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Sedimentology, diagenesis and geochemistry of the Great Limestone,
Carboniferous, northern England.

James Gallagher

Abstract
Yoredale type cyclothems of the Mid-Carboniferous of north east England
were deposited as a result of glacio-eustatic fluctuations arising from waxing and
waning of the Gondwana ice sheets present in the southern hemisphere. Rhythmic
alternations of areas of maximum cyclothem thickness have been recognised in
the Scar to Little Cyclothems which are attributed to localised differential

subsidence, flexuring and uplift of the Alston Block of the northern Pennines.

A detailed study of one cyclothem, the Great Limestone Cyclothem of the
Alston Block, reveals that within the transgressive carbonates, the beds form two
and a half thinning-upward to thickening-upward bed-sets with the individual
beds and the bed-sets being correlatable across the region. Inevitable diagenetic
alteration of the Great limestone has occurred and resulted in resetting of some
initial geochemical values. However, it is proposed that in the case of 3'*0 and
several trace elements their trends through the limestone do in fact track an

original pattern, namely that of the bed-thickness pattern.

It is suggested here that the cyclothems are attributable to the short
eccentricity Milankovitch rhythm, the bed-sets, within the Great Limestone, to the
range of either the obliquity and precession rhythms, with the beds in the Great
Limestone being deposited in periods of the sub-Milankovitch millennial time-

scales.

The biostromes within the Great Limestone, the Chaetetes band, Brunton
band and the Frosterly band are typical of shallow-marine environments as are all
grains seen in thin-section analysis. All limestone beds are a similar bioclastic
wackestone to packstone with no observable changes in the proportions of the

various elements throughout the thickness of the Great Limestone.
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Chapter 1.0 Introduction

Chapter 1.0 Introduction

1.1 Introduction
The middle Carboniferous was a time of major global environmental

upheaval ranging from greenhouse to icehouse conditions. England was passing
over the equator during this time and together with changing sea levels, due to the
greenhouse to icehouse fluctuations, the thermal equator varying significantly
around 10° — 15° north, (Coe ef al., 2003) and variations in solar irradiance, this
resulted in major changing sedimentary depositional environments and the

formation of the ‘Yoredale’ cycles (also referred to as cyclothems).

1.2 Aims of Study
The aim of this study has been to assess the Asbian to Namurian

sedimentation patterns and specifically the sedimentary mechanisms and time-
scales of one such ‘Yoredale’ cycle, the Great Limestone cyclothem in greater
detail.

The study tests the hypothesis that sedimentary controls of the mid-
Carboniferous strata of the Alston Block of northern-England are, together with
some local controls, attributable to orbital forced mechanisms related to
Milankovitch and sub- Milankovitch rhythms and that trends seen within the bed
architecture, oxygen isotopes and trace elements reflect the depositional

environment.

This assessment has been carried out by:-

e Presenting details of the sedimentology of the ‘Yoredale’ cyclothems of the
Alston Block of Northern England, including assessing the structural features
of the Alston block.

e Discussing the thickness variations of each cyclothem between the Asbian and
early Namurian, with particular emphasis on how the thickness of each
cyclothem changes across the Alston Block and how cyclicity is presented
within the bedding architecture.

e Examining the palacoecology of the Great Limestone with regard to facies and

revealing sub-facies and grain association changes through the limestone.
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e Analysing the isotope and trace element geochemistry of the Great Limestone

and comparing trends and cycles against those seen in the bed architecture.

1.3 Location of research
The Great Limestone cyclothem has been examined across the Alston

Block and in the neighbouring Stainmore and Northumberland Basins (Figures
1.1 and 1.2). However, for the detailed, often bed-by-bed analysis of the Great
Limestone, the accessible outcrops at Hudeshope beck near to Middleton in
Teesdale has been studied in detail. A complete section of the limestone can be
found there between O. S. Grid reference 394784, 527610 (Jacks Scar), and
394916, 527276 (Skears Quarry).

1.4 Sampling techniques
Two techniques were used for sampling of the Great Limestone and these

are discussed in detail in Chapter 7 and 8. A total of 309 samples were collected

for this research.

1.5 Cyclothem thickness analysis
Cyclothem thicknesses were analysed using published data. These data

were transferred to the computer program ArcView™ which was used to
construct isopach and contour maps. Cross section line data were then transferred

to the computer program AutoCAD™ for construction of the cross-section lines.

1.6 Thin Sections
149 thin sections from the Great Limestone were studied for this research.

Thin-section analysis was carried out to assess facies, textural classification,
grain-size analysis, sedimentary structures, abundance and description of grains,
biodiversity and grain associations. Published palacobathymetric indicators were
used within the analysis. Samples for the thin section analysis were collected from
Hudeshope Beck at Middleton in Teesdale (OS 394784 527610 and OS 394916
527276) and the positions are shown in Figure 1.2.
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Figure 1.1Research location map. 1=Hudeshope Beck, Middleton in Teesdale (OS 394784 527610 and OS 394916 527276). 2=Bollihope Beck (OS 3010
5351). 3=Lanehead quarry, Stanhope (OS 39885 54052). 4= Weardale Cement Works, Eastgate quarry (OS 3949 5365). 5= (Chestergarth Quarry, Rookhope,
Weardale OS 39410 54220). 6= Killhope, Weardale (OS 3822 5433). 7= Barney Cragg, Weardale (OS 3803 4675). 8= Sleightholm Beck (OS 953 105).
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Middieton in Teesdale, Hudeshope Beck
Grid refs (Jacks Scar) 394784 527610 and (Skears Quarry) 394916 527276

Bed Bed Major stylolite Major biostromae
Mumber Thickness and muddy (coral & brachiopod) 6" 0%= PDB
parting positions Itio

Bed Bed
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C/N Ratio

3 19
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Figure 1.2 Log of the Great Limestone at Hudeshope Beck. Bed numbers (1-25), bed thicknesses, the names of the individual beds (correlated from
Fairbairn’s sections 1978), the occurrence of stylolites and pressure dissolution planes, and the location of the fossil bands (‘biostromes’). A = Chaetetes
Band, B = Brunton Band and C = Frosterley band. Sample positions for thin sections (Chapter 5), isotopes (Chapters 6 and 7) and trace elements (Chapters 6

and 8) shown on 5'%0 plot, sample positions for CSN shown on C/N Ratio plot (Chapter 8).
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1.7 Stable isotope analysis
149 Oxygen and carbon stable isotopes were analysed from the Great

Limestone and these were used to assess the degree of diagenetic alteration and to
contribute to the determination of the factors controlling deposition. Cyclicity
within the data has been assessed and compared to a Fischer Plot of bed thickness
to assess associations of bed thickness and geochemistry, again with a view to
understanding deposition. The results of the analyses were compared with
published data. The samples were collected from Hudeshope Beck at Middleton in
Teesdale (OS 394784 527610 and OS 394916 527276) and the positions are

shown in Figure 1.2.

1.8 Trace element geochemistry
149 samples of the Great Limestone have been analysed for Al, Ca, Fe,

Mg, Mn, Si, Zn, Pb, Ba, Sr, S and Na. The sample positions were the same as
those used for the thin-section and isotope studies and their positions are shown in
Figure 1.2. The results of the analyses were compared with those from published
data and used to assess cyclicity within the Great Limestone and make
comparisons with the bed thickness patterns, all with the aim of determining the
controls on deposition. The samples were collected from Hudeshope Beck at
Middleton in Teesdale (OS 394784 527610 and OS 394916 527276) and the

positions are shown in Figure 1.2.

1.9 Carbon- Sulphur-Nitrogen analysis
160 samples have been analysed for CSN analysis covering 8 metres of the

Great Limestone from approximately 6 metres above the base to approximately 14
metres above the base, each sample was the result of collecting drill powder from
sample positions at 5 centimetre intervals throughout the 8 metres. The results of
the analyses were used to assess cyclicity within the Great Limestone and make
comparisons with the bed thickness patterns with the aim of determining the
controls on deposition. The samples were collected from Hudeshope Beck at
Middleton in Teesdale (OS 394784 527610 and OS 394916 527276) and the

positions are shown in Figure 1.2.
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1.10 Outline of Thesis

Chapter 1 is a brief introduction to the thesis, the areas studied and methods.

Chapter 2 is a brief introduction to the regional and global depositional history of
the Mid-Carboniferous of Northern England.

Chapter 3 discusses the structure of the Alston Block of Northern England
including the fluvio-deltaic and shallow-water carbonate sedimentation referred to

as the Yoredale cycles, of the Late Viséan and early Namurian.

Chapter 4 considers thickness variations of the Carboniferous
cyclothems including the Great limestone Cyclothem using previously published

data.

Chapter 5 presents the palacoecology of the Great Limestone with regard to

facies and proposes various sub-facies and associations.

Chapter 6 considers the geochemical data and whether these can be used for
interpretations of the chemostratigraphic history of the Great Limestone. The
integrity of the data with regard to the diagenetic history of the Great Limestone

has also been considered.

Chapter 7 presents the results of oxygen and carbon stable isotope analysis of the
Great Limestone, and makes interpretations in terms of the deposition and origin

of to the beds and bed-set cycles, and environmental considerations.

Chapter 8 assesses the major and trace element geochemical and CSNdata as a
record of the palaeoceanographic and depositional history and determines how
these data can be used to understand the controls on limestone deposition. Data

are also compared to published results of similar limestones.

Chapter 9 considers the occurrence of stylolites within the limestone and the

possible controls on their formation.

Chapter 10 summarises the conclusions of this research.
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2.0 Carboniferous palaeogeographical/geological and

tectonic history of Northern England

2.1 Introduction
This chapter aims to set the scene with regard to the regional and global

depositional history of the Mid Carboniferous of Northern England. To a certain
extent the Mid Carboniferous palacogeographic landscape of the area cannot be
fully understood without a very brief discussion of the Cambrian to the Devonian
and early Carboniferous Palacogeographical/geological history and this is touched

upon below.

The Closing of the lapetus Ocean from the Cambrian to the
Ordovician/Silurian and the resulting Caledonian Orogeny in the Silurian to early
Devonian resulted in the formation of the Laurasian continent and the Caledonian
mountain belt of North America, Greenland, Britain and Norway with Britain
laying on the European, southern, side of the continent; contemporaneously the
Tornquist Ocean between Avalonia and Baltica also closed. Caledonian Mountain
building events and faulting and the emplacement of granites in northern England
during the post Caledonian tectonics were of major importance to the structural
and sedimentary evolution of the Carboniferous of Britain; Caledonian faults being
reactivated during basin formation and mountain ranges supplying much of the

non-marine sediment.

During the closing of the Iapetus Ocean the Rheic Ocean, formed between
Gondwana and Avalonia, began to close in the Devonian and by the early to
middle Carboniferous (Mississippian) , Figure 2.1, the eastern part of the ocean
had already closed substantially due to the eastern United States colliding with the
Meguma Terrain, a fragment of Gondwana. The resultant Variscan/Hercynian
Orogeny involved a complicated assembly of different terrains, micro plates and
collisions and this continued to develop until Gondwana and Laurasia were fully
connected and the super continent Pangea was formed by the late Carboniferous to
early Permian. This continent to continent collision, well developed within the

Iberian-Amorican-Massif Central Region, resulted in the formation of back arc
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basins and basins located behind island arcs on the overriding plate (Leeder 1987)
and involved clockwise rotation of the continents resulting in strike slip faulting,
crustal thinning and extension and major displacement (Redfern, 2000). Leeder
(1987 and 1988) and Lemon (2006) referred to Britain as being on a wide shelf of
a closing Hercynian marginal sea during the Carboniferous. Leeder (1987) found
no evidence for a wide ocean to exist during the Visean between Britain and
Gondwana due to limited oceanic crust development; however, he did suggest
evidence pointed towards a Rheno-Hercynian zone acting as a back arc seaway,
suggesting that the Rheic Ocean had already closed at this time south of Britain.
The closure of the Rheic Ocean and the resultant crustal extension created by
subduction of the plates was, together with the emplacement of granites in
northern England during the post Caledonian tectonics, instrumental in the
formation of a series of east-west orientated block and trough/basin structures in

the North of England.

Early Carboniferous

Late to Middle Carboniferous

Figure 2.1. palaeogeographic reconstruction of major continents during the Carboniferous.
After Grossman (1994), Lemon (2006) and Scotese (2008).
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The closing of the Rheic Ocean would have been instrumental in major
changes to climatic patterns throughout Gondwana and Laurasia; there is evidence
for monsoonal circulation in palaeoequatorial regions with semi-arid conditions
and seasonal rainfall indicative of monsoonal circulation (Wright, 1990; Falcon-
Lang, 2000, Wright and Vanstone 2001). The closure of the Rheic Ocean would
have resulted in the end of monsoonal circulation within Gondwana and Laurasia.
Seasonal changes between semi-arid and high rainfall are characteristic of modern
monsoonal circulation regions such as in south east Asia (Chao and Chen, 2001;

Dettman ef al., 2001).

As discussed above, during the Carboniferous, Britain was on a wide shelf
of the closing Hercynian marginal sea, a possible remnant of the Rheic Ocean,
with low land swamps to the north-east. The continuing development of the shelf-
sea and land areas in north east England was dependent upon localised differential
subsidence superimposed upon regional subsidence. Deposition occurred slightly
below or above sea level with siliciclastic input from the Caledonian mountains in
the north to north east. Generally, true marine conditions lay to the south west,

while sedimentation became more terrigenous to the north east.

A major period of glaciation existed in Gondwana which could have
commenced as early as the Late Devonian (Caputo and Crowell, 1985). By the
Asbian stage of the Carboniferous this was well established (Wright and Vanstone,
2001) evidence of which can be found in Antarctica, Africa, India and Australia.
Due to the North Pole being nearly devoid of ice while glaciation existed in
Gondwana this resulted in the thermal equator being some 10° to 15° north of the
geographical equator (Coe et al., 2003) Palaeoclimatic indicators, polar wandering
curves and palynological assemblages (Van Der Zwan, 1981: Van Der Zwan et al.,
1985), are supportive of the Laurasian continent having moved north eastward
from approximately 15° south to a few degrees north of the palacoequator from the
late Devonian to late Carboniferous passing over the equator in the late Viséan to
early Namurian; Britain had migrated into an equatorial forest and coal swamp

environment during the Namurian.
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2.2 Geological time scale
To place this research into the correct geological time context table 2.1 is

provided using the Carboniferous time scale of Western Europe. This is divided
into two epochs, and 5 stages. The North American Epochs, Mississippian and

Pennsylvanian are also shown due to their use by some referenced authors.

Permian Assel 1an
296Ma
Stephanian O
Stephanian B

Sie phani an
Stephanian A

Cantabs ian
Westphalian D

30 5Ma

Westphalian O
Westphalian B
Wesphalian A

Westphalian

Pennsylvanian

316.5Ma

Yeadomian

Silesian

Mamdenian
Kindersc outian

Mamurian Alportian

Chokie rian
Arnshe zian
Pe ndleian

Carboniferous

324 Ma

326.5Ma

Brigamtian
331 Ma

Ashian

Viséan Haolkerian

334.5Ma

Mississippian

33750

Anmdian

Chadian 340.5Ma

342 5Ma 425K
: . Ivorian

. Tournaisian - J45.0Ma

: Hastarian

- ml.'flinanl‘iun

. 354 Ma
Devonian Fa msenm tan

Table 2.1 Classification of Carboniferous rocks and approximate time scales.
After Ramsbottom et al., 1978p; Harland et al., 1982. Approximate time Scale after
Scale B, Menning et al., 1999

Using a combination of stratigraphic ages from Belgium, Britain, Spain and
France, Menning ef al., (1999) carried out the most recent work on radiometric
dating on the Carboniferous. Using Time Scale B (Menning ef al., 1999) the
beginning of the Carboniferous occurs at approximately 354Ma and ends at
296Ma. The Dinantian period is shown to extend over approximately 27.5Ma and

the duration of the Silesian period as approximately 30.5Ma. The Asbian is shown
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to extend between 334.5Ma to 331Ma; the Brigantian between 331Ma to 326.5Ma
and the Namurian commences at 326Ma and ends at 316.5Ma. These, together

with other approximate time periods, are shown in Table 2.1.

The long history of geological research in the north east of England has
resulted in regional variations in lithostratigraphical nomenclature and table 2.2 is
used to present the history of this research and the main changes of

lithostratigraphical nomenclature through geological research.

N. Penni N. Penni N. Penni N. Pennines
North West East South
Fowler (1936) Young (1998) Arthurton & Mills & Dunham
and Frost & Wade (1981) Holliday (1990)
Holliday (1998)
(1980)
R Quarterburn Quarterburn
3
e 5 = Marine Band Marine Band
£~
20
.E g = Morpeth
s |5 |3
£ g z Upper Group Millstone Grit
7] z < S e Si e
Limestone
Group Group
- Group
£ 2
P
=
g Middle Upper
E Limestone Liddesdale
- = 5| - - Upper Alston Upper Upper Alston
£l ; 2
g g E, 2 He RO Group Liddesdale Group
.E 2 = £ Group
a - g
=
< Lower Lower Lower
= o Lower Alston Lower Alston
S Limestone Liddesdale Liddesdale
2 Group Group
Group Group Group

Table 2.2. History of the Lithostratigraphy nomenclature of Carboniferous
strata of northern England After Johnson, 1995 and Lemon 2006.

2.3 Glaciation of Gondwana
Uncertainty still remains with regard to the exact timing of the onset of the

Gondwana glaciation (Wright and Vanstone 2001); however, evidence for major
glaciation in Gondwana can be found within many of the continents including
South America, Antarctica, Africa, India and Australia (Crowell 1978). Evidence
from western South America and Southern Africa suggest major glaciation of
Gondwana commenced in the Middle to Late Viséan and in particular within the
early Asbian (Wright and Vanstone 2001); however, isolated occurrences of
glacial deposits in South America point towards relatively small ice sheets
commencing within the Late Devonian to early Mississippian (Crowell, 1983;

Caputo and Crowell, 1985; Veevers and Powell, 1987).
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Direct evidence for the commencement of glaciation in Gondwana is not
always preserved as deposits generated in any first glaciation are likely to be
reworked by further major glacial advances and consequently there is little direct
evidence for the timing of the initial event (Langhorne et al., 2000). Crowell
(1978) and Smith and Read (2000) suggest that indirect evidence, gained from
Cyclothems deposited in lower latitudes, may prove to be the key to the timing and
detail of early glaciation whereas Bruckschen and Veizer (1997) considered stable
isotopes as an indirect method to identify the onset of glaciation. The
commencement of the glaciation within the early Asbian is suggested by Wright
and Vanstone (2001) to have occurred abruptly and been associated with a change
to regular orbitally forced glacio-eustatic sea level oscillation with a periodicity of
approximately 100 Ka and a consensus appears to suggest that the driving
mechanism for the periodicity is Milankovitch insolation variations. High-
amplitude sea level changes have often been linked to the glaciation on Gondwana
(Wanless and Shepard, 1936; Heckel;, 1994; Veevers and Powell, 1987) and high-
amplitude glacio-eustatic sea level changes and associated climate fluctuations
have long been associated with Cyclothem development (Leeder, 1988; Veevers
and Powel, 1987; Wright and Vanstone, 2001). Evidence would suggest that pre-
Asbian climates were relatively stable whereas major climatic changes became
more frequent in the Asbian and Brigantian. In the Asbian and Brigantian the
Gondwanan ice sheet had also become highly sensitive to orbitally forced

variations in solar insolation resulting in the high-amplitude variation of sea level.

The abrupt increase in the magnitude of glaciation could well have been
produced by several mechanisms such as uplift in Australia and South America
acting as a loci for glaciation (Powell and Veevers 1987), or it may reflect a
threshold response for a more gradual change in atmospheric CO, and/or albedo
feedback (Crowley and Baum, 1991; Langhorne et al., 2000) or changes to oceanic
and atmospheric circulation due to the closure of the seaway between Laurasia and
Gondwana (Rowley et al,. 1985, Raymond et al., 1989, Smith and Read 2000,
Wright and Vanstone 2001). The interaction of these mechanisms, either on their
own or in combination, are highly complex (Denton 2000) and as such make the

precise dating of the major glaciation difficult to pin point. The closing of the
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seaway between Laurasia and Gondwana, occurring in the mid to late Viséan,
would have resulted in major atmospheric and oceanic circulation changes that
likely resulted in warm air circulating towards the southern polar region providing
increased water vapour necessary for precipitation to build significant ice sheets
(Raymond et al., 1989; Langhorne et al., 2000; Smith and Read 2000); Figure 2.2
shows how equatorial currents may have changed as the closing of the seaway

between Laurasia and Gondwana progressed.

