional observatlions have been made entirely on randomly
selected beds. <the resultant vector has already been shown
to supply a sstisfactory value for the preferred orientatlon
of a given distribution, but it 1s interesting to speculate
on the actual nature of the distribution produced by such

an analysis of trough cross-stratified beds. It 1is signifi-
cant that all three rose-diagrams 1llustrating cross-
stratification directions in the Hogerley Channel are
polymodal (Fig. 15.9). Furthermore, there is a certain
consistent symmetry about the modes which suggests that

they are not fortuitous, but are reproducible phenomena
requiring an explanastion. In particular, it 1s apparent
that the rose-déagrams from Beldon and Nookton Burns are
closely comparable. By and large, they have two major

modes approximately biseected by the trend of the channel
itself, and two subsldeary modes at right angles to the
channel trend. The rose-diagram from Bolt 's Burn shows

both of these features, but differs 1n the presence of a

strong central mode close to the direction of the resultant
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vector. The question to be resdved is whether these modes
are significant in terms of the genesis of the cross-
stratification, or whether they merely represent a pecu-

liarlity of the sampling technilque.

The fleld observation were not sufficlently
comprehensive to include detailed descriptions of all
cross-strata measured, so 1t is ﬁnfortunétely impossible
to tell whether a particular mode 1is relgted to a parti-
cular type of cross-stratificatlion. However, it 1is
demonstrable that this type of distribution can be explained
in terms of a specific sedimentological mechanism, leaving
aside for a moment considerations as to the feasibillty of
such an explanation. Folk and Ward (1957) have described‘a
V-shaped bar occurring in the brazos River, Texas. The baf
15 situated on a strong meander, and is in fact a point bar
deposit; the open end of the "V" points upstream (Fig. 15.11).
It is, in effect, a large solitary linguoid ripple (Allen,
1963a). An interesting feature of the bar is the orienta-
tion of local current flow over it 1n relation to the gens®ral
flow of the stream: the local flow is at approximately 45°
to the trend of the channel (ibid., p. 4). Although this
bar is composed of gravel showing Imbrication, a sand bar
of siﬁilar shape would contain cross-stratification direc-
tions ingicating a similar flow pattern. A systematic plot

of cross-stratification directions in this bar would result
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in the approximate distribution shown in Figure 15.11, which
is‘closely comparable with the two major modes of the
Nookton and peldon rose-diagrams. irains of irregularly
distributed v-shaped bars or lingoid ripples are known to
occur in nature (Allen, 1963a, rkig. 8, p. 201), and it is
believed that cross-stratification within such deposits

could produce an essentially bimodal distribution.

The minor modes, occurring at right angles to
the observed trend of the rogerley Channel (Fig. 15.9),
may also be explalined as primary sedimentological phenomena.
Reference to the Brazos River Bar (Fig. 15.11) shows that
subsidiary currents may be omentated approximately at right
angles to the river bank. Similafly, on a polnt bar on the
santlam River, Oregon, local currents are directed away
from the main channel tewards the bank (Byrne, 1963, Fig.
1, p. 468). These currents are strong enough to produce
imbrication in pebbles and should also be capable of produc-
ing cross-stratification in sands., It cannot be proved
that this is in fact the origin of these mnor modes, but
careful study of the type of cross-stratificatlion assoclated

with each mode may produce significant information.

The presence of three major maies in the Beldon
Burn data (Fig. 15.9) may be explicable in several ways.
The additional central mode may be a pecullarity of sampling

and more apparent than real, although this is extremely
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doubtful. The fact that the Bolt's Burn section involves
th@ whole thickness of the Rogerley Channel, whersas the
other two are more or less restricted to the same level
within the Low Grit S5ill, may involve the introduction of
andther factSr into the Bolt's Burn data. This factor
could be an increase in the relative importance of planar
cross-stratification, or sme other change in the'sedimen-
tary processes of the river. Alternatively, there is a
possibllity thaet all of the modes in the distribution have
no genetlic significance, and are merely functlions of random
sampling of trough cross-stratified beds. This 1s the mxt

point which must be considered.

A rigorous study of random sampling in cross-
stratified beds 1s clearly needed 1f the full significance
of directional data in natural occurrences is to be appre-
cilated. The only svidence in this connection known to the
writer 1s a rather inelegant treatment of a theoretical
linguoid ripple pattern investigated by Allen (1963a, p. 216).
Allen measured assumed cross-stratsl dip directlons at
randomly selected positlions on his model of the surface
features of the ripples and not on their internal features.
The two are not necessarlly the same, and 1t is the internal
features which are usually preserved in anclent Sandstones.
However, 1t may be assumed that an analysis of both external

and internal features of the ripples would give similar



Figure 15.12

Known current
direction

Frequency distribution pattern produced by
measurements on randomly selected orientat-

ions of ripple crests (after Allen, 1963a).
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results. Allen (ibid., Fig. 16D, ps 216) plotted as a
histogram the deviation of the .ripple-crest orlentation
from the assumed mean current direction. It 1s interesting
to observe that this random selection gives a,strongly
trimodal distribution, with an approximately central mode
flanked almost symmetrically by two larger modes (Fig.
15.12): this distribution has astrong superficlal pesem-
_blance to the cross-stratification distribution iﬁ Bolt!s
Burn. The fact that the two major modes in Allen's data
devlate sfrongly from the actual current direction is not
important because they are based on theoretlcal shapes of
linguoid ripples, which may not be borne out by naturally
occurring examples. An important question yet to be
resolved, ls whether this argument can be regarded as proof
that the modes in the directional data from the Rogerley
Channel are merely a product of random sampling of trough
cross-stratified sandstones. With the pfesent state of
knowledge a positive answer cannot ?e given; many investi-
gations need tQ be undertale n before the important question
of the significanée of modes 1in cross-stratified fluvial

sandstones can be resolved.

C Low Slate Sill

Directional data are known from the Low Slate Sill
at widely scattered localitles, but little is known in the

immediate vicinity of the Rogerley Channel; the slight



3
9}
¢t

change in sandstone type and the lack of exposure in upper
Nookton and Beldon Burns are the maln factors responsible.
However, the resultant vectors of cross-stratification
azimuths over the remainder of the area, wlth probability
over 0.10, lie in the south-east gquadrant, indicating
derivation from the north-west. Moore (1960, p. 227) found
that sheet sandstones in the Middle Limestone Group were
derived from neighbouring channel sandstones by multiple
crevassing., The Low Slate Sill 1s a sheet sandstone, but
one with an erosional base: the avallable directional data
do not suggest a similar origin, but rather one under the
same fluvial reglme as deposited the Low Grit Sill iIn the
Rogerley Channel. It is belleved, therefore, that the

very coarse deposits of the highly erosive Rogerley Channel
constitute the 1lnitiation of the fluvial phase in thls aresa.
Subsequent aggradation of the channel was accompanlied by
lateral migration of the river system, which involved an
essentlally erosive stage followed by typlcal fluvial sedl-
mentation. Cross-stratal orientations from the Low Slate
S111 in East Allendale indicate: a dominant westerly com-

ponent in that area (Fig. 15.10).

D High Grit 311l

The orientations of the resultant vectors from
the High Grit S5Sill in Nookton Burn show an apparent two-

fold origin«sof the sediments involved. It can be seen from
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TABLE 12

Data on resﬁltant vectors of cross-

stratification azimuths in High Grit Sill

Locality n r Az, L{%) R,
1 21 7.28 261 =3Li67 0.05
2 26 6.63 287 25,5 0,10
3 15 5 39 155 35,90 0,10
L 17 5.39 262 31,68 0,10
5 27 7.55 195 27.96 0.10
6 8 4,00 158 50,00 0,10
7 23 6.56 215 28.51 0,10
8 14 5.29 168. 37.79 0,10
9 3 1.73 277 57.73 0.10
10 5 3.3 180 66.28 0,05
11 1y L. 69 247 33,5 0,10
12 16 6.48 201 40,5 0,05
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Figure 15.13 that sediment derivatlion is from the east )

except at Nookton head where the vectors indicate a northerly
source. Indeed, at Nooktonhead both easterly and northerly
vectors are present in a small area, but it is evident from
.field observations that the easterly vector refers primarily
ﬁo the lower beds in the High Grit Sill, and the northerly
vector to the upper beds. Simllar changes in sedimentation
patterns in a single sandstone member have been observed in
the Grindstone Sill of the present area, and also in the
Rough Rock of Yorkshire (Shackleton, 1962, p. 114). Direc-
tional data from the High Grit Sill in Rookhope Burn con-
firms the general conclusion that sedimentation 1s essen-
t1ally from the north-east (Fig. 15.13). The orientatilon

of the ripple marks in the Coalcleugh Transgression Beds
(the lateral equivalents of the High Grit 81ill) of Upper
Beldon Burn, further indlcates the possible influence of

northerly depositional factors,
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XI Concluding remarks