Early Carboniferous

Late to Middle Carboniferous

Figure 2.2. Schematic oceanic trends in Carboniferous showing trends after the seaway
between Laurasia and Gondwana closed. After Langhorne, 2000. Base Map after
Grossman (1994), Lemon (2006) and Scotese (2008).

2.4 Formation of the Blocks and Troughs in Northern England
Bott (1987) proposed that during the closure of the Rheic Ocean, Britain

was attached to the subducting slab of southern Laurasia, with Gondwana on the
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overriding slab. Leeder (1988), on the other hand, took the view that Britain was
on the overriding slab and Gondwana on the subducting slab. Whichever model is
correct, differential and regional subsidence from north-south tensional stresses
caused by stretching and thinning of the lithosphere in response to the collision of
terrains and the continents during subduction to the south, resulted in the formation
of a series of east-west orientated block and trough/basin structures in northern
England (Bott, 1984). This northern England extensional province is some 500 Km
north of the Rheno-Hercynian back arc and due to the northward direction and
migration of the extension the northern England province is younger (Fraser and

Gawthorpe 1990).

¥\ :
.'s;dea 4 BN Askrigg Block
S t‘
A > &
g onotes 50 XY corka V

Pennine Basin

Figure 2.3. Location map for northern England showing the blocks and basins.
After Johnson, 1984 and Tucker el al., 2009

A number of east-west orientated block and trough/basin structures (Figure
2.3) formed within northern England i.e. Northumberland Trough, Tweed Basin,
Carlisle Basin, and the Stainmore Trough; the Northumberland Trough being
further subdivided into the Solway Basin and the Northumberland Basin, the
Tweed basin also merged into the Northumberland Basin (Johnson 1984; Turner et
al., 1995). Initially differential subsidence existed between the blocks and the

basins, due to the inherent buoyancy of the post Caledonian granites below the
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blocks, and this resulted in the basins subsiding before the blocks. This differential
subsidence stopped by the Namurian whereas regional post rift subsidence
continued with the Blocks and Troughs subsiding at similar rates. This post rift
subsidence was predominantly unfaulted thermal subsidence (Turner 1995; Bott

1987); however some reactivation of faults during the early Namurian did reoccur

(Fraser and Gawthorpe 1990).

The block and trough structures of Northern England were originally
detected by geological mapping where they were shown to be separated by
relatively narrow hinge belts (Marr, 1921; Trotter and Hollingworth, 1928). The
blocks initially formed regions of elevated topography, either emergent, as with
the Alston and Askrigg blocks, or acting as shoals as the Cheviot block, until the
late Asbian to Brigantian when they became fully submerged. The distribution of
the post Caledonian granites was of great importance, giving buoyancy to the
blocks. The Cheviot granite underlies the block adjoining the southern uplands; the
Weardale granite underlies the Alston block and the Wensleydale granite the
Askrigg block. Other highs exist to the south between the Askrigg block and the
Wales Brabant Massif however these are fault controlled and not thought to be
associated with granite bodies. Note, Kimbell, ef al. (2010) refer to the Weardale
Granite as the North Pennine batholith, due to new evidence regarding the
placement of the batholiths. Within this research; however, the granite will be

referred to as the Weardale Granite and not the North Pennine batholiths.

Differential subsidence within the basins, in some cases delineated by the
reactivation of Caledonian faults, formed as grabens and half grabens, between the
blocks, with a rate of settlement of approximately twice that of the blocks. Basin
initiation commenced in the late Devonian to Tournaisian with reactivation in the
Chadian to Asbian and some localised inversion during the Brigantian (Fraser et

al., 1990; Gawthorpe et al., 1987).

2.5 Carboniferous syn-rift and post-rift sedimentation of Northern England
Four main phases of syn-rift sedimentation has been recognised in northern

England, late Devonian to early Tournaisian, late Chadian to early Arundian,
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mid/late Asbian and Brigantian; these phases were separated by relatively tectonic
quiescence (Gawthorpe et al., 1987). In the Northumberland Basin basalts were
erupted during the initial rifting stage in the Hastarian and early sedimentation was
mature siliciclastics from the southern uplands hanging wall, the Visean, Arundian
to Holkerian, saw the advance from the north-east of a major braided fluvial
system, the Pennine system (Figure 2.4). Marine carbonate, from the South West
and deltaic conditions, from the north east, then prevailed up until the Asbian

when Yoredale type deposition dominated (Gawthorpe et al., 1988).

Legend:
- Carbonate shelf - open marine - Distal turbidites

Bladlastic carbonate bulld-ups Shelf with shallow waier

fimming and on shelves Quartzose delta sands

Proximal turbidites Delia top and front sandstones
- ||.| with soale and plant debris

Figure 2.4 Facies map for late Dinantian to early Namurian.
After Lemon (2006)
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Clastic deltas prevailed in the north of the region whereas carbonate
platforms existed to the south (Fraser and Gawthorpe 1990) with the main marine
influence from the Craven Basin region (George ef al., 1976). Tectonic subsidence
generally exceeded sedimentation rates to basins and this subsidence resulted in
thickening of sediments within basins whereas, until the late Asbian to Brigantian,
the blocks were either emergent or just below sea level. Late Asbian marine
sediments upon the Alston Block were therefore much thinner than found within
the basins. Syn-rift sedimentation was, therefore, generally confined to the fault
bounded basins within the area until the late Asbian to Brigantian. During the
Namurian a transition occurred from differential settlement of the Blocks and
Basins to a post-rift thermal sag stage; sedimentation rates on the Blocks and

Basins resulted in similar bed thickness.

Post-rift sedimentation in northern England, between the Brigantian to
Westphalian C, was not confined to the basins as the blocks became submerged
during this time resulting in what could be regarded as an epeiric platform
covering an area from north Yorkshire to southern Scotland of approximately
10,000 Km? (Holliday et al., 1975). The inherent nature of an epeiric type platform
such as this may well have result in a low tidal range i.e. less than 10 centimetres
(Wells et al, 2005) which in itself could promote poor mixing and stratification

affecting carbonate productivity (Allison and Wright, 2005).

The advancement of the Pennine fluvial system, in the Namurian, due
probably to changes to a humid climate in the hinterland (Cliff et al., 1991),
resulted in sediment deposition exceeding subsidence and even though the area
was effectively a flat shallow platform, differences in basin depths, with the
Central Pennine Basin being a deep water basin, and differing heights of blocks,
resulted in sediment thickness variations existing throughout northern England.
The continuing southward movement of the Pennine fluvial system during the late
Carboniferous eventually resulted in thinning of the marine limestone’s and the
eventual loss of limestone’s and increase in fluvial sediment (Fraser et al., 1990).
Changes from humid to arid conditions due to changes in palaeolatitude and in

particular to the waxing and waning of the Gondwana ice sheet would have had a
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profound effect upon the advancing and decreasing Pennine fluvial system and
ultimately upon the mixing, stratification and salinity of the shallow epeiric sea

(Wells, 2005).

2.6 Yoredale Cycles
As found in most parts of the world, the Carboniferous of the UK is mostly

cyclic in nature (George et al., 1976; Ramsbottom 1973). In northern England, this
commonly involves carbonate cycles in the Lower Carboniferous and clastics in
the Upper Carboniferous with the Coal Measure Cyclothems of the Westphalian
being classic examples. The Yoredales, first named by Phillips in 1836, are
typically of mixed Clastic and carbonate facies (Figure 2.5); Johnson (1984)
referred to them as Yoredale Cyclothems and Tucker (2003) Yoredale Cycles. The
cyclicity involved in the deposition of the Yoredale Cycles is usually attributed to
glacioeustic changes in sea level and particularly to orbital forcing and variations
in solar insolation (Veevers and Powel, 1987; Wright and Vanstone, 2001); neither
cyclic climate changes, autocyclicity, nor local tectonics could produce the cyclic
nature of cyclothems on their own (Smith and Read, 1999). However,
notwithstanding the dominance of orbital forcing, local tectonic and sedimentary
controls on deposition would also be important on any cyclicity. Leeder (1988)
suggested that the asymmetric nature of the cycles i.e. the slow shallowing and
rapid deepening strongly mimics the slow ice growth and rapid meltdown
associated with glacial formation, he also suggested that a glacioeustatic origin is
inferred due to the fact that the cycles date from around the period suggested by

evidence for Gondwana ice sheets in Eastern Australia and South America.

The Yoredale cycles vary in thickness from around 5 metres to 50 metres
with the Great Cyclothem, studied in detail in this research, averaging 39 metres in
thickness. The cycles generally consist of a lower carbonate part up to 30 metres
thick overlain by a clastic section which are broadly deltaic i.e. shallowing up-
ward, coarsening upward units (Figure. 2.5). In some cases the cycles are capped
by a thin coal seam and rarely an incised valley filled with coarse clastics cuts
down into the cycle top, even reaching the limestone in some cases; the Pre-High

Coal Sill or Allercleugh Channel being an example where the top of the Great
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Limestone (base of the Namurian) is known to be cut into; the Rogerly Channel
being another example of a course clastic distributory channel (Hodge and
Dunham, 1991). Shoreline or marine sandbar facies are not unknown throughout
the block (Leeder and Strudwick, 1987; Tucker et al., 2003) with the White Hazel
thickening above the Great Limestone being a classic example of a marine sandbar

facies (Dunham, 1990; Hodge and Dunham, 1991).

TST marine limestone
sb - - - marine flooding surface TST marine limestone
late HST/FS ¥ delta plain esg._larine:!coastal
and LST sediments
- early TST B
‘ez - - -\ distributary channel fill
Incised
HST |°. .S/ geita front vellley:fil
ey late LST
prodelta mudstone sb —
Mfs - marine shale
b s
T : T : T : T : marine limestone e
15T I TST T marine limestone
T [,1 : T I'I 5 'J'LI'LJ'LJ'l
- - ts/sb Tl -sequence boundary- - -
coal coal

mud  sand mud  sand
Figure. 2.5.. Schematic graphic logs for 2 types of Yoredale cycle with sequence
stratigraphic interpretations: a) with deltaic clastic facies in the upper part and several
minor cycles at the top, and b) with an incised-valley fill in the upper part. After
Tucker el al., 2009.

Dunham (1950) suggested a standard Cyclothem as consisting of the
following members (1) marine limestone; (2) Marine shale; (3) unfossiliferous (?
Non marine) ferruginous shale; (4) sandy shale, shaly sandstone or “grey beds”
(interbedded shales, siltstones and sandstones); (5) sandstone; (6) ganister or
under-clay; (7) coal. This is a very general description of the Cyclothems;
however, various members can often be missing i.e. the coal is not always present;
nevertheless the description does prove to be generally consistent throughout the
Alston and Askrigg Blocks. It is worth noting that loss of any members is
frequently gained by another member resulting in a uniform thickness being
maintained; Westgarth Forsters rule (1809) also referred to this continuity of

thickness in strata. The top of the limestone and/or marine shale member relates to
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the limit of marine conditions and the termination of the sandstone deposition
approximately coincides with the maximum advancement of the shoreline;
between the shoreline limit and the limit of marine conditions lays the region of

deposition of the Yoredale Cyclothems (Johnson, 1959).

2.7 Summary
The Carboniferous sedimentary history of northern England is strongly

influenced by a sequence of events which can be traced back to at least the
Cambrian to the Ordovician/Silurian. The Closing of the Iapetus Ocean and the
resulting Caledonian Mountain building events, faulting and the emplacement of
post Caledonian granites were of major importance to the structural and
sedimentary evolution of the Carboniferous of Britain; Caledonian faults being
reactivated during basin formation, mountain ranges supplying much of the non-
marine sediment to basins and granites providing buoyancy to blocks. The
subsequent closing of the Rheic Ocean in the late Devonian to middle
Carboniferous resulted in north-south tensional stresses and together with the
emplacement of post Caledonian granites was instrumental in the formation of a
series of east-west orientated block and trough/basin structures in the North of
England and the formation of a Rheno-Hercynian zone acting as a back arc
seaway. Differential settlement, created by the buoyancy of the granites, generally
ceased by the Namurian whereas regional post rift, predominantly un-faulted
thermal subsidence continued with the Blocks and Troughs subsiding at similar

rates.

Changes within the relative positions of continents resulted in changes to
climatic belts which in turn fed the advance from the north-east of the major
braided Pennine Fluvial System. This system, which prevailed through both the
syn-rift and post-rift periods, spread over the Rheno-Hercynian back arc seaway
with clastic deltaic conditions in the north east and marine carbonate being
deposited in the South West and this prevailed up until the Asbian when Yoredale
type deposition dominated. Syn-rift sedimentation was punctuated by periods of
relatively tectonic quiescence and tectonic subsidence generally exceeded

sedimentation rates within basins whereas, until the late Asbian to Brigantian,
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some of the blocks were either emergent or just below sea level and therefore
lacking in sediment deposition. Syn-rift sedimentation was, therefore, generally
confined to the fault bounded basins. During the Namurian a transition occurred
from differential settlement of the Blocks and Basins to a post-rift thermal sag

stage where sedimentation rates on the Blocks and Basins were similar.
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3.0 Sedimentology of the
Yoredale Cycles of Northern England

3.1 Introduction
The Carboniferous of Northern England, as found in most parts of the UK

and indeed most of the world, is mostly cyclic in nature (George et al., 1976;
Ramsbottom, 1973). As a result of the wealth of the mineral deposits contained in
the Late Viséan to early Namurian successions of the area, these cyclic deposits
have been extensively studied for many years. Westgarth Forster (1809) was
probably the first to describe the cyclothem sequences on the northern Alston
Block and later in 1836 John Phillips described the cycles on the Askrigg Block
and named them “Yoredale Beds”. During the initial geological survey of part of
the Northumberland Basin, the rhythmic nature of the cycles was first recognised
by Hugh Miller Jr. (1887), where he recorded them as limestone, shale, sandstone
and coal units, repeated many times over. This simple description is very similar
to what is now regarded as being the standard Yoredale cyclothem described by
Dunham (1950), i.e. (1) marine limestone; (2) marine shale; (3) unfossiliferous
(?non-marine) ferruginous shale; (4) sandy shale, shaly sandstone or “grey beds”
(interbedded shales, siltstones and sandstones); (5) sandstone; (6) ganister or
under-clay; and (7) coal. As can be seen in Chapter 2, Figure 2.5, the standard
Yoredale Cycles in northern England are dominated by terrigenous sediments

whereas the limestone units form a proportionately smaller part of the cycle.

This general cyclothem sequence can be found on the Askrigg and Alston
Blocks and within both the Northumberland Basin and Stainmore Trough of
northern England, but there are regional variations. Within the Northumberland
Basin, as the limestones are traced from the south-west to the north-east, many
become thinner, split or disappear altogether (Johnson, 1959) The proportion of
siliciclastic sediments to limestone increases towards the north-east and the
limestone thickness increases to the south-west (Figure 3.2); the thick terrigenous
sediments imply continuous erosion and transport from land masses to the north-

east through the Pennine fluvial system.
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3.2 The structure of the Alston Block of Northern England
Figure 2.3, Chapter 2, illustrates the locations of the east-west oriented

block and basin structures formed within the Carboniferous of northern England;
this study relates specifically to the Alston Block of northern England. Major fault
systems, some acting as hinge lines during the Carboniferous, separate the Alston
Block from the Northumberland Basin to the north, the Stainmore Trough to the
south and the lower Palaeozoic sediments to the west. The block tilts to the east
and is obscured by Permian sediments. However, evidence from the Harton
Borehole (NZ 396 656) near South Shields reveals a much thicker Carboniferous
succession than on the Alston Block and this area may therefore be designated as

more basin-ward in location (Ridd et al., 1970; Dunham, 1990).

The northern hinge line of the Alston Block corresponds to the Stublick
and Ninety Fathom fault system and the southern edge of the block is delineated
by the Swindale Beck, Closehouse, Lunedale, Staindrop and Butterknowle group
of faults, with the Swindale Beck fault acting as a hinge line during the
Carboniferous (Dunham, 1990). The western edge is marked by the Pennine fault
system. The northern and southern faults and hinge lines have been associated
with syn- and post- rift sedimentation during the Carboniferous; the Pennine fault
system on the other hand is more complicated with later Hercynian and Tertiary
reactivation (Shotton, 1935; George, 1958). Figure 3.1 shows the locations of the
main boundary faults associated with the Alston Block, together with the veins
and main faults, and the Burtreeford Disturbance which is a major east-facing
monocline that winds its way north to south, approximately through the middle of

the Alston Block.

The dominant NW and ENE direction of the faults and veins on the Alston
Block are very apparent from Figure 3.1 and these are thought to be associated
with the grain of the lower Palacozoic basement developed during the Caledonian
Orogeny. The Burtreeford disturbance has a maximum down-throw of 76 metres
and easterly thrusts and displacements of up to 152 metres (Dunham, 1990). The

monocline is a late Carboniferous compressional feature and as such did not have
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any effect upon the thickness of individual units or cyclothems examined in this

work.

Doming of the Alston Block is known to have occurred in the early
Tertiary and many of the faults were reactivated during this movement. It has
been suggested by Dunham (1990), however, that the doming probably originated
during the Hercynian and that many of the dominant faults, such as the Great
Sulphur Vein, originated at this time and were active, but diminishing in their
movement, during the Carboniferous. It can be expected therefore that they will

have had some affect upon sedimentation patterns.
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Figure 3.1 Structure of the Alston Block and surrounding area
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3.2.1 The Great Whin Complex, Little Whin Sill and Whin Dykes

The Great Whin Complex is present in most of the area under discussion,
extending from near the Lunedale, Closehouse and Butterknowle faults, north up
to Holy Island. The Great Whin Complex varies from a few metres thick at
Scoredale Mine (763 227) to nearly 100m in the central area of the Alston Block.
The intrusion, however, is not concordant in that it cuts through many of the
cyclothems and ranges from below the Melmerby Scar in the Asbian, up to its
highest in the Coal Measures near to Brampton (Dunham, 1990; Johnson et al.,
2001). Previously the term Whin Sill was used for the intrusion; however, due to
the discordant nature of the complex Johnson ef al. (2001)) referred to the Whin

Sill as the Great Whin Complex, a name which is used here.

The Little Whin Sill covers a much smaller area, being exposed only in the
vicinity of Stanhope and Eastgate (Dunham, 1990; Johnson et al., 2001)). The sill
is 11.7m thick in Greenfoot Quarry and probably thickens to the east (Creeney,
1980). Both the Whin complex and the Sill, together with various Whin dykes, are
dated to the late Westphalian or Stephanian, with the Little Whin Sill pre-dating
the Great Whin Complex and the Whin dykes post-dating it. Even though the
Whin complexes are important to the geological history of the Alston Block and
adjoining areas, they obviously post-date the depositional episodes discussed here

and so are not discussed further.

3.3 Transgressions and regressions on the Alston Block
The alternating cyclothems of limestone, shale and sandstone had

commenced on the Alston Block by the end of the Asbian with the Birkdale
cyclothem and by the start of the Brigantian the typical rhythmic series of the
Yoredale beds was well established. The submergence of the Alston and Askrigg
Blocks in the late Asbian resulted in marine carbonate conditions prevailing with
terrigenous sediment encroaching on to the northern margins of the Alston Block
only by the end of the Asbian. The initial marine transgressions extended into the
Northumberland Basin; however, siliciclastic/deltaic sedimentation prevailed over

much of that area as the subsiding basin was filled.
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Figure 3.2 Generalised sections, from the south-west to the north-east, of the
Askrigg Block, Stainmore Basin, Alston Block and the Northumberland Basin.

After Johnson (1960).

Figure 3.2 includes generalised sections of the Askrigg Block, Stainmore

Basin, Alston Block and the Northumberland Basin. These are an amalgamation

of recorded data, first presented in a paper by Johnson (1959), and used to
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illustrate thickness changes, of both carbonates and deltaics, in a south-west to
north-east direction. It is worth noting the difficulty in comparing and correlating
many of the limestones between the blocks and this becomes even more tenuous

when considering the Northumbrian Basin succession.