It 1s self-evident that not all cyclothems in
the Upper Limestone Group reach the same stage of develop-
ment. In the area studied, many contain no evidence of
terrestrial sedimentation and are consideréd to be entirely
marine in origin. This type, often culminating 1in the
lagoonal shell bed phase 1s at least as abundant as the
type usually regarded as "typical" of Yoredale cyclothems,
fosin ac ks wpperwost mewber, The sctasonad forwabion of a marthy seakaarth
which has a seatearth[facies from the topset tidal flat
sandstones may be observed, and usually produces widespread
ganisters (e.g. the Filrestone ganister and the Hipple gani-
ster). The seatearths found in the fluvial environment are
usually less persistent (e.g. in the Slate Sills Formation)
with the possible exception of the one which ends the

' fluvial episode (e.g. that below the Coalcleugh Coal).

Broadly, therefore, the Upper Limestone Group
sediments may be regarded as being deposited in & marine
foctor wag deltaic. The imbinoll aptociabicn Of warine and Recagirios _
environment in which the principal controllingAconditions'is
evident in many parts of the succession. Occasionally the
fluvial environment of the deltalc seguence becomes domi-
nant in the area, and deposited sediments of an essentially
terrestrial aspect. The mechanlism producing the repetifion
- of the cyclbthem sequence 1s beyond the scope of this work.
Either the type of sedimentolégical control envisaged by
Moore (1958) or some kind of eustatic change suggested by
Wells (1960) and Hallam (1963) could produce the sedimentary

sequence observed in the Upper Limestone Group.
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APPENDIX I\

LIMESTONE PETROGRAPHY

I Little Limestone

In hand specimen the Little Limestone 1s dark to
medium grey in colour and usually contains abundant crinoid
columnals; very little fine grained material can be observed.
Other macrofossils are not common and tend to occur in thin
bands. Stratification is ill-defined and irregular, but
there is a thin sand-rich zone at the base which has a sharp
upper boundary. OSaucer-shaped dolomitlec structures of prob-
lematic origin are apparently peculiar to the Little Lime-
stone (p. 279).

Limestone type:- Generally crinoild blomicrite with subordi-

nate amounts of crinoid blosparite.

4 Pramewocrk constituents

Allochems The allochem constituents in the Little Limestone
are predomlnantly of organic origin; crinold columnals are by
far the most abundant of the allochems. Crinoid fragments
are always present, but the relative proportion of foramini-
fera, shell fragments, znd bryozoa is extremely varlable.
Many of the crinoidal fragments are marglinally replaced b§
sparry calcite in the matrix, so that their outlines become

irregular; this feature 1s common in all the limestones
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studied in the Upper Limestone Grqup (Plate 81). The
foraminifera may occasionally be partially replaced by
pyrite. Intraclasts occur but rarely in the Little Lime-
stone and generally comprise rounded fragments of micrite,
sometimes containing supposedly faecal pellets. Some
intraclasts are in fact rounded cfinoid columnal s whose
multiple origin is betrayed bv the presence of a black

organic pigment.

Quartz. The basal sandstone contains moderately well-
sorted sand grains of all three crystalline types (p. M4).
There is generally no carbonate matrix now, so pressure
solution and authigenic overgrowths are common. Percen-
tage of quartz falls off rapldly above the true sandstone
layer, and generally comprises less than 5% of the lime-
stone. The gquartz grains are usually very fine grained

and angular.
B Matrix

An interlocking mosaic of medlum sized calcite
crystals constitutes the matrix of most of the speclmens
studied from the Little Limestone. This 1s not a sparite
of Folk's classiflcation 11959), because the crystalline
calcite is believed to be of organic origin: the majority
of the calcite 1ls dusty or clouded in appearance, a feature
typical of crinoid columnals. The irregular nature of the

contact between adjoining grains suggests pressure solution
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(Plate 82) rather than growth in a drusy cavity or re-
crystallisation. The majority of the crystalline calcite
in the matrix, therefore, 1s believed to be much reworked

crinoidal material.

Micrite occurs in irregular patches, but never
constitutes more than 15% of the limestone (Plate 83).
Authigenic calcite may grow into the micrite with well-
developed crystal faces. ‘'I'rue sparite, comprising large
crystals of clear calcite, does occur in one sample of
the Little Limestone (Plate 84). It may grow in optical
continuity with neighbouring crinoid columnals. ‘he
sparite exhibits syntaxial growth and increases in size
towards certain centres, which Bathurst (1958, p. 15)

interprets as belng due to growth in a drusy cavity.

C. Problematic structure

The general appearance of thls structure is
illustrated in Figure A.l1 and Plate 85. 1In thin section,
the essential petrographic featureistheinterlocking coarse
crystals of ferruglnous dolomlte (Plate 86): the identifi-
catlon is based on an X-ray analysis kindly done for the
writer by mrs. M. Kaye. There is a sharp contact with the
enclosing rock, yet there are apophyses of the host rock
extending into the structure (Plate 86). The country rock
is itself only partly calcitic, and contains many perfect
rhombs of dolomlite which have nucleated on crinoid colum-

nals (Plate 87).



Figure A.1

VERTICAL CROSS-SECTIONS THROUGH THE
DOLOMITE STRUCTURE IN THE LITTLE LIMESTONE

ro
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Diagenesls has clearly played a major part in
producing this structure, but the exact time of dlagenesis
in relation to the formation of the rock as a whole, 1is
uncertain. 7The sharp boundary to the structure and its
different petrography suggest a different origin from the -
bulk of the rock, and, as such may be regarded as a primary
sedimentological feature. It 1s uncertain whether it repre-
sents a reworked dolomite deposit which subsédﬁeﬁtl& dolo-
mitised the limestone in its 1lmmediate vicinity, or some
other type of carbonate deposit which was later dolomitised
itself, perhaps by solutions from thé many veins in the
area. There 1s no evidence of intensive_veining in the
Little Limestone, however, a0 the latter explanation 1s not

favoured.






II Crag Limestone

n the area studied this 1s a dark grey to black
sandy limestone weathering limonite brown. Finely divided
mica may be observable in hand Spécimen and crinoid and
shell fragments are common. Whole fossils are guite abun-
dant and occur scattered throughout the rock.

Limestone type:- Sandy blomicrite

A, Framework constituents

Allochems. Organic detritus constitutes the domlnant part
of the allochem content of the Crag Limestone. Crinoid
columnals and medium sized calclte crystals of organic
origin are abundant. The proportion of foraminifera 1is
variable and ranges from almost absent to prolific. Frag-
ments of brachiopods and lamellibranchs are occasionally
common. The petrography of the limestone is extremely
variable, even over a few millimetres, and quité different

limestone types occur in close aséociation.

Quartz. The Crag Limestone always contains a.certain amount
of sand which may amount to as much as 35%. Thin sand-rich
laminae are frequently observed which may die out completely
within the compass of a thin section (Plate 88). The quartz
usually occurs in associatlion with sllochem constituents.
Quartz grains may also occur sporadiczlly, throughout the

rock and are moderately well-sorted and usually angular,
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though some are well-rounded. Quartz plus sparry calcite
occasionally occur in elongate and curved bands due to the

action of burrowing organisma (Plate 89).
B. Matrix

The characteristic matrix is dark brown micrite
which is apparently hlghly carbonaceous (Plate 20). Com-
monly it may be recrystallised to microsparite (Folk. 1959)
which 1s pale yellow in colour. The micrite may occur as
discrete bands in which there are virtuslly no allochem
constituents, or it may occur in the interstices between

detrital calcitg, crinoid columnals and guartz.
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III Lower Felltop Limestone

Macroscopically, the Lower Felltop Limestone
may be elther light grey or dark grey to almost -black in
colour, but always contains abundant crinoidal fragments,
Algal-coatlngs, ascribed to the form-genus Osagla, a sym-
blotic growth of algae and foramihifera, occur on shell
fragments within the limestone and are typical of this

horizon. Stratification is commonly "wavy" (Plate 18).