Figure 3.3 illustrates how the sedimentation patterns change from the
south-west to the north-east. This figure is useful in visualising the changing
shorelines, limits of siliciclastic sedimentation and the extent of marine
transgressions. The thickness changes and draping of limestones are highlighted

as the Stublick fault-line is approached and crossed into the basin succession.

Stage 1, up to the Asbian/Brigantian boundary, shows how marine
conditions prevailed on the blocks while only intermittently reaching into the
Northumberland Basin. The shoreline and deltaic sediments encroached on to the
northern margin of the Alston Block by the end of the Asbian. Marine carbonate
sedimentation did not reach across the full width of the Northumberland Basin
during this stage and the Great Scar and Melmerby Scar limestones of the Askrigg
and Alston Blocks can be seen to split within the basin into at least five thin
limestones. To summarise stage 1, during this stage it can be seen that marine
deposition was extending north into the Northumberland Basin and the shoreline

eventually moved south onto the northern region of the Alston Block.

During Stage 2 marine sedimentation continued to extend in area and the
Yoredale cyclothems commonly split in the direction of the Northumberland
Basin due to the movement on the Stublick fault system and associated
compaction. The shoreline can be seen to extend further in a south-west direction
on to and over the Askrigg Block and marine conditions extended even further
into the Northumberland Basin. Only one cyclothem, the Hardraw/Jew/Oxford
limestone (No 3), continues without splitting or disappearing and is persistent
throughout the basin. The persistence of this limestone is significant in that, the
marine transgression at the base of the limestone was far more extensive than had
previously occurred; the limestone extends throughout the whole of the Mid-

Northumberland Basin.
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Figure 3.3, illustration of the changing sedimentation patterns from the south-west to
the north-east. After Johnson (1960). Note that not all limestones shown in Figure 3.2
are included in this figure.

The Middle Limestone (5) of the Askrigg Block can be seen to split during
the later part of Stage 2. On the Alston Block, this is seen as the Single Post,
Cockleshell and Scar limestones, which continue into the southern side of the
Northumberland Basin before splitting further and eventually dying out. Neither
of these beds is recognised within the northern part of the Northumberland Basin

(Johnson, 1959). Siliciclastic and therefore, the shoreline limits are shown to
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extend south over the Askrigg Block in this stage while marine transgressions are
seen to extend further into the Northumberland Basin. Only one limestone extends

over the full area of the Mid-Northumberland Basin.

By Stage 3 the marine transgressions extend over the whole of the Mid-
Northumberland Basin and deposition of Johnson’s perfect “Major Cyclothems”
occurred (Johnson, 1959). These cyclothems, the Five Yard, Three Yard, Four
Fathom and Great Cyclothems, extend far to the north beyond the margins of the
Northumberland Basin and the shoreline extended beyond the southern margin of

the Askrigg Block (Johnson, 1959).

Figures 3.2 and 3.3 are useful in visualising and assessing the extent of the
changing shoreline and marine transgressions throughout the area. The range of
the transgressions increased from the late Asbian (Stages 1 and 2) and into the
Namurian as did the extent of the shoreline. As a result of the inherent nature of a
shallow epeiric sea, a few metres rise or fall in sea-level would have resulted in
major changes to the coastline and hence the large transgressions and regressions
over the blocks and basin. Ramsbottom (1979) suggested that the lowering of sea-
level would be small in relation to the rises which preceded them and therefore
subsidence would be required to accommodate the accumulating thickness

changes.

3.4 Cycle lithology
As aresult of several centuries of lead mining, the Carboniferous strata of

the Alston Block comprise one of the first well-documented stratigraphic
successions in Britain. The limestone beds in particular, due to their economic
importance and lateral persistence, were individually named and recognised over
a wide area (Holliday et al., 1975). The term Yoredale series or Yoredale
cyclothem was originally proposed by Phillips (1836), after the older name of
Uredale for the Wensleydale valley, and specifically related to the strata between
the Scar Limestone and the Millstone Grit; however, this is now used as a more
general description for rhythmic interbedded repetitions of marine limestone,

mudstone, siltstone and sandstone.
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The products of fluvio-deltaic and shallow-water carbonate sedimentation,
the Yoredale cycles of the Late Viséan and Namurian, are mixed clastic-carbonate
high frequency sequences varying from 5 to 50 metres in thickness. The
limestones are characteristically marine limestones, typically dark blue-grey in
colour with the darker hues due to increased organic content. The majority of the
limestones are fine grained and mainly thin bedded and comprise biogenic
packstones to wackestones with abundant bioclasts including crinoids,
brachiopods, corals, calcareous algae, foraminifera, bivalves, gastropods and
bryozoans. Girvanella/Osagia nodules are persistent within many of the lower
limestones of the Brigantian of the area. The matrix is generally a lime
mudstone/micrite, but this has commonly recrystallised to microspar (Tucker,
2003). Peritidal and nearshore carbonate facies occur within the cycles of the
Lower Dinantian in the Northumberland Basin (Leeder, 1975; Leeder and
Strudwick, 1987). The continuity of the limestones within the Yoredale
cyclothems was recognised by Forster, 1809; Phillips, 1836; Dakyns ef al. (1891);
Gunn, 1895; Garwood, 1913 and Fairbairn, 1978.

The absence of transgressive lags at the base of many of the limestones
would suggest that marine conditions, on the whole, were established without the
passage of an erosive shoreface; the lower delta-plain sediments were gradually
flooded (Reynolds 1992). The limestones are overlain by coarsening up fluvio-
deltaic shoreline siliciclastic members; the succeeding calcareous shales are
usually fossiliferous and these give way to dark grey or black unfossiliferous,
usually non-marine shales, which are often ferruginous. Interbedded shales,
siltstones and sandstones (“grey beds”) commonly underlie or replace the
sandstone. The sandstones are micaceous, usually fine grained (0.1mm to 0.3 mm)
and locally are siliceous and workable as ganister (Dunham, 1990). Coal is found
locally but this is usually thin, rarely exceeding a few tens of millimetres and in

many cases is represented by a smut.

Many of the clastic members associated with the Yoredales are products of

prograding deltas, the majority of which are river-dominated elongate types (see

Moore, 1958; Elliot, 1974, 1975, 1976(a),(b),(c); Leeder, 1974; Leeder and
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Strudwick, 1987; Ainsworth and Crowley, 1994). Eight marine shoreline
lithofacies were recognised by Lemon (2006) related to prograding shorelines,
Lemon also recognised eleven deltaic lithofacies within the cyclothems of the
area, i.e. deltaic lithofacies such as prodelta and delta front, floodplain and
interditributary bay, distributary channels, crevasse splay, levee deposits and
palaeosoils. The onset of the deltaic clastic muds and shifting shoreline are
markedly diachronous from proximal to distal areas, being in younger beds to the
south on the Askrigg Block and in the older beds to the north in the Stainmore
Basin and the Alston Block (Burgess and Mitchell, 1976).

Many of the cycles within the Brigantian of the Alston Block are named
after their limestone at the base of each cycle. However, as discussed above not all
limestones are named and they are not always obviously related to a full cyclic
sequence. They may, however, still record actual cycles or alternatively they may

be associated with localised depth or environmental changes.

3.5 Palaeontology of the cyclothems of Northern England.
Coral and brachiopod zones proposed by Vaughan (1905) and Garwood

(1913) are commonly used for the correlation of the Lower Carboniferous strata
of Southern Britain. Their use in Northern Britain; however, is difficult due to the
lack of corresponding thick marine limestone bands and biostratigraphic units,
therefore Armstrong and Purnell (1993) proposed foraminifera, conodont zones
and palynology for correlation throughout the area. The Viséan-Namurian
(Serpukhovian/Lower Bashkirian) boundary of the area was based upon the
presence of the Ammonoids/ goniatites Eumorphoceras and Cravenoceras.
Ammonoid biostratigraphy is available for the whole of the Namurian of Western
Europe; however, they cannot be used as time unit’s per se due to the significant
changes of environment and the evolutionary rates of the species that can occur

over the very long time periods in question.

3.6 The Great Limestone Cyclothem
The Great Limestone Cyclothem occurs at the Viséan-Namurian boundary

(Serpukhovian/Lower Bashkirian) based upon the presence of the goniatites
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Eumorphoceras and Cravenoceras which have been found within the beds below
the cyclothem. The Great Limestone, the basal limestone of the cyclothem, was
decided upon as the base of the Namurian as it is the nearest mapable limestone to
the occurrences of the goniatites (Johnson 1958). Currie (1954) also suggested
that the boundary lies at the base of the Top Hosie in Scotland, previously
correlated with the Great Limestone by Trotter (1952). The Great Limestone has
also been correlated with the Main Limestone south on the Askrigg Block and
north into Northumberland where it is correlated with the Dryburn Limestone

(Gunn, 1895).

Figure 3.4. Tuft sandstones directly below the Great Limestone at Hudeshope Beck.
Note the thin immature coals and smuts within the beds.

The Great Limestone sits upon the sandstones of the Iron Post Cyclothem.
These sandstones, locally referred to as the Tuft, vary lithologically from fine-
grained brown micaceous sandstone to a coarse grit. Coal seams in the Tuft were
worked at both Meldon Hill (770 290) and Knock Fell (720 300); however, the
coals are usually immature and thin and in places are evident only by a smut.
Figure 3.4 is a photograph taken in Hudeshope Beck near to Middleton in
Teesdale (394784 527610) where many immature, thin seams are evident below

and within the Tuft sandstone directly below the Great Limestone.
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After Hodge and Dunham (1991).

The Great Limestone Cyclothem is the second thickest of the cyclothems
looked at in this thesis, having an average thickness of 39.1 metres, the Little
Cyclothem which lies directly above the Great Limestone Cyclothem is, despite
its name, the thickest of the Cyclothems at approximately 45 metres thick. The
mudstone/shale of the Great Limestone Cyclothem averages 9 metres and in some

areas of the block this has been removed by channelling within the overlying
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sandstones (Hodge 1965), referred to as the High Coal Sill, which is also known
to cut down to the limestone in a large distributory channel known as the Coal Sill
or Allercleugh Channel (Figure 3.5). The uppermost of the sandstones, the White
Hazle, varies considerably in thickness; in Skears Mine (395700 523080), it is up
to 22m thick and it is thought to be a remnant of a barrier island or sandbar

(Dunham and Hodge 1991) (Figure 3.5).

3.6.1 The Great Limestone
The Great Limestone is the thickest limestone in the area averaging 20

metres but being slightly thinner than this within Hudeshope Beck at Middleton in
Teesdale, where it is around 19 metres thick. The Great Limestone is more like
the limestones within the Brigantian/ Viséan, as the Namurian limestones are
usually much thinner with the cyclothem more clastic dominated; in places the
Namurian limestones are represented by marine shales only. The Brigantian/
Viséan cyclothems on the other hand are more carbonate dominated, very much
like the Great limestone. As with many of the limestones within the Brigantian/
Viséan, the Great Limestone is blue grey in colour and breaks into posts (beds),
varying from a few tens of millimetres to a couple of metres thick (Dunham,

1990).

Westgarth Forster (1809) recorded that the Great Limestone comprises
three mineralised flats, known as the lower, middle and upper flats. The flats are
areas of limestone which are often highly mineralised by hydrothermal deposits
replacing the limestone adjacent to mineralised faults. Johnson (1958), based on a
section at Brunton Banks, Chollerford (928 570), suggested the limestone was
divisible into three parts: a lower dark-coloured limestone up to 1 metre thick, a
central division, referred to as the main posts, of light-coloured limestone 6 to 10
metres thick and an upper division of dark coloured limestone with intercalated
shales called the Tumbler Beds. Fairbairn (1978) referred to five divisions; The
Bench Posts, 1.7 to 2.8 metres thick, the Main Posts, 4.2 metres thick, the Fossil
Posts, 6.5 to 10 metres thick, the Top Posts, 1.7 to 2.5 metres thick and the Famp
Posts or Tumbler Beds, 2 to 9 metres thick. A post here is defined as a limestone

bed or a limestone split by strong stylolites. Fairbairn’s descriptions were based
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on many measurements throughout the Alston Block, most of which were based
in Weardale. Correlation of Fairbairn’s Top Posts and Tumbler Beds with
measurements at Hudeshope Beck near Middleton in Teesdale proved to be
difficult and unproductive; nevertheless, the lower beds were correlated with
Fairbairn’s sections successfully using thickness changes and fossil assemblages.
Figure 1.2 is constructed from measurements at Hudeshope Beck and includes the

local bed names correlated from Fairbairn’s sections (1978).

Figure 1.2 demonstrates how well bedded the Great Limestone is and
significantly many of these beds can be correlated throughout much of the Alston
Block (Fairbairn, 1990) and have been recognised in the Main Limestone within
the Stainmore Basin and on the northern edge of the Askrigg Block. The beds at
Hudeshope Beck vary between 0.16 to 1.58 metres with an average thickness of
0.75 metres. The beds are delineated by thin shale partings, most only millimetres
thick, and pressure dissolution seams (Chapter 10), with the thickness of the shale
partings increasing towards the top, as the Tumbler Beds are approached.
Dolomitisation is not uncommon within the lower beds throughout the Alston

Block and chert nodules are also common within the Main Posts.

3.6.2. The Great Limestone facies
Wilson (1989) divided the Yoredale cyclothems for the Brigantian and the

Asbian into five broad sedimentary and ecological facies which are described in
Table 3.1. The Great Limestone, even though it falls within the Namurian and not
the Brigantian or Asbian, fits within Facies 5, i.e. being formed within a shallow,
marine, clear-water offshore carbonate platform environment. To assess the Great
Limestone facies with those suggested in Table 3.1 the description of facies 5 has

been split into its various components.

1) Offshore carbonate platform, shallow-water marine clear-water
environment. The Great Limestone facies and geochemistry imply a clear
shallow- marine environment; calcium carbonate content is mostly around 90 to
97%. Mud partings at bedding planes suggest a change in environmental

conditions as occasional and periodic incursions of prodelta mud occurred.
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2) Pale-grey and dark-grey bioclastic limestone with thin partings of
calcareous mudstone. The Great Limestone is pale to dark grey in colour and the
limestone varies from a bioclastic wackestone to packstone with a dark micritic-
microsparite matrix (from patchy neomorphism); a peloidal structure is frequently
also seen in thin-section. Bedding planes, Chapter 3.6.6, are defined by thin

partings of calcareous mudstone.

3) Open-water marine fauna with colonial corals and large thick shelled
brachiopods. The fauna of the Great Limestone is typically marine consisting of
brachiopod fragments, foraminifera, crinoidal, bryozoans and calcareous algal
material (Figure 3.7). Other less common fossil debris includes that of gastropods,
bivalves, nautiloids, serpulids, ostracods and trilobites many of which are
recognised from fragments in thin-section, the typical fauna of Diphyphyllum and
Syringopora mentioned within Table 3.1 are present. Productids and
gigantproductids, spiriferids and crinoid columnals are common throughout the
limestone and many major coral-brachiopod biostromes are present. There is
significant bioclastic hash, probably derived from the comminution of skeletal
material by scavenging organisms; overall, the biota, as preserved, was dominated
by calcitic skeletal organisms. The majority of the bioclasts are less than a few
millimetres in size although larger, commonly silicified whole fossils include the
corals (rugose and tabulate) and productid and spiriferid brachiopods are also

often found, all typical of open-marine conditions (Figure 3.8).

The petrographic examination of thin-sections from the Great Limestone
indicates that there is no discernible systematic change in the composition of the
microfacies up through the Great Limestone (Chapter 5). There is also no
indication of any gradual change throughout or across the individual beds;
however geochemically there are small changes towards the bedding planes
Chapter 9). Mud partings at bedding planes suggest that a change in
environmental conditions did occur and therefore a change in facies may be
implied; however, to all intents and purposes, it seems clear that the limestone

beds were all deposited under similar conditions, i.e. an offshore carbonate

62



Chapter 3 Sedimentology of the Yoredale Cycles of Northern England

platform in a shallow clear-water marine environment with occasional incursions
of prodelta muds, although, presumably, specific local conditions also allowed the

coral-brachiopod biostromes to form.

Facies 1 Subaerial delta plain. A low emergent land surface colonised by land plants.
Rare coal seams are formed with many seatearths (palaeosoils) composed of shale,
siltstone and sandstone. Common fossils are rootlet beds and Stigmaria in situ.
Angular shale, mudstone and limestone clasts are occasionally present in the

sediments and indicate local emergence and erosion.

Facies 2 Shoreline, littoral and estuarine environments. Interbedded sandstone,
micaceous siltstone and mudstone. Often carbonaceous and containing many
derived fragments of land plants. Salinity-tolerant fauna with forms capable of
surviving emergence, mainly composed of molluscs and track, trail and burrow-
forming creatures. Common fossils include: tracks, trails, burrows and bioturbated
beds, Chondrites, Tormaculum, Planolites, Rugosochonetes hardrensis, Palaeoneilo,

Bucanopsis, and Euphemites.

Facies 3 Relatively high-energy near-shore marine environment. Interbedded
mudstone, siltstone and sandstone with thin bioclastic limestone bands composed
of broken shell debris. Fauna dominated by molluscs with inshore tolerant
brachiopods. Common fossils include: Lingula, Orbiculoidea, productids,
Pleuropugnoides pleurodon, Aviculopectin, Myalina, Palaeoneilo, Poledevcia,

Wilkingia, Bucanopsis, Euphemites and Glabrocingulum.

Facies 4 Shallow-water muddy marine environment outside the zone of wave and
current action. Mudstone and siltstone with bands of fine-grained sandstone and
argillaceous limestone. Extensive muddy-bottom marine fauna of small simple
corals, bryozoans, numerous and varied brachiopods, trilobites and many molluscs.
Common fossils include: zaphrentids, Fenestella, productids, bivalves, gastropods

and nautiloid cephalopods.

Facies 5 Offshore carbonate platform, shallow-water marine clear-water
environment. Pale-grey and dark-grey bioclastic limestone with thin partings of
calcareous mudstone. Open-water marine fauna with colonial corals and large thick
shelled brachiopods. Particularly Siphonodendron, Diphyphyllum and Syringopora
with productids, gigantproductids, spiriferids and crinoids columnals.

Table 3.1. Brigantian and Asbian facies. After Wilson (1989) and Johnson and Nudds
(1996). Note that not all facies may be present within a cyclothem.
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Figure 3.7. Photomicrograph of a typical Great Limestone sample showing abundance
of bioclastic debris, including brachiopod, crinoid and replaced aragonitic skeletal
material in a dark micritic—-microsparitic matrix. Scale bar 2 mm.

Figure 3.8. Silicified rugose corals and brachiopods Field of view approximately 150
millimetres by 100 millimetres. (Hudeshope Beck).
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Figure 3.9. Fallen block of Great Limestone containing symmetrical ripples. Size of block
approximately 2.5 metres by 1.5 metres by 0.75 metres thick. (Hudeshope Beck).

The depth of deposition of the Great Limestone is interpreted as being in
the outer shoreface/transition to offshore environment with water depths varying
from below 5 metres to approximately 50 metres but generally below fair-weather
wave-base. Localised symmetrical ripples are occasionally found (Figure 3.9),
thought to be associated with water depths of a few metres or of deeper water and
formed through storm reworking of sediments. There are locally sedimentary
structures indicating current activity and Fairburn (1999) deduced preferred
orientations and palaeocurrent patterns at some localities from the orientation of

larger fossils such as corals, crinoids and brachiopod shells.

Bioclast lenses, 10-30 centimetres across and several centimetres in
thickness, are commonly found and areas of densely packed coarse bioclastic
material, interpreted as cross-sections through burrows, usually 0.5-3 centimetres
in diameter can be seen on polished surfaces. There is abundant evidence of
bioturbation both in the field and within thin-section. Burrows, simple straight to

curved structures, 0.5 to 2 centimetres across, and up to 10 centimetres in length
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are found upon bedding planes, mainly within the Tumbler Beds (Figure 3.10) and
these can be attributed to the general group Planolites. The trace fossil Zoophycos,
with the distinctive concentric burrow system reaching 15 cm across, also occurs
on some bedding planes; again these are more prevalent within the Tumbler Beds
(Figure 3.11). A crude lamination, defined by the grain size of the fossil
fragments, is locally seen within some beds; however, cross-lamination or cross-

bedding is only very rarely seen within the beds.

Planolites is placed within both the Cruziana and Zoophycos Ichnofacies
where it is usually attributed to shallow water. The Zoophycos Ichnofacies has an
extremely broad palacobathymetric range (MacEochern ef al., 2007) and it was
previously ascribed to the continental shelf where lowered oxygen levels existed
in quiet waters; however, re-evaluation by Frey and Seilacher (1980) who
suggested the Ichnofacies could also be assigned to shallow-water, epeiric
deposits where organic contents may have resulted in lowered oxygen levels

(MacEochern et al., 2007).

To conclude, the facies and microfacies of the Great Limestone are typical
of a shallow-water marine environment, i.e. outer shoreface/transition to offshore
environment. The environment is suggested by the geochemistry, sedimentary
structures and fossil assemblages, to be very stable and clear with only occasional
storm reworking and incursions of prodelta mud before the final advancement of
true delta conditions. It could be argued that there are two facies present within
the Great Limestone, one being the clear shallow-marine facies and the second
being a facies associated with changing environment where prodelta mud is
dominant and carbonate production is reduced; however, to all intents and
purposes, it seems clear that the limestone beds were all deposited under very

similar conditions.
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Figure 3.10 Planolites on underside of bedding plane. Field of view approximately
650 millimetres by 450 millimetres. (Eastgate Quarry Weardale OS 3940 5368)

Figure 3.11 Zoophycos on underside of bedding plane. Field of view approximately 250
millimetres by 200 millimetres. (Eastgate Quarry Weardale OS 3940 5368)
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3.6.3. Biostrome and fossil assemblages within the Great limestone
The fauna of the Carboniferous Limestones has been discussed by many

authors (Garwood, 1913; Hudson, 1925; Turner 1956). Cumings (1932) described
the term Biostrome as “a purely bedded structure, such as shell beds, crinoid’s
beds, and coral beds etcetera consisting and built mainly by sedentary organisms”;
the distinction between biostromes and bioherms was also made; a bioherm being
a structure that is mound like or lens like. It was not until Johnson (1958) that the
palacoecology of the Great and Main limestone was fully considered in detail
where he described three such biostromes in these limestones the Chaetetes Band,

the Brunton Band and the Frosterley Band.

Compound coral

i
. i

Chaetetes

Figure 3.12. Chaetetes and compound corals within the “Chaetetes Band” of the Great
Limestone. Field of view approximately 1.3 metres by 0.8 metres. (Chestergarth Quarry
Rookhope, Weardale OS 39410 54220)

Within many areas of the Alston Block, and reported by Johnson (1958) at
Brunton Bank Quarry, Chollerford ( 928 570), the Chaetetes Band is to be found
within the bottom 1 metre, usually within either of the bottom two beds of the
Great Limestone (Figure 1.2), and it consists of the sclerosponge Chaetetes

depressus. Where Chaetetes depressus is not found on the block it is usually
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replaced with compound corals such as Diphyphyllum or Lonsdaleia laticlavia
and occasionally both Chaetetes and compound corals are found together (Figure
3.12). Within Hudeshope Beck; compound corals only are to be found; however,
even these are patchy and not very abundant within this locality. Small lenses a
few centimetres across of Chaetetes can also be found throughout the height of

the Great Limestone (Figure 3.16).

Figure 3.13. Calcifolium within the Great limestone. Field of view approximately 4
millimetres by 2.5 millimetres.

The Brunton Band lies within the centre of the Great Limestone and
Johnson (1958) referred to the band commencing within approximately 5.5 metres
of the base and varying between 3.6 metres and 6 metres thick. Within Hudeshope
Beck the band commences at approximately 2.5 metres above the base within bed
5 and continues to approximately Bed 18, some 11 metres thick. The Brunton
Band consists of the alga Calcifolium bruntonense sp. nov. and can only be

recognised in thin-section. Calcifolium is restricted to only a few of the northern
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limestones (Johnson, 1958). The limestone where the band occurs is generally
lighter in colour than the rest of the limestone, suggesting that carbonaceous or
other river borne minerals are reduced; however, this is not necessarily always
borne out by the geochemistry (Chapter 9). The presence of the algae is
recognised in thin-section by the partial sections of the branches and stems

showing definite and obvious canal structures (Figure 3.13).

The Frosterley band of Weardale is famous for its use as columns in the
11th-Century (Norman) Durham Cathedral. It is locally referred to as the
Frosterley ‘marble’; however; the band is not actually a true marble. The band
commences approximately 7 metres above the base (8 metres at Hudeshope Beck)
and varies in thickness from less than a metre to over 5 metres in thickness; at
Hudeshope Beck it is also approximately 5 metres thick. The band is surprisingly
continuous throughout the Alston Block where it can be seen either as a single
biostrome or several individual biostromes separated by thin limestone. At
Hudeshope Beck the band is split into up to 5 individual biostromes by
limestones, the thickest of which is nearly 1.5 metres thick (Figure 3.14). Johnson
(1958) reported the band as being a persistent, though lenticular coralline
biostrome, or biostromes, characterised by abundant remains of simple rugose
corals, particularly Dibunophyllum bipartitum (McCoy), which is particularly
abundant in the biostromes at Hudeshope Beck (Figure 3.15).

Apart from the biostromes there is no observable change in the proportions
of the various bioclastic elements throughout the Great Limestone at Hudeshope
Beck; all samples are similar — bioclastic wackestone—packstone with a range of
skeletal fragments. There are localised accumulations, lenses and beds of
Chaetetes (Figure 3.16) and the brachiopod Gigantoproductus, often seen in
growth position (Johnson, 1958; Fairburn, 1999) and other quite rare local
accumulations of specific fossils, such as beds of Girvanella nodules,
Sphaerocodium, and spiriferids can be found. To all intents and purposes, it seems
clear that the limestone beds were all deposited under similar conditions,
although, presumably specific local conditions allowed the coral-brachiopod

biostromes to form. Microfossil assemblages are further discussed in Chapter 5.
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Figure 3.14. Frosterley Band biostromes within the Great Limestone at Hudeshope
Beck Middleton in Teesdale. 5 individual biostrome picked out by arrows. Field of view
approximately 18 metres by 11 metres.
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Figure 3.15. Rugose corals, mainly Dibunophyllum bipartitum (McCoy) within one of the
biostromes at Hudeshope Beck Middleton in Teesdale. Field of view approximately 200
millimetres by 120 millimetres.

Figure 3.16. Individual Chaetetes together with rugose coral (middle left) and brachiopod
top left. Field of view approximately 110 millimetres by 100 millimetres. Hudeshope
Beck, Middleton in Teesdale.
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3.6.4. Taphonomy
The question must be approached as to whether the fossil assemblages and

components are locally derived or exotic species from adjoining areas. The critical
question posed is how valid is the variation in species shown in the fossil record
of the Great Limestone; can it be regarded as a true representation of the

environment of deposition.

The composition of shelly remains in any sedimentary succession depends
upon many complex factors including the rate of shell supply, rate of sediment
deposition and the conditions that the shells are exposed to during accumulation.
The individual beds of the limestone and their thicknesses are correlatable over
much of the platform which would suggest that the same depositional conditions
were operating over the whole platform and; therefore, the large scale
redistribution of sediment throughout the platform is unlikely to have occurred.
The large scale redistribution of sediments would be expected to result in irregular
bed thicknesses and patterns. Many macro-fossil assemblages such as corals are
not in life position and fragmented, then again many of the brachiopods are in life
position whereas the general background “hash” contains fragments of many

different kinds of fossil suggesting current or storm activity was prevalent.

The background bioclastic “hash” within the Great Limestone probably
consists of a mixture of comminuted skeletal material from both scavenging
organisms and mechanical damage. Within shallow-marine environments, boring
organisms can be a major cause of shell destruction (Driscoll, 1970; Cutler and
Flessa, 1995) with cyanobacteria, sponges, bivalves and fungi being major
contributors (Cobb, 1969). Repeated borings by endolithic cyanobacteria result in
micrite envelopes forming around grains which are evident within most sections
of the Great Limestone; micrite envelopes are indicative of deposition within the
photic zone. It is obvious from thin-sections of the Great Limestone (Chapter 5)
that many moulds exist within the sediment which are considered to highlight the
positions of original bioclasts which have been dissolved within the sediment due
to the instability of formerly high-magnesium calcite and aragonite at normal

temperatures and pressure. In particular molluscan fragments are depleted within
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the fossil assemblage, probably due to dissolution of shells and, therefore; it is
probable that any discussion regarding the fossil environment will be biased
towards fauna with original low-magnesium calcite shells. See Cherns and Wright

(2000) for further discussion on the dissolution of aragonitic bioclasts.

Fragmented bioclastic remains can also be due to high-energy
environments where wave action or current activity can cause mechanical damage
resulting in fragmenting of the bioclasts. Bioclastic lenses, 10-30 centimetres
across and several centimetres in thickness are commonly found within the Great
Limestone, suggesting sorting by wave or current activity or even storm
deposition, and areas of densely packed coarse bioclastic material are interpreted
as cross-sections through burrows. Many bioclasts became disarticulated after
death suggesting rapid burial did not occur; corals within the Great Limestone are

very rarely in life position or articulated.

During life the skeletons of rugose corals are surrounded and supported by
the soft sediment, but they may still be toppled over by storms or waves; however,
not all toppled corals died, many were able to re-grow. Many corals within the
Great Limestone are curved which is thought to indicate re-growth after falling
over. Figure 3.17 is a picture of a polished slab of Frosterley “marble” where
curved (geniculate) corals are evident on the left-hand side. This re-growth is
suggestive of the coral toppling over, possible due to current or wave action
removing the supporting sediment. The Frosterley biostromes show very little
articulation and therefore they could be the result of accumulation due to currents,
even so, the mass of corals present do suggest that the environment was conducive

to coral “thicket” growth.

The epitheca of many corals is also damaged, some show loss of the
epitheca on one side only while others have a total loss of the epitheca. Rolling
from one side to another could account for the abrasion of the epitheca on one
side and transportation over longer periods of time could result in total loss. This
damage to the epitheca, disarticulation and sign of regrowth is suggestive of

damage created by current, wave or storm action. It is worth considering that loss
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of the epitheca could also be the result of dissolution in an acidic water/sediment
interface, possibly as the result of the breakdown of organic components.
Ainsworth and Crowley (1994) suggested that the shoreline orientation on
Stainmore was predominantly east to west and Fairbairn (1999) found that many
bioclasts, mainly corals fragments, on the Alston block were orientated indicating
a current direction generally from the south-south-east indicating currents were

prevalent and running very near to straight towards the shoreline.

Figure 3.17. The coral Dibunophyllum within the Frosterley ‘marble’, of the Great
Limestone. Note geniculate corals on the left hand side. Field of view 30%x50 cm.
Courtesy of M. E. Tucker.

On the whole there is little evidence of compaction within the limestones,
some bioclasts undoubtedly did undergo breakage at both the sediment surface
and after burial and an inspection of Figure 3.17 does reveal various breakages
within corals. Pressure dissolution and grain to grain contacts are seen but they are

limited and only significant adjacent to shale partings (Figs 3.7, 3.13 and 3.17).

Encrusting of skeletal parts during life and after death is not uncommon in

the marine environment and where prevalent would suggest that encrusted
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bioclasts were not covered by sediment straight after death. As it is not
uncommon for skeletal parts to be encrusted during life and as sediments are often
reworked then the use of encrustation as a true representation or proxy for an

environment is difficult (Scoffin, 1992; Scoffin and Bradshaw, 2000).

To summarise, there is evidence for current activity and movement of the
bioclasts and grains within the Great Limestone; however, the evidence does not
necessarily suggest that the bioclasts have been transported over large distances. It
is very unlikely that no bioclasts will have been transported from adjoining areas;
however these may have been few and only small grains such as foraminifera.
Storm reworking and deposition is also found in many places. Taphonomic
evidence does support the probability that dissolution, mechanical damage and
bio-erosion was prevalent as was encrustation, again not suggestive of long term
transport. The evidence does suggest; therefore, that the fossil record of the Great
Limestone; can be regarded as a true representation of the environment of
deposition with the proviso that there is a bias against molluscan and other high

magnesium calcite and aragonitic fragments.

3.6.5. Cementation within the Great limestone
Diagenesis of the Great limestone would have commenced almost

immediately after deposition with major processes such as compaction,
cementation, microbial micritisation, neomorphism and dissolution occurring.
The magnitude of compaction would have depended upon the extent of
cementation. The initial compaction, before cementation, would have resulted in
porosity reduction and in some cases the change from an original lime mudstone

or wackestone to packstone could also occur.

Photomicrographs of the Great Limestone at Hudeshope Beck show very
little sutured grain to grain contacts and as such it is probable that lithification
occurred early after sedimentation; however some grain to grain contact and
chemical compaction can be seen (Figs 3.18 and 3.19). Stylolites and micro-

stylolites are abundant showing chemical compaction of previously lithified
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grains occurred (Figs 3.18 and 3.19); however, examination of micro-stylolites in

Figure 3.18. Photomicrographs of the Great Limestone. Note heavy micritisation of
grains in bottom photomicrograph (blue arrows) whereas there is very little in the upper
photomicrograph. Suture line running ‘jaggedly up through the centre of the lower
photomicrograph showing some loss of material on the sub-millimetre scale (black
arrows) and mould of dissolved grains (red arrows). Scale bar 4mm on lower
photomicrograph and 2mm on upper photomicrograph.
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Figure 3.19. Photomicrograph showing micro-stylolites and sutured crinoid grains.
Scale bar 2mm.

Due to the micritic nature of the sediment it is difficult to resolve any
cement from the sediment itself; however, cement is visible within some large
rugose corals (Fig. 3.20). It can be seen from Figure 3.20 that both isopachous and
drusy calcite spar cements are visible within the corals, it also worth noting that
the loss of the epitheca from the coral in the lower photomicrograph has resulted
in filling of the septa with peloids. Peloidal structures are associated with many
origins such as algal, replacement texture, and detrital sediment, product of

pelletizing organisms or in situ precipitate (Tucker and Wright 1990).

Isopachous fringes of fibrous calcite are attributable to marine phreatic
precipitation and as they are delicate in nature this suggests an environment where
mechanical abrasion could not occur, hence the formation within the intraskeletal
part of the coral. For the cement to form there must be an adequate exchange of
seawater supersaturated with respect to calcium carbonate and to ensure this can
occur an active pumping system would be required through the septa of the coral

(Tucker and Wright, 1990). Growth of the cement would be slow with long

78



Chapter 3 Sedimentology of the Yoredale Cycles of Northern England

accumulation rates; therefore, the energy for this continuous exchange of
supersaturated seawater would be due to currents or wave action rather than the
occasional storm movement of water. The slow accumulation rate of the cement
and the need for an active pumping system would suggest the corals were
uncovered on the sea bed for a long period of time which in turn would require a
slow sedimentation rate for the bed itself. The epitheca in the top coral is present
even so; movement through the skeleton by supersaturated seawater would be
required, suggesting mechanical damage to the coral must have occurred on the
sea bed. Microbial micritisation is also visible upon the walls of the septa of the

coral in the top of Figure 3.20.

Drusy calcite spar, seen within the corals in Figure 3.20, is a characteristic
pore-filling cement of both burial and near-surface meteoric environments and it
is recognised by the general increase in crystal size towards the centre of the void.
It can be difficult to ascertain whether the drusy calcite is associated with burial
rather than meteoric environments; however, if there is clear evidence for the spar
to have been precipitated after mechanical or chemical compaction then a burial
origin can be confirmed. Within Figure 3.20 it can be seen that the drusy calcite
spar was precipitated after breakage of the walls of the septa, some of which are
micritised, in both the top and bottom of Figures 3.20 which is suggestive of a

burial origin for the cement.

Syntaxial overgrowths are not uncommon within the Great Limestone and
are seen as echinoderm overgrowths. Syntaxial overgrowths can be associated
with burial diagenesis, however they can also occur within near-surface marine as
well as meteoric environments. Neomorphic coarse and micro spar is visible
within various thin sections of the Great Limestone (Fig. 3.21) and this can be
associated with either meteoric or burial diagenesis. Tucker and Wright (1996)
discussed neomorphic coarse and micro spar and suggested that this can be
recognised in thin-section by:

e [Irregular, embayed to curved intercrystalline boundaries of spar

cement.
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e An irregular crystal size distribution and patchy development.

e (Gradational and irregular boundaries to the areas of neomorphic spar.

e The presence of skeletal and other grains floating in coarse spar

Figure 3.20. Photomicrographs of rugose corals. Peloidal infill can be seen within
the bottom photomicrograph together with isopachous and equant cement.
Isopachous and equant cement is visible within the top photomicrograph. Scale
bars 0.5 mms.
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Figure 3.21 Coarse neomorphic spar and microspar.

It can be seen within Figure 3.21 that all the above points are visible
confirming the presence of neomorphic spar. This aggrading neomorphism
probable took place by the dissolution of grains and bioclastic fragments during

early meteoric or burial diagenesis. Clay content is known to restrict the formation
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of neomorphic spar; however, an assessment of the photomicrographs throughout
the height of the Great Limestone at Hudeshope Bed does not suggest there is any
clear relationship between the geochemical content of the limestone, or even the
position of bedding planes, and the occurrence of neomorphic spar. It may be
expected that as the bedding planes are approached and clay content increases
then the occurrence of neomorphic spar should reduce; however this is not the
case, possibly suggesting the clay content does not reach a limiting content;
Bausch (1968) suggested that a limestone with more than 2% clay will not contain

neomorphic spar.

3.6.6. Mudstone partings/bedding within the Great limestone
The Great Limestone, as with all of the mid-Carboniferous shelf

limestones of northern England, have well-developed bedding (Figs 3.6 and 3.14).
There are between 25 to 27 beds within the Great Limestone which vary in
thickness from a few centimetres to a metre or more but generally they are in the
range of 0.3 meters to 1 metre and an average thickness of 0.75 metres. The
bedding is defined by thin shale partings 1-5 millimetres in thickness to thin
mudstone inter-beds (generally less than 200 millimetres thick). Within the beds
there may be a transition from the purer limestone to the mudstone parting over a
few millimetres, but normally the contact is sharp. The bedding planes are
generally planar (Fig. 3.22.) to undulating (Fig. 3.23.), and black from attached
dark shale. Thin, millimetres thick calcareous units can be seen within some
mudstone partings (Fig. 3.23) related to short increases in carbonate productivity.
On inspection of Figure 3.23, even though the bedding is undulating, it can be
seen that the mud bedding and the thin calcareous beds generally follow the
undulating surface of the limestone bedding and this suggests that the undulating
bedding surface is created through differential compaction of the bedding planes.
Figure 3.24 shows a bedding plane with a high angle of repose. It is very likely
that the angle of the bedding plane in Figure 3.24 is not an original deposition
feature as it may be expected that the angle of repose of the deposited mud would
have been exceeded resulting in slope movement which is not visible within the

field, this again suggests that many of the undulating bedding planes are enhanced
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by or are created by differential compaction of the limestone bed possibly due to

differential cementation.

Figure 3.22. Planer bedded mudstone parting. Bedding plane approximately 60
millimetres thick. (Lanehead Quarry Weardale OS 39885 54052)

+ ;

s

Figure 3.23. Undulating mudstone parting. Note thin calcareous units within
bedding plane. Bedding plane approximately 20 millimetres thick. (Lanehead
Quarry Weardale OS 39885 54052)
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Figure 3.24. Undulating mudstone parting. Bedding plane varying between 10
millimetres and 30 millimetres thick. (Lanehead Quarry Weardale OS 39885 54052)

The bedding planes have commonly been affected by pressure dissolution
and in some cases the bedding plane is a clear pressure dissolution seam with
some anastomosing and dark clayey insoluble residue within the seams. There
may also be stylolites parallel to the bedding, sutured and generally with less than
2 centimetres of relief along the surface. The general vertical distribution of the
mayjor stylolites is shown in Figure 1.2. The issue of pressure dissolution
enhancing bedding planes, as well as creating them, has been addressed by
Simpson (1985) and Bathurst (1987, 1991). Both of these studies actually
involved Carboniferous limestones from the UK, and so the conclusions presented
there are directly applicable to the rocks discussed here, namely that bedding
planes were commonly enhanced by pressure dissolution, and indeed in some
cases formed in that way; this is discussed further in Chapter 10. In the upper beds
of the Great Limestone, the partings become a little thicker reaching 2—5
centimetres and this is regarded as being the transition from the limestone into the

overlying marine mudstone (Fairbairn, 1978; Tucker ef al., 2009).
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For the mudstone partings/bedding planes to form a change in the marine
environment is required resulting in carbonate production being reduced either
with clastic deposition in a steady state or an increases in clastics resulting in the
muddy bedding plane. Varker (1968) and Leeder and Strudwick (1987) suggested
that the increase of mudstone and subsequent reduction in carbonate production
within beds on the Askrigg Block was controlled by deepening of the marine
environment and encroachment of the pro-delta mud plume. Carbonate deposition
could have been interrupted or terminated by either a sea-level fall or sea-level
rise, both resulting in an influx of clay into the environment to generate the shale
partings and mudstone layers which define the beds (Fig. 3.25). During a sea-level
rise, mud would be expected to be reworked from coastal mudflats in proximal
areas, whereas, during a sea-level fall increased mud input to the shelf would
result from increased river activity and down-cutting into floodplains and coastal
mudflats. A decrease in carbonate production, not a total termination, is evident at
bedding planes within the Great Limestone and this is also associated with
increases in silica, aluminium and other river borne or re-worked sediment
elements (Chapter 9). Figure 3.25 suggests that carbonate productivity increases
with shallowing of sea-level and reduces with a sea-level rise; this would suggest
that the increased input of clay and reduction of carbonate deposition required to
form a bedding plane is more likely to have taken place through a sea-level rise,

rather than a sea-level fall.