Limestone type :- Biomicrite

A. Ffamework constituents

Allochems. Crinoid columnals, foraminifersa, andishell ffag-
ments are abundant constituents of the Lower Felltop Lime-
stone. The crinoidal detritus 1s now being marginally
replaced by microspar calcite., Most of the shells are dis-
articulated but a few whole ones occur in which clear, sparry
calcite has crystallised. Osagia is seen in thin section

as a dark, micritic layer of varying thickness coating

shell fragments, and, more rarely, crinoid columnals (Plate
91). It 1is not known whether Osagis thus shows a preference
for living on shell fragments or whether this merely 1llus-
trates the multiple origin of the limestone components.

The layers around crinoid fragments are invariably thinner
than those around shell fragments and are often incomplete.

Girvanella tubules may be seen in some sections of Osagils

to average 15 microns in dlameter.
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B. Matrix

Microspar forms the dominant matrix component
in the Lower Felltop Limestone, but varying amounts of
gparry calcite also occur. The microspar averages 10
microns in diameter, and the micréte from which it may
have crystallised (Folk, 1959) may still be observed as
small, lrregular patches. Clear, spérry calecite also
occurs up to about 80 microns in irregular segregations
which are bellieved tof orm by graln growth (Bathurst, 1958,
_p. 24) rather than by crystallisation in drusy cavity.
Thus, there appears to be a gradual process of "recrystal-
lisation" from the original micrite matrix to a sparite
matrix; only the intermediate microsparite stage has been

reached here.
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IV Upper Felltop Limestone

A medium to dark grey limestone which 1s brown
weathering at outcrop. vurinoild columnals are usually
much in evidence in the hand specimen, and guartz may
also be obvious. Quartz content varies from almost nil
to about 50%, but, because of incomplete exposure, 1t is
usually impossible to observe the position of e parficular
sample in the limestone as a whole. In common with most
other limestones in the Upper Limestone Group the propor-
tion of sand 1s probably greatest at t he base and decreases
upwards.

Limestone type:- Bryozoal biomicrite

A. PFramework constltuents

Allochems. The proportions of the allochem constituents are
variable, but crinold columnals, foraminifera, and bryozoa
are the most common (Plate 92). Broken shell material occurs
sporadically, but only locally becomes abundant. Crinoildal
fragments commonly exhibit marginal attack by the mlcrospar
matrix (Plate 81), but in highly crinoidal examples pressure
solution and sutured contacts between contiguous crystals
are common (Plate 82)., Collophane is occasionally observed
to replace partially some crinoid columals. Micritic intra-

clasts and nebulous detrital calcite also occur.

Quartz. Much of the Upper Felltop Limestone contalns less

than'S% of quartz, but amounts up to 50% have been recorded.
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In the relatively guartz-free examples the sand is very
fine grained and occurs only in small pockets. It is
commonly very angular as a result of carbonate corro-

slon, but some 1s well-rounded.
B. Matrix

Recrystallised micrite (microspar) or micrite
form the matrix of the Upper Felltop Limestone. Only one
sample in fact, has a true micrite matrix, with average
grain size below 4 microns; this contains very little
sparry calcite. Most samples have a microspar matrix in
which the grain size 1s fairly constant and averages 8
microns. Occasional patches of sparry calcite occur in
the microspar but this is rather cloudy and not of the

drusy mosalc type.
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5V Shell Beds

Many so-called shell beds in the Upper Llmestone
Group are in fact ironstones because of thelr high siderite
and chamosite content: these are described eisewhere
(Chapter 14; pp. 203-22°9). Many of the non-ferruginous
shell beds fall into the catégoryhof limestone, for they
contain over 50% of calcareous materiél. The following
description is a summary of the petrographic properties
of eleven shell bed samples taken from the Pattinson S1il1l,
the Firestone Sill, the Knucton Shell Beds and the Rookhope
Shell Beds. Modal analyses of four of them are given in

Table 13.

~

TABLE 13

Sparry Organic White

Sample Quartz Calcite calcite mica Access.
matrlx
80 33.9 45,5 17.6 1.0
225 35.1 55.4 8.6 0.9
313 35,9 60.6 1.9 1.6
355 43.8 56.0 0.2

A, Framework constituents

Allochems. Shell fragments and crinoid colummals are the
most abundant members of this group, although the actual
proportions vary quite conslderably; some shell beds are very

largely composed of abraded shell fragments, and other "shell
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beds" contain dominant crinoid material. 1In the particularly

- quartz-rich varieties shells may occur in local pockets only.

Other major components. Quartz is generally the most abun-

dant non-calcareous constituent of the shell beds, although
there are some in which it is virtually absent. In the
extremely sandy shell beds all three mineralogical types

of quartz (p. N4) may be observed. Mostly, the quartz 1s

rather poorly sorted and shows corrosion by calcite.

White mica and degraded blotite may occasionally
be present in the shell beds. The one sample containing
biotite is noteworthy for the fact that calcite is seen to
invade the bilotite along 1ts cleavage. This process ulti-

mately results in the ditsruptlon of the biotite.

Carbonaceous materlal 1s commonly present, and
may be in the form of darbonaceous flécks, small grains,

. or rounded fragments of vitrain,
B. Matrix

A wide range of matrices is known in the shell
beds from the Upper Limestone Group. Many have a micro--
spar matrix, but sparry calcilte 1is also quite common,
especially in those limestones containing large fragments
of abraded shells. The sparry calcite here occurs as large
clear, lnterlocking crystals which is poikilitic to the
small~er cénstituents in the rock. Microspar in the matrix

beds
of other shellkcontains only small, lrregular patches of
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sparite. Siderite may form a small percentage of the

matrix in some samples.



Samgle

Number

47

51

57

70
80
93
94
96
123

133

135

139

142
145
173
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APPENDTIX ITI

LOCATION OF SAMPLES QUOTED

Geological
Horizon

Low Grit Sill
Low Grit oS5ill
Firestone Sill

Marginal facies,
Low Grit 3111l

Low Grlt Sill

Marginal facles,
Low Grit Siii

Firestone 5111
Firestone Sill
Low Grit Sill
Low Grit Sill
Fiddler's Sil1l
Low Slate Sill

Lr. Rookhope
Shell Beds

Coalcleugh
Ganister

Lr. Rookhope
Shell Beds

High Slate Sill
Low Slate Sill

High Slate S111

Location

Gibraltar Banks, Nookton Burn
Gibraltar Banks, Nookton Burn
Nookton Wood, Nookton Burn

Wagtail, Nookton Burn

Nookton Wood, Nookton Burn

Wagtail, Nodkton Burn

Near Nookton Farm, Nookton Burn
Smithy Cleugh, Nookton Burn
Nookton Burn

Nookton Burn

Coal Crag, Nookton Burn

Eastend Burn, East Allendale

Rookhopeburnhead
Lower Northgrain Qy., Rookhope
Rookhopeburnhead

Shorngate Sike, Rookhope Burn
Woodhead Qy., East Allendals

Grove Rake, Rookhope Burn
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225

286

305
310
313
317
321
326
327
330

355

-369
374
375

Pattinson Sill

Knucton Shell
Beds

Base, Crag
Llimestone

287

Wolfcleugh, Rookhope Burn

Sipton Cleugh, East Allendale

Smithy Cleugh, Nookton Burn

Grindstone S111 Great Espey Slke, Nookton Burn

" Grindstone S111 Nookton Burn

Knucton. Ironstaone Westerley Sike, Nookton Burn

Knucton IronstoneRed Braes, Beldon Burn

Pattinson 5111
FPirestone 5111
Pattinson Sill
Firestone Sill

Up. Rookhops
Shell Beds

Low Grit 5111

Cralg Nook, Rookhope Burn
Rookhope Burn

Rispey Sike, Rookhope Burn
Hawk, Sike, Rookhope Burn

Middlehope Burn, Weardale

Bolt's Burn, Derwesntdale

Grindstone S111 Ferney G111, Bolt's Burn

Rowton Well S5ill Burnhead Dam, Bolt's Burn
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