The individual bedding planes and partings could be the result of arid
humid climate cycles (Fig. 3.25). A change in climate to a more humid phase
could lead to increased clay input from increased river activity generating the
shale partings. The influx of clay generating turbid water and increased freshwater
runoff, reducing salinity, would both have a detrimental effect on carbonate
productivity. Thus, it could be that the limestones were deposited during times of
a more arid climate, with humid pulses leading to the deposition of the bedding
planes and clay interbeds. Since the shale partings and mudstone layers are thin
compared to the limestone beds this would suggest that the humid phases were
short-lived; however, they could be horizons of condensation representing long

periods of time. Fairbairn (2001) suggested that the supply of mud to the region
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remained fairly constant throughout the deposition of both the Great Limestone
and the bedding planes, with the thickness of the mudstone partings occurring at a
rate of up to 100 times slower than the deposition of the limestone itself, i.e. the
mudstone partings represent a considerable time span. In this scenario then, each
unit of shale parting—limestone—shale parting would represent a humid—arid—
humid climate cycle (Tucker et al., 2009). This possibility could very well have

occurred without the need for a sea-level change occurring.

Up to a certain point, temperature can be a major control on carbonate
productivity (Fig. 3.25); many organisms such as corals are dependent upon their
environment experiencing only very small temperature changes. The individual
bedding planes and partings could be the result of carbonate productivity being
reduced through lower sea-water temperature. This reduction in temperature and a
steady-state input of mud would allow shale partings or mudstone layers to
accumulate to define the bedding. Changes to sea-water temperatures can be due
to changes in sea-level or to regional weather patterns and could very well;
therefore, have occurred without a sea-level change occurring. Fossil
assemblages; however, do not show any systematic changes as the bedding planes
are approached and corals are often seen at bedding planes. Even though
temperature was important to the environment, the lack of any changes to fossil
assemblages as bedding planes are approached would tend to rule out temperature

changes being a major influence to bedding plane formation.

It is usual to assume that mud-size material is deposited within an
environment of weak currents, hence the possible suggestion by Varker (1968)
and Leeder and Strudwick (1987), discussed above, of deepening prior to
formation of the bedding planes. Schieber ef al. (2007); however, suggest that
bedload transport and deposition of “flocculated muds” can occur at current
velocities that would also transport sand sized material i.e. current velocities of 10
to 26 cm/s. This suggests; therefore, that a quiet environment is not always a
prerequisite for mud deposition; flocculation of mud is the important factor. Either
way it is obvious that environmental changes occurred to such an extent that the

production of the bedding planes was possible.

86



Chapter 3 Sedimentology of the Yoredale Cycles of Northern England

oxygen isotopes
Controls on bed deposition

more ----- less
negative sea-level climate temperature
4——‘-_—% Shale parting rise humid cool
Limestone bed fall arid warm

Shale parting rise humid cool

Figure 3.25 Possible explanations for the origin of the bedding planes and
partings/mudstone interbeds which define the beds in the Great Limestone. The
limestone beds themselves are discussed within section 3.6.7. The bedding planes
and partings/mudstone interbeds could be the result of lower carbonate productivity in
deeper water, with the clay input from reworking of mudflats, or a more humid climate
(increased fluvial input) for the influx of the clay, or cooler water reducing carbonate
productivity allowing clay to be deposited, The pattern of the 5180 data suggests that
temperature itself is not the control, but does support a depth/sea-level and/or salinity
(arid-humid climate) explanation and this will be discussed further in Chapter 7. See
Tucker et al. (2009).

In conclusion, the bedding planes of the Great Limestone are generally
sharp and planar; however, some can be seen to have undergone differential
compaction resulting in undulating forms. Pressure dissolution features are
common throughout the Great Limestone and in some cases the bedding plane is a
clear pressure dissolution seam. The origin of the mudstone partings/bedding
planes was assessed and three scenarios discussed; sea-level, climate and
temperature, with regard to their ability to affect the formation of the bedding
planes (Fig. 3.25). Carbonate productivity tends to increase with shallowing of
sea-level and reduces with a sea-level rise suggesting that the increased input of
clay and reduction of carbonate deposition seen at bedding planes, if sea-level
changes are assumed, is more likely for the bedding planes to have formed during
a sea-level rise rather than a sea-level fall. Climate and in particular changes
between humid and arid conditions were also assessed and concluded with the
possibility that each unit of shale parting—limestone—shale parting could represent
a humid-arid—humid climate cycle occurring; a sea-level change was not a

necessity for this scenario. The final assessment considered the impact of

temperature on the formation of bedding planes. Even though temperature
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changes are important upon carbonate production, it was felt that fossil

assemblages did not support this scenario.

3.6.7 Bed thickness patterns
The continuity of the bed thicknesses within the Yoredale cyclothems has

been recognised by many authors since Forster (1809) and Phillips (1836) and
more recently Fairbairn (1978). Figure 3.26 is a Fischer Plot of bed thickness
changes throughout the Great Limestone at Hudeshope Beck, Middleton in
Teesdale where it can be seen that a pattern of thinning and thickening upwards
through the limestone occurs, referred to here as bed-sets. Figure 3.27,
constructed from data by Fairbairn (1978), shows that remarkably these bed-sets
are also seen within the limestones throughout Teesdale and Weardale showing
they are genuine widely developed patterns. Two full bed-sets are visible within
the patterns of Figures 3.26 and 3.27, consisting of thinning-upwards and
thickening-upward beds. Each bed-set consists of around 10 beds.

The widely set pattern of thinning-upward and thickening-upward bed
thicknesses on a regional scale would suggest that a purely sedimentary
(autocyclic) control is unlikely as this would be expected to result in anirregular
bed thickness pattern. The well-organised nature of the patterns must; therefore,
be created by some regular increasing-decreasing changing parameter(s)
(allocyclic controls) (Tucker et al., 2009). The individual beds of the limestone
and their thicknesses are correlatable over much of the platform which would
suggest that the same depositional conditions were operating over the whole
platform, and as discussed above, redistribution of sediment on a large scale

throughout the platform is unlikely to have occurred.

Facies types would suggest that deposition of the Great Limestone took
place within a mid-shelf environment; accommodation space was not being totally
filled by the carbonate sediments and shallowing upward to peritidal carbonate
facies and erosion of bedding planes through exposure is not evident except at the
very top of the Great Limestone (see Section 3.6.8). As discussed in Section 3.6.6

sea-level changes could result in changes to carbonate production, with higher
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rates and thicker beds at shallower depths and lower carbonate production
resulting in thinner beds during deepening (Fig. 3.28). The same could also be
true for the formation of the bed-sets with the thinning-up bed-sets occurring
during sea-level rise and thickening-up bed-sets during a sea-level fall. The
mechanism for these cycles could vary between Milankovitch rhythms to shorter
time-scale sub-Milankovitch rhythms; these possibilities will be explored later in

this thesis.
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Figure 3.26. Bed-thickness pattern for the Great Limestone at Middleton in Teesdale.
Data displayed showing the thickness of each bed (vertical line) successively through
the limestone compared with the average thickness (diagonal line). Where there is an

upward trend (rising arrow), beds are thicker than the average, and where there is a

downward trend (falling arrow), beds are thinner than the average.

1.5

0.5 4

-0.5

-1.5 4

Newland-side Bed ——— Newland Side Hall Left — —NewlandSide Hall Right Jack Crag
Ridding House Left — — Ridding House Right Hollybush Left — — Hollybush Right
Miln Houses — — Bolliope i

Figure 3.27. Bed-thickness patterns for the Great Limestone at 11 localities in
Weardale and Teesdale displayed as cumulative deviations of bed thickness from the
average through the succession, constructed from data by Fairbairn (1978). Where
there is an upward trend, beds are thicker than the average, and where there is a
downward trend, beds are thinner than the average.
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As with the formation of bedding planes discussed in Section 3.6.6
climatic variations of arid to humid (dry to wet), with or without sea-level
changes, could also explain the changes in bed thickness (Fig. 3.28), The influx of
clay generating turbid water and increased freshwater runoff, reducing seawater
salinity, during humid conditions would have a detrimental effect on carbonate
productivity resulting in bed thicknesses and the bed-sets thinning. During more
arid times, less rainfall, normal to slightly hypersaline seawater and clearer, less
turbid seas would have led to higher productivity and so the trend to thicker beds
and bed-sets.

Temperature changes, again not necessarily connected with changes in sea-
level, are a further possibility (Fig. 3.28); temperature is a major control on
carbonate productivity. Regional or global perturbations of temperature would be
expected to affect carbonate productivity with higher temperatures leading to
increased carbonate productivity which would give the trend to thicker beds,

whereas lower temperatures would lead to the trend towards thinner beds.
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Figure 3.28. Possible explanations for the origin of the bed-sets in the Great Limestone,
together with the generalised pattern of trends in the 5180 data to be discussed later in
this thesis. Zones of thicker beds in the bedsets could be the result of higher carbonate
productivity due to shallower water, clearer seas/lower rainfall (more arid climate) or
higher temperature. Zones of thinner beds in bedsets could be the result of lower
carbonate productivity due to deeper water or more turbid seas/higher rainfall (more
humid climate) or lower temperature. The pattern of the 5180 data suggests that
temperature itself is not the control, but does lend support to a depth/sea-level/ice-cap
size control and/or a salinity-turbidity (arid-humid climate) explanation and this is to be
discussed later. See Tucker et al. (2009).

In conclusion, there are three possibilities which could account for the

formation of the bed-sets, sea-level changes, arid to humid cycles or temperature
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changes. Carbon and oxygen isotope and geochemical variations within beds are
considered in later sections within this thesis and will explore further the

causation of the beds and bedset cycles.

3.6.8 Siliciclastic and minor cycles of the Great Limestone Cyclothem.
The sediments between the Tumbler Beds of the Great Limestone and the

Little Limestone Cyclothem are of fluvio-deltaic lithologies consisting of at least
three minor cycles of mudstone and sandstone and in some areas of the Alston
Block 4 cycles of mudstone and sandstone are visible (Tucker et al., 2009). The
mudstone generally coarsens up into the sandstone and these coarsening-upward
packages are regarded as being minor cycles in their own right. Westgarth Forster
(1809) described three sandstones within the minor cycles as the Low Coal Sill
(average 3.0 metres thick), High Coal Sill (average 3.7 metres thick), and the
White Hazel (average 2.1 metres thick). The mudstones, averaging up to 2 metres
in thickness, usually contain a thin marine band at the base and the sandstones are
commonly overlain by coal or a smut. The term sill, used here for the sandstones,
must not be confused with the same term used today for a concordant minor

igneous intrusion.

The coal formation at the top of the Great Limestone cyclothem is
terminated by a marine transgression, the Little Limestone Cyclothem, considered
by Dunham (1950) and Hodge and Dunham (1991) to be ... an apparently sudden
event with little destruction of the sediment invaded”. Elliot (1974) introduced the
term abandonment stage for the cessation of clastic sediment supply and Hodge
and Dunham (1991) suggested that Elliott’s abandonment coal was the High Coal
with a post-abandonment phase above this. It could be argued; however that the
coals present in the Low Coal Sill and White Hazel are also abandonment stages
with the marine incursions, above the coals of the Low Coal Sill, being regarded
as a post- abandonment phase. In the case of the post-abandonment phases above
the High and Low Coal Sills these are to a certain extent short lived and are
dominated by terrigenous mud before returning to sandstone and a further
abandonment phase. These short lived post-abandonment phases do not usually

include a limestone phase; however, a sandy limestone has been reported in
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Eastgate Cement Works in Weardale (949 365), but not witnessed by myself or
seen on any available borehole logs, which may be correlated with the Low Coal

and the Snope Burn Band of Trotter and Hollingsworth (1932).

Figure 3.29 Eastgate quarry. A = top of Great Limestone. B = Low Coal Sill minor
cycle. C = High Coal Sill minor cycle. D = White Hazel minor cycle. Height between top
of the Great Limestone to the top of the White Hazel approximately 25 metres

In general the termination of deposition of the Great Limestone was
preceded by deposition of prodelta mud, as would be expected in a standard
Yoredale lithological sequence; however a further coal is seen within many of the
borehole logs from Eastgate Cement Works in Weardale (949 365) lying directly
on top of the Great Limestone itself, suggesting emergence of the Great
Limestone occurred; Elliot (1975) found evidence for this coal at Crawleyside
quarry in Weardale (998 399). Hodge and Dunham (1991) also found evidence for
emergence of the Great Limestone at Stotfield Burn Mine (944 424) Boltsburn
Mine and Jeffries Engine Shaft Hunstanworth (960 478). Hodge and Dunham
(1991) found that this emergence episode was limited to the Weardale and

Teesdale area, covering approximately 100 Km” and was probably the result of an
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area of peat forming swamp; the coal was named by Hodge and Dunham (1991)
as the Blackband. The Blackband at Eastgate Cement Works is associated in some
cases with a band of chert possibly a continuation of the Main Chert within
Swaledale on the Askrigg Block (Fig. 3.5); however, one log description from
Eastgate Cement Works referred to the chert containing black wispy stylolites

suggesting this is in fact a silicified limestone.

The position of the marine bands within the post-abandonment mudstones
above the sandstones and coals of the minor cycles is not always evident within
the many borehole logs from Eastgate Cement Works; however, Hodge and
Dunham (1991) considered the marine bands to be reasonably continuous
throughout much of the Alston Block. In many of the boreholes inspected at
Eastgate Cement Works, the mudstones, siltstones and sandstones, are described
as being non-calcareous and containing no fossils, whereas, in other boreholes,
still described as non-calcareous, fossil debris such as brachiopods and crinoids
are found within these post-abandonment phases. One sandstone bed,
approximately 1 metre thick, within the High Coal Sill is also seen to contain

fossil debris.

Where the fossiliferous mudstone facies occurs within the post-
abandonment stage directly above the Great Limestone, or the Blackband, this
varies from a few centimetres thick to around 4 metres in thickness. Within
Snaisgill Sike (395415 526952 ), a few hundred metres east from Skears Quarry
in Hudeshope Beck this mudstone is approximately 2 metres thick; fossil debris
was not found. Within the post-abandonment mudstones above the High and Low
Coal Sills on the Alston Block, the beds with fossiliferous debris is usually only a
few centimetres in thickness; the fossils usually consist of brachiopods and
crinoid debris. The occurrence of marine fossils, even though sparse, and the mud
size sediment, are suggestive of deposition in a low energy environment below
storm wave base; however, as discussed above, Schieber ef al. (2007) suggested
that bedload transport and deposition of “flocculated muds” can occur at current
velocities that would also transport sand-sized material, suggesting that a quiet

environment is not always a prerequisite for mud deposition.
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Above the fossiliferous mudstone the facies changes to a mudstone with
greater silt content and plant debris marked by carbonaceous streaks. Marine
fossils are extremely sparse throughout this facies and die out vertically, probably
suppressed by the plant debris; Hodge and Dunham (1991) suggested this phase
may also have been anaerobic. Alternations of mudstone and siltstone, with some
fine sandstone, on the millimetre scale appear towards the top of the facies with
typically sharp contacts in places. The preponderance of mudstone throughout this
facies would suggest a similar environment to that for the fossiliferous mudstone
facies, i.e. low energy environment below storm wave base; however, the increase

in siltstone and sandstone towards the top would suggest a shallowing up and

increase in energy, probably storm-generated.

Figure 3.30 Low-angle cross-stratified bedding with sharp contacts, Snaisgill Sike
(395415 526952 ). Field of view approximately 480 by 350 millimetres. (Hudeshope
Beck)

The change from the fossiliferous mudstone facies to a non-fossiliferous
facies containing greater silt content is not distinct and in most cases this is
difficult to ascertain in the field, or even within borehole logs. This change

between facies can only be regarded as being gradual with a hardly perceptible
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coarsening up. Above the non-fossiliferous facies silt increases towards thin
centimetre thick sandstone beds; Ainsworth and Crowley (1994) recorded
hummocky cross stratified beds up to 150 millimetres thick within these
sandstones on the Alston Block and within the Stainmore Basin. Cross
stratification is visible in Snaisgill Sike within the initial minor cycle (Fig. 3.30).
The sandstones are erosively based and interbedded with mudstone and siltstone.
The occurrence of mudstone, siltstone and fine sandstone still suggests a low
energy environment very near to storm wave base with storm activity continuing

to affect deposition creating the sandstones and cross-stratified beds.

Figure 3.31 Swaley cross-stratified bedding Sleightholme Beck (953 105). Field of View
approximately 1.1 metres by 0.85 metres. (Sleightholme Beck OS 953 105)

The sandstones above these mud and siltstone layers have both transitional
and erosive contacts and generally become thicker vertically. They have been
described by Ainsworth and Crowley (1994) as consisting of swaley cross-
stratified and hummocky cross-stratified sandstone, planer laminated sandstone,
trough cross-bedded sandstone, inclined stratified sandstones and rooted
sandstones. These sandstone facies can be interpreted to vary from deposition in

the high-energy sediment-laden currents at or above fair-weather wave base in the
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shoreface to foreshore zone. Swaley-bedded fine-grained sandstone is seen within
Sleightholme Beck (953 105) where down-cutting into a very fine grained
sandstone can be seen (Fig. 3.31); planar bedding is seen to return at the top with
a two centimetre thick bed before thinning beds thin again. The occurrence of the
swaley cross-stratification and planar bedding suggests it was deposited from
sediment-laden currents in a high-energy environment. The thinning of the beds at
the top is suggestive of a reduction in sediment load. It was not possible to
ascertain an exact position in the sequence this exposure belonged to, however; it

was thought to be within the High Coal Sill sequence.

Dunham (1948) recognised sandstones on the Alston Bock which were
much thicker than the sheet sandstones of the Low and High Coal Sills. The
sandstones were noted to generally consist of fining-up sandstone and in places a
conglomerate is found. One sandstone in particular, was recognised as a large
palaeodistributary channel with sandstones occupying up to 90 percent of the
thickness between the Great and Little Limestones. The thickness of the channel
varies with a maximum thickness of 29 metres. This large distributary channel is
known as the Coal Sill or Allercleugh Channel (Fig. 3.5). The sandstones of the
channel are known, in places, to cut down to the limestone and have been
recorded by Hodge and Dunham (1991) to cut into the top of the limestone itself;
however over much of the area a couple of metres of mudstone exist between the
top of the Great Limestone and the sandstones. At Sunny Brow Mine (878 390),
north-west of St John’s Chapel, Weardale, the channel has an irregular eroded
base which cuts 8 metres down into the Great Limestone. The channel is
associated with the Low and High Coal Sills; however, as the High Coal can be
found on top of the sandstone it must predate this (Hodge and Dunham, 1991).

The White Hazel minor cycle is the final phase of the Great Limestone
cyclothem, i.e. the abandonment phase of the Great Limestone cyclothem. This
phase is generally very similar to the abandonment phases of the Low and High
Coal Sills; however, it differs in that the sandstones are more flat bedded and
include a fossiliferous sandstone facies; a coal is seen to cap the cycle in places

before the commencement of the Little Limestone cyclothem. The White Hazel is
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seen to thicken towards the west and south west of the Alston Block and in
particular within Skears Mine (396 523) near to the Hudeshope Beck area, where
it is seen to thicken to 22 metres. In places the White Hazel replaces both the Low
and High Coal Sills with only a few metres of mudstone between it and the Great
Limestone (Hodge and Dunham 1991). The thick sandstones of the white hazel
were reported by Dunham (1948) and first attributed to a late palacodistributary
channel; however, further investigation by Hodge and Dunham (1991) confirmed
that the sandstones coarsen up and confirmed a sand-bar environment. This sand
bar they named as the Skears Sandbar. Figure 3.5 shows the extent of the Skears
Sandbar near to Middleton in Teesdale. The normal succession of at least 3 cycles
returns very quickly off the edge of the bar as can be seen at Snaisgill Sike only a

few hundred metre away from the location within Skears mine.

3.7. Conclusion.
This chapter described the Carboniferous “Yoredale Cyclothems” on the

Alston Block of Northern England. The Structure of the Alston Block is
constrained to the north, south and west by major fault systems, some acting as
hinge lines during the Carboniferous, and the Block tilts to the east. The
submergence of the Alston and Askrigg Blocks in the late Asbian in the form of a
shallow epeiric sea resulted in marine carbonate conditions prevailing with
terrigenous sediment encroaching on to the northern margins of the Alston Block
only by the end of the Asbian. The initial marine transgressions extended into the
Northumberland Basin; however, siliciclastic/deltaic sedimentation prevailed over
much of that area as the subsiding basin was filled. By the Brigantian and early
Namurian the marine transgressions extended over the whole of the Mid-
Northumberland Basin and deposition of major cyclothems occurred, some
extending far to the north beyond the margins of the Northumberland Basin, and
the shoreline extended beyond the southern margin of the Askrigg Block.

Products of fluvio-deltaic and shallow-marine carbonate sedimentation, the
Yoredale cycles of the Late Viséan and Namurian are mixed clastic-carbonate
high frequency sequences varying from 5 to 50 metres in thickness with the

standard Yoredale Cycles in northern England being dominated by terrigenous
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sediments, whereas the limestone units form a proportionately smaller part of the
cycle. The proportion of siliciclastic sediment increases to the north-east and the

limestone thickness increases to the south-west.

The facies and microfacies of the Great Limestone are typical of a shallow-
marine environment, i.e. outer shoreface/transition to offshore environment. The
environment is suggested by the geochemistry, sedimentary structures and fossil
assemblages, to be very stable with only occasional storm reworking and

incursions of prodelta mud before the final advancement of true delta conditions.

Three biostromes exist within the Great Limestone; the Chaetetes Band is
to be found within either of the bottom two beds and consists of the sclerosponge
Chaetetes depressus or replaced with compound corals such as Diphyphyllum or
Lonsdaleia laticlavia. Small lenses a few centimetres across of Chaetetes can also
be found throughout the height of the Great Limestone. The Brunton Band lies
within the central part of the Great Limestone and consists of the alga Calcifolium
bruntonense sp. nov., only recognisable within thin-sections. The Frosterley band,
characterised by abundant remains of simple rugose corals is surprisingly
continuous throughout the Alston Block where it can be seen either as a single

biostrome or many individual biostromes separated by thin limestone.

Apart from the biostromes there is no observable change in the proportions
of the various bioclastic elements throughout the Great Limestone at Hudeshope
Beck; all samples are similar — bioclastic wackestone—packstone with a range of
skeletal fragments. It seems clear that the limestone beds were all deposited under
similar conditions, although, presumably specific local conditions allowed the

coral-brachiopod biostromes to form.

There is evidence for current activity and storm reworking of the bioclasts
and grains within the Great Limestone; however, the evidence does not
necessarily suggest that the bioclasts have been transported large distances.

Dissolution, mechanical damage, bio-erosion and encrustation was prevalent and
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it is suggested that the fossil record of the Great Limestone can be regarded as a

true representation of the environment of deposition.

Isopachous and drusy calcite spar cements are visible within skeletal
fragments which are attributed to marine phreatic conditions where the fragments
were left uncovered by sediment for long periods of time. Neomorphic spar is
visible within some thin-sections suggesting dissolution of grains and skeletal

parts during shallow burial diagenesis.

The bedding planes of the Great Limestone are generally sharp and planar;
however, some can be seen to have undergone differential compaction resulting in
undulating surfaces and pressure dissolution features are also common

throughout.

Fischer Plots of bed thickness changes at Hudeshope Beck, and Weardale
were constructed which showed that there is a pattern of thinning and thickening
upwards through the limestone and remarkably these bed sets are genuine widely
developed patterns created by some regular increasing-decreasing changing
parameter(s) (allocyclic controls). Two full bed-sets, consisting of around 10
beds, are visible within the Fischer Plots consisting of thinning-upwards and
thickening-upward beds. The individual beds of the limestone and their
thicknesses are correlatable over much of the platform suggesting that the same

depositional conditions were operating over the whole platform.
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4.0 Thickness Variations of Carboniferous
Cyclothems and the Great limestone

4.1 Introduction
There are significant thickness variations within the Great Cyclothem and

these are well documented (Fairbairn, 1978; Hodge, 1965). The relationships of these
changes to thickness variations within other cyclothems above and below the Great
Cyclothem; however, are not as well documented. A comparison of thickness
variations within the Great Cyclothem with other cyclothems was therefore carried
out to ascertain whether or not any major local controls were in action on the block
during deposition. It was not deemed essential, or indeed possible, to include the full
thickness of strata from the Asbian to the Westphalian in the investigation. In fact for
simplicity in the display of cross sections and due to the lack of thickness data for
many cycles, the following cross sections commence with the Scar Cyclothem in the

Brigantian and cover the cycles up to the Little Cyclothem in the lower Namurian.

Each cyclothem is laterally persistent over an area exceeding 10,000km” and
as discussed in Chapters 2 and 3 usually consists of a limestone unit overlain by
coarsening-up clastics and locally topped by a palaeosoil or coal. The cyclothems
vary between 5 to 50m in thickness and generally the limestone units are thinner in
the Northumberland Basin to the north of the Alston Block and the siliciclastics are
generally thicker. Various records and data sets exist which reveal thickness
variations within the cyclothems and even within individual beds on the Alston Block
(Dunham, 1990; Fairbairn, 1978; Hodge, 1965). Major channels, washouts and sheet
sandstones are also well known on the Alston Block, These include washouts in the
Iron Post cyclothem which, in places, has removed the argillaceous and limestone
units; the Pre-High Coal Sill (Allercleugh) palacodistributory channels, sheet
sandstones (High and Low Coal Sills), the Skears Sandbar in the Great Cyclothem
and the Rogerly channel in the higher cycles at and below the Lower Felltop
Cyclothem; for clarity the position of the Pre-High Coal Sill (Allercleugh)

palaeodistributory channel and the Whin Sill are excluded from the sections.
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The following average thicknesses, isopachs and contours were constructed
using data from a Memoir of the British Geological Survey (Dunham, 1990), records
from the British Geological Survey collection at Edinburgh, and a PhD thesis (Hodge,
1965).

4.2 The Cyclothems
Table 4.1 gives average thickness data for the seven cyclothems on the Alston

Block studied in this Chapter, i.e. from the Scar Cyclothem in the Brigantian to the
Little Cyclothem in the lower Namurian. A brief account follows giving general
descriptions of the limestones and the terrigenous units. Where known the description
of minor cycles within the cyclothems are also discussed. Minor cycles are defined
here as a coarsening up from a mudstone of marine facies to a sandstone (Dunham,
1996), the sandstones would be expected to be topped by a coal or smut. However
these are not always visible in the field or described in logs; nevertheless, the simple
coarsening-up sequence is assumed to indicate a minor cycle. Figure 4.1 is a
generalised section through the cyclothems discussed in this chapter and it may be
noted that the Iron Post Cyclothem is included within the Four Fathom Cyclothem,;

this is discussed further in the text.

Cyclothem Average Average Average Average Number of
name cyclothem combined combined limestone minor
thickness/m | sandstone mudstone thickness/m cycles
thickness/m | thickness/m
Little 44.8 25.6 21.5 3.0 3
Great 371 9.0 9.0 19.1 4+
Iron Post 8.1 2.8 4.8 0.5 4
Four Fathom 24.9 7.4 11.0 6.5 }
Three Yard 27.6 9.5 18.1 2.9 0
Five Yard 18.2 9 4.5 4.7 0?
Scar 22.8 7.8 6.0 11.0 3

Table 4.1 Average thickness data in metres for the cyclothems studied.
After Dunham, 1990.

The cyclothems discussed within this chapter were, as discussed in Chapter 3,

deposited in the shadow of a large Deltaic System and in a time of rising and falling
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sea levels. Advancement of distributory channels cutting down into the deposited
sediments is not unexpected in this type of environment and as such all cyclothems
discussed here have resulting channels, ranging from large to small channels, the

larger channels only are noted within the following text.

The Little
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Figure 4.1. Generalised sections through the cyclothems discussed in this chapter.
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4.2.1 Little Cyclothem
The Little Limestone is a relatively pure crinoidal limestone and despite its

name this is often recorded as the thickest of the cyclothems investigated in this
chapter at an average of approximately 45 metres thick; see section lines and statistics
in Appendices A, B and C. The limestone itself is thin in comparison to the actual
cyclothem averaging only 3 metres but reaching 6.4 metres in thickness at Harehope
Gill Mine (004 349). Within north Yorkshire on the Askrigg Block and Stainmore
Basin, Wells (1957: 1960) reported chert filled vertical borings within the limestone.
A mudstone, up to 24 metres thick locally succeeds the limestone and above this, are
sandstones consisting of three individual horizons; the Pattinson Sill (average 10.1m),
the White Sill (average 5.4m) and the Firestone Sill (average 10.1m); south on the
Askrigg Block 2 sandstones only are seen separated by a thick mudstone. In Dunn
Fell Hush the Pattinson Sill and the White Sill are unrepresented; however the 30
metres of mudstone between the Little Limestone and the Firestone Sill contains 3
marine bands (Dunham, 1990). A coal is usually present on top of the Firestone Sill.
Marine bands are usually present above both the Pattinson Sill and the White Sill; the

post-abandonment phases.

4.2.1.1 The Pattinson Sill
The first sandstone within the Little Cyclothem is named as the Pattinson Sill.

This sandstone very often appears directly above the limestone whereas other
occurrences of the sandstone begin up to 9 metres above the limestone; the sandstone
very often contains marine fossils. Dunham (1990) suggested that the so-called
Pattinson Sill is actually several different lenticular sand bodies and their correlation
throughout the block may actually be flawed. A sandstone 24 metres above the
limestone, at Hunstanworth, which is 9 metres thick is called the Pattinson Sill;
however, Dunham (1990) suggested this probably corresponds to the White Sill.
Marine shales and even thin limestones have been recorded above various sandstones
referred as the Pattinson Sill; however, it is difficult to correlate these throughout the
block. The individual relationships and changes to the Pattinson Sill throughout the
block are therefore complicated (Figure 4.2).
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4.2.1.2 The White Sill
The White Sill is separated from the Pattinson Sill by 6 to 12 metres of shale.

The sandstone itself varies between 1.5 and 7.6 metres thick and is often seen as

alternations of sandstone and shale.

4.2.1.3 The Firestone Sill
Overlying the White Sill is a shelly sandstone or mudstone and above this a

mudstone varying between 1.5 to 15 metres thick lies below the sandstone of the
Firestone Sill. The Firestone Sill varies from a coarse sandstone in the south of the
block around Weardale and Teesdale to a medium-grained sandstone elsewhere and
in some areas this is overlain by a ganister. The Firestone Sill is quite often overlain
by a coal, which can reach up to 0.45 metres thick, and this underlies the limestone of

the Crag Cyclothem.
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/
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The Little Limestone Cyclothem

Little LimvastcmeO

Figure 4.2 Generalised section of the Little Cyclothem and minor cycles. Note
confusing pattern of the Pattinson Sill minor cycle.

4.2.2 Great Cyclothem
The Great Cyclothem (Figure 4.3) has been described in detail within Chapter

3 and, therefore, the following description will summarise the points only. The Great
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Cyclothem is the basal member of the Namurian and underlies the Little Cyclothem.
Whereas the Great Cyclothem varies considerably in thickness on the Alston Block it
has an average thickness of 37.1 metres with the limestone taking up approximately
50% of the thickness. The limestone is thicker than most in the Carboniferous of the
area at around 19 metres and is more like the Brigantian limestones rather than the
other limestones in the Namurian. The Great Cyclothem sits upon the Iron Post

Cyclothem and beneath the limestone of the Little Cyclothem.
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Figure 4.3 Generalised section of the Great Cyclothem and minor cycles.

The siliciclastics of the Great Cyclothem average 18 metres thick with the
average combined thickness of the sandstones being 9 metres and the mudstone 9
metres. There are three main and some minor sandstones, the main sandstones being
the Low Coal Sill (average 3.0 metres), the High Coal Sill (average 3.7 metres), and
the White Hazle (average 2.1 metres). These sandstones are separated by mudstones
with the mudstone above the limestone averaging 5 metres in thickness, the mudstone
above the Low Coal Sill averaging 2.5 metres and the mudstone above the High Coal
Sill averaging 1.5 metres. In some areas, the sandstones have completely removed

the mudstones and in others, the Low Coal Sill is absent giving a thicker mudstone.

105



Chapter 4 Thickness Variations of Carboniferous Cyclothems and the Great limestone

The High Coal Sill, as discussed in Chapter 3, is known to cut down to the limestone
in a large distributory channel known as the Coal Sill or Allercleugh Channel (Figure
3.5). The uppermost of the sandstones, the White Hazle, varies considerably in
thickness; in Skears Mine (395700 523080), it is up to 22 m thick and it is thought to
be a remnant of a barrier island or sandbar (Hodge and Dunham, 1991) (Figure 3.5).

Coals can be found on top of all the 3 main sandstones which are usually only
a few centimetres thick and are very often represented by a smut. The coals, however,
are not persistent throughout the block and are often missing. Unusually, a coal is
present directly on top of the Great Limestone within parts of Weardale and Teesdale
and this is attributed to emergence of the limestone in this area and the formation of a
peat-forming swamp (Hodge and Dunham, 1991). Above the sandstones, or the coals
if present, a marine band is often present as the commencement of the next cycle, the
post-abandonment phase occurs. Hodge (1965) showed various fossiliferous marine
band horizons within the siliciclastics phases; however, they are not continuous

throughout the Block.

4.2.3 Iron Post Cyclothem
The Iron Post Cyclothem (Figure 4.4) is the highest in the Brigantian lying

directly below the Great Cyclothem. The average thickness of the Iron Post
Cyclothem is 8.1 metres with the limestone averaging 0.5 metres and the siliciclastics
7.6 metres. The sandstone, the Tuft, averages 2.8 metres thick and the mudstone 4.8
metres thick; immature coals are not uncommon throughout the thickness of the
sandstone beds, often seen as smuts (Figure 3.4). Above the initial Iron Post
Cyclothem there are 3 minor cycles consisting of marine bands, mudstones, fine and
medium grained sandstones, thin coals and smuts. Architecturally, this cyclothem is

an anomaly due to its very thin limestone and overall thickness.
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Great Limestone

Tuft sandstone Third minor cycle

Second minor cycle

Marine band

First minor cycle

Marine band

Initial Cycle

The Iron Post Limestone
Cyclothem

Iron Post limestone 0

Figure 4.4 Generalised section of the Iron Post Cyclothem

The Iron Post Limestone is not laterally persistent on the Alston Block as it is
missing in many of the mine sections, e.g. Killhope Mine (816 432) and Sedling
Mine (860 411). In most areas where the limestone is missing it is replaced by a
metre or so of highly fossiliferous shale overlying the Quarry Hazel sandstone of the
Four Fathom Cyclothem below. Within Stanhopeburn Mine, Weardale (986 413) the
Tuft sandstone lies directly upon the Quarry Hazel sandstone of the Four Fathom
Cyclothem; the Iron Post limestone and mudstone are not present; here the combined
thickness of sandstone reaches some 29 metres in thickness (Dunham, 1990).

Dunham (1990) regarded this sandstone as a channel sandstone.

The Iron Post Cyclothem and the Great Cyclothem are situated each side of
the boundary between the Brigantian and Namurian which have been designated as
the boundary between the D6b and N1 Mesothems of Ramsbottom (1979). In his
paper, Ramsbottom refered to the short duration at the end of a Mesothem (the
regression) and a long duration at the start (the transgression). Whether the move

from a thin cyclothem to a thick cyclothem, either side of the Mesothem boundary,
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can be attributed to the time differences at the regression and transgression stages of

the Mesothems is not clear and is difficult to assess with the data available.

4.2.4 Four Fathom Cyclothem

Johnson and Nudds (1996) regarded the Iron Post Cyclothem and the minor
cycles above it as being minor cycles of the Four Fathom Cyclothem that underlies

the Iron Post Limestone (Figure 4.5)

Great Limestone

Tuft sandstone

Marine band above coal Fourthminor cycls

Third minor cycle

Marine band

Second minor cycle

Marine band

Iron Post limestone First minor.cycle

Quarry Hazel Sandstone

Initial Cycle

The Four Fathom Limestone Cyclothem

Marine band

Four Fathom Limestone

o=

Figure 4.5 Generalised section of the Four Fathom Cyclothem.
After Johnson and Nudds (1996).
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If the Iron Post Cyclothem is included within the Four Fathom Cyclothem, as
suggested by Johnson and Nudds (1996), the cyclothem is the thickest in the
Brigantian succession with an average thickness of 33 metres. The limestone of the
Four Fathom cyclothem has an average thickness of 6.5 metres and the mudstones, of
both the Four Fathom and Iron post Cyclothems, average 16 metres. The Quarry
Hazle sandstone varies considerably in thickness throughout the area from 1.8 metres
to 23 metres with an average thickness of 7.4 metres. The large variation in thickness
of the sandstone is due to the formation of channel sandstones which are known to
remove the mudstones. As discussed in Chapter 4.2.3 the Tuft sandstone, above the
Iron Post Limestone, can also be seen to lie directly upon the Quarry Hazel
sandstone, giving a combined thickness of sandstone reaching 29 metres in thickness

(Dunham, 1990).

4.2.5 Three Yard Cyclothem
The limestone of the Three Yard Cyclothem averages 2.9 metres, a thickness

similar to that suggested by its name. The mudstone at 18.1 metres thick is unusually,
for the cyclothems discussed, more than 50% of the total cyclothem thickness. The
sandstone, the Nattrass Gill Hazle, varies in thickness from 4.0 metres to 26.0 metres
throughout the area. A palaeosoil and sometimes a thin coal or carbonaceous

mudstone is common at the top.

The Three Yard Cyclothem usually commences with a single limestone at the
bottom; however, within Hudeshope Beck there is a second limestone bed separated
from the lower limestone bed by a calcareous and fossiliferous shale approximately 2
metres thick (Figure 4.6); both limestone units are 2 to 2.5 metres thick. The second
limestone consists of thin limestones intercalated with thin fossiliferous shales. The
mudstone above the second post is fossiliferous which changes to a non-calcareous
and non-fossiliferous shale and eventually into thin sandstones separated by
mudstone known as the grey beds. Above the grey beds, the Nattrass Gill Hazle is
split into at least three sandstones by mudstone and above the sandstone, directly

below the Four Fathom Limestone, is a prominent palaeosoil with rootlets. The top of
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the palaeosoil is split and contains smuts. Apart from the two limestone posts within
the Three Yard Cyclothem there is only one general coarsening-up sequence with no

minor cycles present.

Four Fathom Limestone 30

Nattrass Gill Hazle 25

Second Post of
Three Yard limestone

The Three Yard Limestone
Cyclothem

Main Post of
Three Yard limestone ()

Figure 4.6 Generalised section of the Three Yard Cyclothem.

4.2.6. Five Yard Cyclothem
The Five Yard Cyclothem has an average thickness of 18.2 metres with the

Five Yard Limestone averaging 4.7 metres and the sandstone, the Six Fathom Hazle
or High Brig Hazle averaging 9.0 metres in thickness; a thin coal, up to 0.4 meters

thick tops this cyclothem in places. As with the Three Yard Cyclothem above, this
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cyclothem does not usually contain minor cycles; however, Johnson (1959) reported
minor cycles within the cyclothem in the southern Northumberland Basin. The Five
Yard Limestone is the lowest of Johnson’s “perfect Major Cyclothems” (Johnson,

1959) discussed in Chapter 3, section 3.3, and covers an area from the Craven faults

on the Askrigg Block to the Scottish Borders.

Three Yard Limestone 20

Six Fathom or
High Brig Hazle

Five Yard limestone

The Five Yard Cyclothem
=

0

Figure 4.7 Generalised section of the Five Yard Cyclothem.

4.2.7 Scar Cyclothem
This is the lowest of the Cyclothems studied in this Chapter. The limestone is

the second thickest of those studied in this Chapter at 11.0 metres. The sandstone, the
Slaty Hazle or Low Brig Hazle, averages 7.8 metres, and this generally tops the

cyclothem in the field.

The siliciclastics commence with a marine shale which is followed by non-
marine mudstone. The non-marine mudstone coarsens up into the sandstones, which

in Teesdale are more massive than those seen in the Weardale area which are often
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seen as split sandstone and mudstone beds. Two minor cycles can often be seen
above the initial cycle; the minor cycles commence with marine mudstone bands and

coarsen up to and terminate with sandstone.

A large channel sandstone can be seen within the cyclothem at the waterfall
upstream of the Bow Lees picnic area within Teesdale (907, 283). This channel can

be seen to cut down to within a few metres of the Scar Limestone itself.

Five Yard Limestone
Marine Band
Marine Bandzo

Slaty Hazle or
Low Brig Hazle

Second minor cycle
First minor cycle

15

10 ’ Initial Cycle

Scar limestone

The Scar Cyclothem

|

Figure 4.8 Generalised section of the Scar Cyclothem.

4.3. Isopachs, contours and section lines.
For the comparison of thickness variations within the cyclothems, isopachs

and section lines were constructed from available data. The positions of the data
points for section lines 1 to 15 are shown in Figure 4.9 (and Appendix A), using data
from a Memoir of the British Geological Survey (Dunham, 1990) and records from
the British Geological Survey collection at Edinburgh. The positions of the data
points for section lines 16 to 28 are shown in Figure 4.10 (and Appendix A) and the
section lines were constructed from an amalgamation of data from measurements

(Appendix A) of figures given in a PhD thesis (Hodge, 1965). Isopach contours were
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constructed in ArcView™ (sample shown in Figure 4.11) and the contour data were
then used manually to identify thickness changes at the section positions and these
were then transferred to AutoCAD™ for the final construction of the section lines.

Section lines are provided in Appendix B and the positions of each section line is

shown in Figures 4.14 and 4.15.
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Figure 4.9 Locations of points for the construction of isopachs for Section Lines 1 to 15
(See also Appendix A)

Section lines 1 to 15 represent bed-thickness changes throughout the Alston

Block from the Brigantian (Scar Cyclothem) up to and including the lower Namurian
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(Little Cyclothem). Section Lines 16 to 28 are of the Great Cyclothem only and cover

an area from the Northumberland Basin in the north to the Stainmore Trough to the
south of the Alston Block.
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Figure 4.10 Locations of points for the construction of isopachs for Section Lines
16 to 28

Section lines 1 to 15 are not intended to be a true indicator of the actual
cyclothem architecture; they are only to be used as an indication of overall thickness
of each lithological unit in the cycle. Each cycle is shown in the sections to consist of

three lithologies, i.e. limestone followed by mudstone followed by sandstone.
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Whereas this would be an idealised progression, in the field the section may actually
be far more complicated as some units may be repeated or absent. Figure 4.12 is a
schematised section, as it may appear in the field, and Figure 4.13 shows how the
section lines would represent the combined lithological thicknesses. This may appear
to be an unusual and possibly unhelpful method to use; however, this has become
necessary due to the way information is presented in many documents such as the
British Geological Survey Memoirs. This combined information however, is still
useful in representing the amount of marine to terrestrial material being deposited in

the time-frame of the cyclothems.

Figure 4.11 Example Isopachs for the base of the Great Limestone. See
discussion for explanation

The construction and accuracy of the isopach contours can only ever be as
good as the information collected and the number of data points used. For section
lines 1 to 15 (Appendix A and B), 24 data points were used for the Scar Cyclothem
whereas 58 were used for section lines 16 to 28 (Appendix A and B) for the Great

Cyclothem. As the area covered by the isopachs is 1200km?, this gives an average
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coverage for the Scar Cyclothem of 1 per 50 km” and 1 per 21km? for the Great
Cyclothem (Table 4.2).

y

!_,_,-'—

Figure 4.12 Figure 4.13
Schematised section showing Section showing how the isopachs
relationships between beds as they and sections would represent the
may appear in the field. lithology thickness relationships
Cyclothem Number of Points Coverage
Little Cyclothem 38 1 point per 31 Km”
Great Cyclothem 58 1 point per 21 Km”
Iron Post Cyclothem 36 1 point per 33 Km®
Four Fathom Cyclothem 33 1 point per 36 Km”
Three Yard Cyclothem 35 1 point per 34 Km”
Five Yard Cyclothem 27 1 point per 44 Km”
Scar Cyclothem 24 1 point per 50 Km”
Total number of Points 251

Table 4.2 Points used for constructing section lines 1 to 15
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Figure 4.14 Position of section lines 1 to 15

The larger number of points used to construct section lines 16 to 28 (Appendix
B) for the Great Cyclothem has undoubtedly resulted in the greater accuracy of
changes being visible in these cross sections; however, this should not suggest that
the isopachs for the other cyclothems are totally unrealistic. In fact, as can be seen in

the section lines, similar thickness variations often occur throughout the different
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cyclothems vertically above each other suggesting the number of data points, if not

ideal, do give an acceptable, consistent picture.

Section lines 1 to 15 (Appendix B) are constructed as “hanging off” the flat
top of the Little Cyclothem sandstone. This does not imply that the top of the
sandstone is flat; it is used as a convenient starting point to draw all other units and
cycles. Other methods were tried, such as drawing the Scar Limestone with a flat base
and building everything up from this; however, the flat Little Cyclothem sandstone
method was the easiest to construct and then interpret. The cyclothems in sections 1
to 15 are identified numerically on the right hand side from 1 to 7; Table 4.3

identifies the number and the corresponding cyclothem.

Number Cyclothem

1 Little Cyclothem

Great Cyclothem

Iron Post Cyclothem

Four Fathom Cyclothem
Three Yard Cyclothem
Five Yard Cyclothem

N N | B W] N

Scar Cyclothem

Table 4.3 Corresponding number and cyclothem used in
section lines 1 to 15.

Section lines 16 to 28 (Appendix B) are also constructed as “hanging off” the
top of the upper-most sediment in the Great Cyclothem (usually the sandstone). They
were constructed from scaling from previously constructed sections (Hodge, 1965).
The isopachs for the Great Limestone itself used 321 data points covering, in part, the
Northumberland Basin, the Alston Block and the Stainmore Trough. These section

lines show the sandstones and mudstones in greater detail and as such this greater
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accuracy has resulted in differences between calculated areas of each lithological

unit. Even so the calculated areas in section lines 1 to 15 and 16 to 28, even though

slightly different are still within the same magnitude and both are still instructive in

their own way.
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Figure 4.15 Position of Section Lines 16 to 28

The section lines 16 to 28 for the mudstone and the sandstones in the Great

Cyclothem are a truer representation of the sediment succession throughout the Great

Cyclothem of the Alston Block and adjacent areas. Sections 16 to 28 cover an
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extended area of 3500 km?, which is greater than those covered by Sections 1 to 15;

this gives coverage of 1 point per 11 km®.

The following Tables refer specifically to section lines 1 to 15 (Appendix A, B

and C) and give computer calculated cross-sectional areas in km?” of individual

lithologies (limestone, mudstone and sandstone), in each cyclothem and totals for all

seven cyclothems.

(1) Area of
Cyclothem limestone in the
cyclothem
(2) %of
Cyclothem
(1) 0.07
Little 2
6.19
(1) 0.56
Great R
41.94
(1) 0.01
Iron Post )
3.47
(1) 0.21
Four Fathom )
27.91
(1) 0.10
Three Yard )
10.50
(1) 0.14
Five Yard (2)
18.95
(1) 0.30
Scar
(2)
32.41
Totals 1.40

(1) Area of
mudstone in the

cyclothem

(2) %of
Cyclothem

(1) 0.60

(2)
51.45

(1) 0.26
(2)
19.30
(1) 0.11

(2)
37.66

(1) 0.38

(2)
49.57

(1) 0.61

(2)
65.38

(1) 017

(2)
21.88

(1) 0.38

(2)
41.00

2.50

) At Total Area of
san:ys:lc:, r:;einmthe cyclothem
gc)lo:ﬁe.: PercenBtzgz of All
(1) 0.50 1.17

43%5 19.01

(1) 0.52 1.34
oA 21.73
(1) 017 0.29
ST 4.67
(1) 0.17 0.76
25?%3 12.29
(1) 0.23 0.94
2442 1523
(1) 0.45 0.76
55(9?27 12.26
(1) 0.24 0.91
2&)‘;0 14.82
2.28 6.17

Table 4.4 Colour enhanced Section Line 1 Details, to be used for explanation of Tables
B1 to B15 (Appendix C), see description below.
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Table 4.4 is colour enhanced showing how the section line details are
displayed and is a guide to the use of Tables B1 to B15 (Appendix C). The light grey
cells, numbered 1, are the calculated area in km? of the individual lithological units,
e.g. in the case of the Little Cyclothem, the calculated area of the limestone unit in
section line 1 is 0.07 kmz, the calculated area of the mudstone unit in section line 1 is
0.60 km” and the calculated area of the sandstone unit in section line 1 is 0.50 kmz,

giving a total area of the Little Cyclothem of 1.17 km”.

The light orange cells, numbered 2, are the calculated percentage that the
individual lithological units are of each cyclothem, e.g. in the case of the Little
Cyclothem, the limestone is 6.2 percent of the cyclothem, the mudstone is 51.5

percent of the cyclothem and the sandstone is 42.4 percent of the cyclothem.

The blue cells, numbered 3 are the percentage that the lithological unit in each
cyclothem is of all similar lithological units in the section line, e.g. in the case of the
Little Cyclothem, the limestone is 5.2 percent of all limestones considered in section
line 1, the mudstone is 24.1 percent of all mudstones in section line 1 and the

sandstone is 21.9 percent of all limestones in section line 1.

4.4. Thickness variations in section lines 1 to 15
Figures 4.16 to 4.22, derived from the data in Tables B1 to B15 (Appendix C),

illustrate how total and unit sectional areas change throughout the block in both a
west to east and a north to south direction. The total thickness variations of the Scar
to the Little Cyclothem are, as can be seen in section lines 1 to 15 (Appendix B),
relatively small varying between 176 metres to 190 metres. Thickness variations of
individual cyclothems are evident throughout the section lines and within section
lines 1 to 8 changes can be seen in various cyclothems with the Little Cyclothem
often thickening to the north and the Great Cyclothem thickening towards the centre
and south of the block, probably due to the position of the Allercleugh Channel. The
Three Yard and Five Yard Cyclothems can also be seen to thicken towards the centre

and south of the block.
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In section lines 9 to 12 (Appendix B) very little visual changes are obvious,

whereas within section lines 13 to 15 (Appendix B) the main changes are seen within

the Great Cyclothem, probably due to the Allercleugh Channel as discussed above.
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Figure 4.16 Percentage area of each cyclothem within section lines 1 to 15 together

with trend lines

Section lines 1 and 2 cover shorter distances than do section lines 3 to 15 and

therefore it is difficult to compare them easily, nevertheless, all section lines do show
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relatively consistent thicknesses and vary by only a metre or so. A comparison of the

percentage of each individual cyclothem within each section line is shown in Figure

4.16, where percentage changes can be seen to vary; however section lines 1 and 2 do

fit within the general pattern.
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Section line 1 (Figure 4.17), which runs 33.5 km in a south-east to north-west
direction following the Teesdale fault system, Leehouse Well, Scar End and St John’s
veins, shows relatively little average change throughout; however, variation can be
seen within individual cyclothems. The Scar and Great Limestones thicken towards
the north-west and major changes can also be seen within the siliciclastics of the Scar
and Five Yard Cyclothems near to the centre of the section. The sandstones of the
Great Cyclothem are also seen to thicken towards the south-east of the section line,

probably due to the position of the Allercleugh Channel.
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Figure 4.18 Section Line 2
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Section line 2 (Figure 4.18), runs for 21 km in a south-west to north-east
direction commencing near to the junction of the Teesdale Fault and Lady’s Rake
vein. Both the Little Cyclothem and Great Cyclothem can be seen to thicken towards
the north-east whereas, the Five Yard thickens to the south-west; the Four Fathom

Limestone also thins towards the north-east.

The areas of individual cyclothems and lithological units from section lines 3
to 15 (Appendix B) and Tables B3 to B15 (Appendix C) are used in the following
paragraphs as a simple means of identifying area variations throughout the Alston
Block. Even though this is a crude method, it is still thought to provide an interesting
explanation of the changes occurring throughout the Alston Block. Figures 4.19 and
4.20 are constructed with the Iron Post and Four Fathom Cyclothems combined as
discussed by Johnson and Nudds (1996) whereas, Figure 4.21 is provided to show
how the splitting of these cyclothems affects the overall pattern.

Section lines 3 to 15 could be analysed in a similar way as to section lines 1
and 2; however as they are all of a similar length, i.e. 40 km they are considered in
greater detail and in particular sectional areas are considered. Within section lines 3
to 15, the statistics within Appendices A and C show total areas of the section lines
being around 7.3 to 7.4 km” with exceptions being in section lines 9 and 11 which are

less than 7.0 km? and section lines 7, 14 and 15 which are 7.5 km® or greater.

The north to south sections (section lines 3 to 8, Appendix B) thicken from
181 metres to 187 metres in a west to east direction. The west to east section lines
(section lines 9 to 15 Appendix B), show a thickening up to a maximum of 190
metres towards the centre and south of the area covered. The sectional areas show a
steady increase in the total thickness of all the cyclothems to the east and to the south
with a small increase near the centre of the block. Figures 4.19 and 4.20 illustrate
how the cross sectional area of all 7 individual cyclothems change both in a west to

east and a north to south direction.
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In Figure 4.19, in a west to east direction, the area of the Great Cyclothem is
fairly constant with only a 5% rise, 0.08 km®, between section lines 4 to 8, whereas
the area of the Little Cyclothem increases by 14%, 0.22 km” between section lines 4
to 7. The Great Cyclothem can be seen to increase at section line 6 near to the centre
of the block. Further area increases in a west to east direction can also be seen in the
Three Yard Cyclothem of 0.15 km?, a 16% increase, and the Scar Cyclothem 0.19
km?, a 19% increase. A reduction in area of the Iron Post and Four Fathom
Cyclothem of 0.23 km?, a 17% reduction, and the Five Yard Cyclothem of 0.11 km?,

a 13.5% reduction can also be seen throughout the block.

Commencing with the Scar Cyclothem a simple alternation of cyclothem area
increasing to the east and then to the west is evident in Figure 4.19 up to and
including the Great Cyclothem after which the alternation fails with the Little
Cyclothem area also increasing in a west to east direction, similar to the Great
Cyclothem. The alternations are evident in both the plots of the areas of each
individual cyclothem in the sections and their trend lines. It is interesting to note that
the increase in area of the Scar and Three Yard together is 0.34 km” whereas the
reductions in the Five Yard and Iron Post and Four Fathom is also 0.34 kmz,
suggesting that by the bottom of the Great Cyclothem the alternations had somewhat
been cancelled out. Figure 4.21 (A), shows the Iron Post and Four Fathom
Cyclothems separated for comparison. If these cyclothems were considered
individually then it would result in the failure of the alternation up through the
sections at the Iron Post Cyclothem as it is shown to reduce in a west to east direction

as the underlying Four Fathom Cyclothem.

In Figure 4.20, in a north to south direction, the area of the Little Cyclothem
decreases by 20%, 0.36 kmz, while the Great Cyclothem increases by 20%, 0.3 kmz; a
very similar area. From the Three Yard Cyclothem up to and including the Little
Cyclothem a simple alternation of cyclothem area increasing to the south and then to
the north is evident in Figure 4.20. The alternations are evident in both the plots of

the areas of each individual cyclothem in the sections and their trend lines. It is
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interesting to note that the increase in area of the Three Yard (0.26 km?) and Great
Cyclothems (0.3 km?) together is 0.56 km? whereas the reductions in the Iron
Post/Four fathom (0.18 km?) and Little Cyclothems (0.36 km?) is 0.54 km”
suggesting that in this case by the top of the Little Cyclothem the alternations had

somewhat been cancelled out.

Below the Three Yard Cyclothem the alternation is missing, the Five Yard and
Scar cyclothems increase towards the south with a total increase in area of 0.13 km”.
Figure 4.21 (B) also shows the Iron Post and Four Fathom Cyclothems separated for
comparison. This would show some alternation commencing with the Three Yard
Cyclothem increasing to the south followed by the Four Fathom Cyclothem falling
slightly to the south and then followed by the Iron Post Cyclothem increasing to the
south. Continuation of the alternation then fails with the Great Cyclothem also

increasing to the south as does the Iron Post Cyclothem.

In section lines 1 to 15 (Appendix B), Tables B3 to B15 (Appendix C) and
Figure 4.22 the areas of limestone are generally consistent, with only minor variations
seen throughout. Variations in the total limestone cross sectional area in Tables B1 to
B15 (Appendix B) show a minimum of 1.59 km” and a maximum of 1.89 km? the
greatest variations occurring in the Scar Limestone where the limestone area
decreases in both a west to east and a north to south direction. The Great Limestone
on the other hand is generally consistent in both an easterly and southerly direction

with only a slight decrease; minor changes can also be seen in the other limestones.

Section lines 1 to 15 (Appendix B), Tables B3 to B15 (Appendix C) and
Figure 4.22 show that terrigenous material makes up the majority of most of the
cyclothems with mudstone generally being the principal component except where
thick channels increase the sandstone area; exceptions to this can be seen in the Five

Yard Cyclothem, where the sandstone is the greatest component throughout, and
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within the Great Cyclothem, where sandstone also dominates in many section lines.
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Figure 4.22 Thickness variations of lithological units within section lines 3 to 15 for each
individual cyclothem. Red Line = limestone, green line = sandstone and purple line =
mudstone.
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The cross sectional areas of terrigenous material in all cyclothems vary
between 0.01km” and 1.7 km? with the Little Cyclothem containing the greatest
percentage of terrigenous sediment which increases in a west to east direction and

decreases north to south.

It is difficult to ascertain whether the alternations in individual cyclothem
areas are a direct consequence of a rthythmically changing sedimentation rate due to
movement of the encroaching delta or to movement of the Alston Block itself.
Dunham (1990) suggested however, that “A rhythmic rise and fall of the shelf,
relative to the sea-level of the time took place throughout the Carboniferous, perhaps
accompanied by very gentle warping”; presumably this gentle warping suggests

movement of the Alston Block itself.

4.5 Thickness variations in section lines 16 to 28
It is difficult to compare section lines 16 to 28 with those for section lines 1 to

15 due to differences in length and the extension of some sections into the
Northumberland Basin and Stainmore Basin; however, a direct comparison of section
lines 16 and 17 with section lines 1 and 2 is possible. Table 4.5 gives areas in km? for
each lithological unit within section lines 16 to 28 together with percentages of each
lithological unit and Figure 4.23 shows how the percentage of each lithological unit
changes throughout the section lines. Figure 4.23 shows how the percentage of each
lithological unit changes throughout the sections; it is interesting to note how the
percentage of limestone is shown to increase above section line 22 and the
siliciclastics reduce where the section lines do not include the siliciclastics of the
Northumberland Basin. The Great Limestone is consistently the greatest proportion

of the sediments with sandstone being the greatest proportion of the siliciclastics.

Section line 16, as with section line 1 runs 33.5 km in a south-east to north-
west direction following the Teesdale Fault system, Leehouse Well, Scar End and St

John’s veins. The section shows a slight thinning of the Great limestone towards the
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north-west and a thickening of the siliciclastics near to the centre of the section.
Overall the sandstone can be seen to be the greater proportion of the siliciclastics.
Statistically, Table 4.5, the Great Limestone member is calculated at 0.6 km?, the
mudstone at 0.34 km? and the sandstone at 0.48 km?. These are slightly different from
those calculated for section line 1 previously, i.e. 0.56 kmz, 0.26 km” and 0.52 kmz,
respectively, probably due to the greater number of points used for the construction of

the section and the greater accuracy of the original data.

Sction Line Area of limestone in Area of mudstone in Area of sandstone in Length of section Total Area of
the cyclothem/km? the cyclothem/km? the cyclothem/km? line/km cyclothem/km?
Percent of Cyclothem Percent of Cyclothem Percent of Cyclothem
16 0.60 0.34 0.48 33.50
1.42
42.25 23.94 33.80
17 0.47 0.09 0.33 21.00
0.89
52.81 10.11 37.08
18 1.36 0.50 1.36 70.00
3.22
42.24 15.53 42.24
19 1.35 0.65 0.87 70.00
2.87
47.04 22.65 30.31
20 1.31 0.76 0.86 70.00
2.93
44.71 25.94 29.35
21 1.28 0.62 0.81 70.00
2.71
47.23 22.88 29.89
22 1.34 0.44 0.86 70.00
2.64
50.76 16.67 32.58
23 0.92 0.76 0.41 50.00
2.09
44.02 36.36 19.62
24 1.02 0.22 0.56 50.00
1.80
56.67 12.22 31.11
25 1.06 0.34 0.35 49.00
1.75
60.57 19.43 20.00
26 1.02 0.22 0.46 47.00
1.70
60.00 12.94 27.06
27 0.89 0.14 0.49 46.60
1.52
58.55 9.21 32.24
28 0.93 0.21 0.44 45.00
1.58
58.86 13.29 27.85

Table 4.5 Statistics for section lines 16 to 28
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Section line 17, as with section line 2, runs for 21 km in a south-west to north-

east direction commencing near to the junction of the Teesdale fault and Lady’s Rake

vein. The section shows a thickening of the siliciclastics near to the centre of the

section and overall the sandstone can be seen to be the greater proportion of the

siliciclastics. Statistically, Table 4.5, the Great Limestone member is calculated at

0.47 kmz, the mudstone at 0.09 km? and the sandstone at 0.33 km?. These are

different than those calculated for section line 2 previously, i.e. 0.33 km?, 0.14 km®

and 0.31 km?, respectively, probably due to the greater number of points used for the

construction of the section and the greater accuracy of the original data as discussed

above.
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Figure 4.23 Percentages of each lithological unit throughout section lines 16 to 28

As discussed above section lines 18 to 28 cover the Alston Block and extend

into the Northumberland Basin to the north and the Stainmore Basin to the south.

Section lines 18 to 22 show clearly how the siliciclastics increase substantially as the

section lines cross the Stublick Faults into the Northumberland Basin to the north,
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whereas, apart from section line 18, little increase is seen in the siliciclastics as the
Lunedale Faults are crossed and the Stainmore Basin entered to the south. These
sections would imply that greater syn - rift sedimentation was occurring in the
Northumberland Basin than the Stainmore Basin during the deposition of the Great
Cyclothem. Chapter 2, section 2.2, suggested that by the Namurian, differential
settlement between the Alston Block and Northumbrian Basin had terminated (Bott,
1987; Turner et al., 1995); however, section lines 18 to 22 show a greater thickness of
siliciclastic sediment north of the Stublick and Ninety Fathom faults, suggesting
differential settlement between the Alston Block and Northumbrian Basin was

probably still active at this time.

Section lines 23 to 28 would suggest some movement was also occurring on
the Pennine Fault system during deposition as can be seen by the increase of the
siliciclastics towards the faults. The thickening of the sandstones is also easy to pick
out as the Allercleugh Channel is approached and this is particularly noticeable in
section lines 26, 27 and 28. Within section line 26 the channel can be seen to cut

down into the Great Limestone near to the Slitt Vein.

Within section lines 16 to 28 a maximum of seven and a minimum of four
sandstones are evident in the sections. Cycles of mudstone to sandstone are also
evident within these section lines with at least three cycles and a maximum of five
cycles being present. As marine cycles are not easily followed throughout the block
and adjoining areas it is not clear whether these mudstone-sandstone cycles are true
minor cycles as discussed by Dunham (1990). Minor cycles are defined by Dunham
(1990) as a coarsening up from a mudstone of marine facies to sandstone, the
sandstones would be expected to be topped by a coal or smut; however these are also

not always visible within the field or described in logs

4.6 Sediment Compaction
The sediment thicknesses used in sections 1 to 28 are not necessarily a true

representation of the original sediment as deposited; compaction would have occurred
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as overburden increased during continued sedimentation. The amount of compaction
that the sediments are subjected to during diagenesis is to a certain extent difficult, if
not impossible to determine as this would depend upon many variables such as initial
porosity, sorting of grains, facies, how quickly cementation occurred and overburden
pressure. It is generally accepted, however, that significant reductions in porosity and
therefore thickness of sediment can result during early diagenesis with only a few
tens to hundreds of metres of sediment above (Goldhammer, 1997; Hillgartner and
Strasser, 2003). Quantitative techniques are often used to analyse compaction of
sediments (Baldwin, 1971; Perrier ef al., 1974; Goldhammer, 1997; Hillgartner and
Strasser, 2003) and decompaction is a useful technique used in back-stripping
analysis; sediment thickness is decompacted by multiplying the present sediment
thickness by a suitable decompaction number. This number is a ratio of the sediment
thickness at a previous time (usually the original thickness at the time of deposition),

to the present (compacted) thickness; the ratio usually depends upon overburden

thickness.

There 1s some evidence in the thin sections of the Great Limestone examined
in this study of preferred orientation of clasts and sutured contacts, suggesting that
cementation occurred late in the initial stage of diagenesis; thickness reduction during
physical compaction may therefore have been significant. Following the initial
physical alteration and compaction, chemical compaction occurs as dissolution of the
sediment is initiated through grain-to-grain contact and pressure dissolution.
Chemical dissolution and in particular pressure dissolution can result in further

reductions of thickness by up to 35% (Goldhammer, 1997).

Many micro-stylolites exist near to bedding and pseudo-bedding planes in the
Great Limestone and even though it is difficult to determine exactly the loss of
sediment due to the micro-stylolites, careful assessment of grains cut by them
indicates loss is usually less than 0.1millimetres per micro-stylolite. There are in the

region of 20 to 30 micro-stylolites at each bedding and pseudo-bedding plane,
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suggesting losses of up to a few millimetres per bed. This minor loss could only have

resulted in a 0.1% to 0.2% reduction in thickness of the limestone.

Larger stylolites also exist in many parts of the Great Limestone and it would
not be difficult to imagine that losses here would be far larger than at the micro-
stylolites; as yet however, it has proved impossible to estimate the sediment loss at

these.

Sediment thickness reductions of 10% to 20% in carbonate sands, 50% in
carbonate muds and 60% in terrestrial muds are possible by physical compaction at
depths of only a few hundred metres (Baldwin, 1971; Perrier et al., 1974;
Goldhammer, 1997). Creaney (1980) calculated a sediment thickness of 1km above
the Great Limestone by the early Permian; a time span of approximately 30My.
Using Goldhammer (1997) and Perrier et al. (1974) and overburden figures of 500m
or even 1km, decompaction numbers in the region of 1.1 to 1.3 for carbonate sands,
1.6 to 2.1 for lime mudstones and 2.0 to 4.9 for terrestrial muds can be deduced. The
carbonate figures are for physical compaction alone, higher ratios than this would
suggest chemical as well as physical compaction had occurred (Goldhammer, 1997).
Hillgartner and Strasser (2003) used decompaction figures of 1.2 for grainstones, 1.5
for packstones, 2 for wackestones and 2.5 for lime mudstones. Compaction to form
coal not surprisingly depends upon the type of vegetation as well as overburden and
temperature; Baldwin (1971) suggested decompaction numbers between 5.5 and 12

depending upon the age of the coal.

Both the compacted and de-compacted sections of the Great Cyclothem in
Figure 4.24 are constructed from measurements taken at Hudeshope Beck (394751,
527633 and 394921, 527279) and Snaisgill Sike (395415, 526952) (and data from
Hodge, 1965). Three sets of marker beds are shown on the section, which, from
bottom to top, are, referred to locally as the ‘Jack Post’, ‘5 Thin Posts’ and the
‘Bottom Famp Mudstone’.
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Thin-section analysis of the Great Limestone has revealed that the limestone is
generally a packstone with small areas tending towards a packstone/wackestone In
line with Hillgartner and Strasser (2003) a de-compaction value of 1.5 for the
packstones and 1.75 for the packstones/wackestones have been used and where the
facies is unknown or very recrystallised, a value of 1.5 has been used, i.e. a packstone
has been assumed. A value of 3.5 (Perrier et al., 1974; Goldhammer, 1997) has been
used for the mudstone partings between beds and for the thicker Bottom Famp

Mudstone in the upper beds. A value of 1.1 has been used for the sandstone.
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Figure 4.24 Compacted and decompacted cross sections. Data from Hudeshope Beck
(394751, 527633 and 394921, 527279) and Snaisqill Sike (395415, 526952) and Hodge
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Figure 4.25 Decompacted section line 21 (Appendix A)

As expected from the decompaction figures used, the greatest decompaction

occurs where the thickest terrigenous mudstone exists. Within the Great Limestone
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this is at the positions of the 5 Thin Posts and in the Bottom Famp Mudstone in the
top third of the limestone; the de-compacted section of the Great Limestone is
approximately 1.75 times the compacted section. The de-compacted terrigenous
sediments are approximately 2.1 times the compacted section, obviously due to the

amount of mudstone present.

If a similar section were taken through the terrigenous sediments of Skears
Mine, D or F Vein Rise, less compaction would be evident compared to Figure 4.24,
as the Skears Sandbar has removed nearly all of the mudstones and thick sandstone
remains (Hodge and Dunham 1991). At Skears Mine D or F Vein Rise, the
compacted section has 25 metres of sandstone and 3.1 metres of mudstone giving a
total of 28m of terrigenous sediment compared to 15.5 metres in Figure 4.24, de-
compacting this gives a thickness of 38.4 metres which is very similar to the de-

compacted section in Figure 4.24.

It becomes obvious from the de-compactions exercises how difficult it is to
appreciate what the original sediment thickness may have been when looking at a
compacted section. The percentage of mudstone and coal compared to sand within a
compacted section makes a large difference in the decompaction. The decompaction
given in Figure 4.24 and a comparison with Skears Mine D or F Vein Rise shows that
in the Skears area the original deposited terrigenous sediment upper surface was
surprisingly flat compared to the compacted sections; unfortunately this arrangement

cannot be shown elsewhere on the block.

Figure 4.25 is a decompaction of section line 21 (Appendix B) using the
decompaction values of 1.1, 1.5, 3.5 and 12 as discussed above. A comparison with
the compacted section line 21 shows a substantial difference in thickness to the north,
i.e. into the Northumberland Basin; the mudstones are very much thicker and as
expected, the sandstones are only changed slightly. In Figure 25, the thickness of

sediment north of the Ninety Fathom Fault is approximately 111 metres compared to
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40 to 45 metres on the Alston Block and in the Stainmore Basin. The greater
thickness of siliciclastic sediment north of the Stublick and Ninety Fathom faults
suggests differential settlement between the Alston Block and Northumbrian Basin

was probably still active as discussed in section 4.5.

The de-compacted thickness of the coal has to a certain extent distorted the
section between the Ninety Fathom Fault and the faults to the south; however, a
general thinning onto the block can be seen. Sediment thickness increases
substantially into the Northumberland Basin, north of the Ninety Fathom Fault. The
greater thickness of mudstone in the Northumberland Basin would have resulted in

differential compaction occurring between the basin and the block.

Any discussion on the subject of decompaction could be regarded as being
fraught with problems as decompaction figures cannot take into account every
inconsistency and may ignore many factors such as early cementation, early or late
dewatering (which may determine when compaction commences in mudstones, coal
and peat), and calibration problems of converting experimental pressure into burial
depths. These problems; however, are not thought to totally negate the results and the
benefits gained from back-stripping techniques such as this and the resulting
graphical representations of cross sections 21 and 29 and Figures 4.24 and 4.25 are
useful in understanding the decompaction history of the Great Cyclothem and the
differential compaction occurring at the time of deposition between the Alston Block,

the Northumberland Basin and the Stainmore Trough.

4.7 Metasomatism and mineralisation
The cross sections and the decompaction discussed above do not take into

account diagenetic factors such as alteration by mineralisation, i.e. metasomatism and

famping.

Alteration of the limestones by mineralisation fluids is well known in the area

with alteration to ankerite and siderite being common. This type of alteration can
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result in up to a third reduction in thickness due to changes in density (Dunham,
1990); however it does not usually cover such large areas as to be visible at the scales

used in the cross sections.

Mineralisation and weathering of limestone (mainly the Great Limestone) has,
in places, resulted in the chemical deterioration to an ochreous clay known locally as
famp (Hodge and Dunham, 1991; Burgess and Holliday, 1979). Famping has resulted
in considerable thickness reduction down to a few metres in places (Burgess and
Holliday, 1979). These alterations and the subsequent thickness reductions occur very

locally and as such have not been included in any of the cross sections.

4.8 Condensation of the Great Limestone
Local thinning or condensation of the Great Limestone can be seen in places

such as Ashes Quarries and Washpool Crags (398485, 535035 and 399958, 539711)
where the thickness of the limestone units has reduced by up to a half. Substantial
thinning of the Great Limestone is also reported in borehole logs by Blue Circle
Cement for the East Gate Quarry Operation in East Black Hill, Weardale (390989,
534788).

Fairbairn (1978) reported significant variations of the Great Limestone,
compared to the general Weardale succession, at East Ashes Quarry, Washpool Crags
Quarry, Harrow Bank Quarry and within the ground to the west of Newlandside
Quarry. Fairbairn’s section of East Ashes Quarry shows the thinning commencing
low in the Great Limestone section but there is a full development of the Tumbler
Beds; he also noted the reduction in abundance of macrofossils in these areas.
Fairbairn suggested the thinning of the Great Limestone beds occurs in a linear north-
south trending belt, possibly associated with thick sandstones both above and below

the limestone.

The thickness of the Great Limestone in the area of the Blue Circle works

averages at around 24 metres, 4 to 5 metres thicker than at Middleton-in-Teesdale and
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the thickness at “Area H” reflects this. Surprisingly, the thickness at “Area C” is
somewhat thinner at 11 to 16 metres of which the Tumbler Beds account for up to 75
% of the section thickness, rather than the usual 25 % elsewhere in Weardale and

Teesdale.

Approximately 2 metres above the base of the quarry at Washpool Crags, the
beds thin substantially by up to 50 percent. This thinning occurs within a couple of
hundred metres and can be seen easily wth the naked eye. On a close examination it

can be seen that the thinning is associated with a marked decrease in macrofossils.

Hodge (1965) discussed various areas on the Alston Block where thinning of
the Great Limestone occurs and he attributed the thinning to removal of the limestone
through down-cutting of channels in the overlying sandstones or through famping, i.e.
chemical deterioration of the limestone to ochreous clay. Hodge also noted a regional
thinning of the Great Limestone in a north and north-west direction into and through

the Northumberland Basin where the upper part of the limestone is replaced by shale.

The thinning at Area C still retains the Tumbler Beds, which are of average
thickness for the area, and does not show any sign of down cutting by channelled
sandstone or association with significantly thick sandstones within the terrestrial
section of the cyclothem. The Tumbler Beds at Washpool Crags are not visible in the
section; however, beds commence thinning a few metres above the base at bed 6 and
it is possible to see the thinning of individual beds over a few hundred metres,
suggesting that the thinning is not attributable to channel cutting; in neither case is

chemical deterioration evident.

4.9 Conclusion
This chapter considered thickness variations of the Scar to Little cyclothems

across the Alston Block and how these variations are reflected within adjoining
cyclothems. These thickness variations reflect localised differential settlement and

probably uplift on the block as well as a longer term flexing of the block in a west to
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east and north to south direction creating rhythmic alternations of cyclothem areas.
The thicknesses of limestones in the cyclothems are generally constant and change by
a few percent only; however the thicknesses of the siliciclastics can be seen to change
greatly. This movement of the block could have been an important control on

sedimentation.

Further consideration of the Great Cyclothem, in isolation, suggests
differential settlement was still active between the Alston Block and Northumberland
Basin during the early Namurian. Decompaction of the Great Cyclothem sediment
pile would suggest at least a two-fold increase in sediment deposition within the
Northumberland Basin compared to the Alston Block. Differential compaction and
settlement would have been a significant control on sedimentation resulting in the

different rates seen between the blocks and troughs.

Localised thinning of the Great limestone have been associated with chemical
alteration by mineralising fluids, channel sandstones in the cyclothem below the
Great Limestone and large channels above the Great Limestone. Localised thinning
of the Great Limestone is also known due to down-cutting by the Allercleugh

channel.
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5.0 Bioclast analysis and

palaeoecology of the Great Limestone

5.1 Introduction
The fossil assemblages of the Great limestone have been partially

discussed within Chapter 3 where the three major biostromes, the Chaetetes band,
the Frosterley band and the Brunton band were considered. The Chaetetes band
and the Frosterley band consist of macrofossil assemblages which are prevalent
within the biostromes whereas the Brunton band consists of microfossils seen

only in thin section.

This Chapter considers further the microfossil bioclastic assemblages
prevalent within the Great Limestone and in particular it considers the
environmental controls within the depositional environment. In Chapter 3 the
Alston Block was shown to be submerged by the late Asbian to form a shallow
epeiric sea with the depth of deposition of the Great Limestone, interpreted as
being in the outer shoreface/transition to offshore environment with water depths
varying between 5 to 50 metres but generally at or below fair-weather wave-base.
Whether an epeiric ramp or aggraded platform model is most appropriate for the
microfacies of the Great Limestone is not as such clarified by this research;

nevertheless, both models share may similarities.

The Great Limestone lithofacies does not show any systematic changes
throughout its stratigraphical thickness; however, at a sub-microfacies level some
change can be seen within the bioclast communities. From a palacoenvironmental

point of view it is these changes that are considered here.

This Chapter tests therefore, the hypothesis that changes exist in the
bioclast associations throughout the thickness of the Great Limestone and that
these changes are related to depth or another palaeoenvironmental factor. To offer
an alternative hypothesis would therefore be to accept that there are no obvious
changes throughout the thickness of the Great Limestone with regard to bioclast

associations and therefore environmental changes.
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5.1.1 Abundance and data collection methods
Analysis of 62 thin sections from Middleton-in-Teesdale (O. S. 394784,

527610 and O. S. 394916, 527276, Figure 5.1) was carried out to assess the major
carbonate contributing bioclasts within the Great Limestone and 45 of these were
assessed further in greater detail. This analysis and fossil identification was
carried out by myself with further help in fossil identification been provided by
Dr. Daniel Vachard, University of Lille, and Pamela Denton, Open University
PhD student. Abundance matrices of results of the thin-section analysis are given
in Appendix D, Tables 5.1 and 5.2. The abundance matrices in Appendix D are

shown with taxa in columns and samples in rows.

— 7 — N *\Bellingham / /_—7_;“_:::

/ e - mberland Basin >
.y Ny S9n , T f’/\,é/

/ - \‘ i / - ml>i i
/;" [ ) \ [ - %
/ - T
I- i ; - e
L ’ - | \\
LN\ \
r\\ ‘:- ‘\/ L -____ ----- ))(
N ' )
1
.';\ e Alﬁn/\ 'Lglenda‘le(
AN \ X \ Y Rookhope™ ™. \\\ Durham

N\ AY
{/ A shBlock.. .\ %
) % N ¥ \

e N\ B

—

. ' lgﬁ/deshf\Jpe Beck
» -\ |ddleto___ e_es_da_lg 4\,\:»—
v ~ _:”%7? ) -:'}\‘\.\\
- Stainmore Basin
oy \\l A
N T L f
—%_'SL\ _“--- \//
- \t—\ff Richmonde
____ .

Figure 5.1. Sample Location, Hudeshope Beck
0. S. Grid reference 394784, 527610 (Jacks Scar), and 394916, 527276 (Skears Quarry).

146



Chapter 5 Microfacies analysis and palaecoecology of the Great Limestone

The 62 thin sections from Middleton-in-Teesdale (Appendix D) were
initially analysed for 7 dominant bioclasts: gastropods, brachiopods, crinoids,
corals, bryozoans, ostracods and foraminifera. 45 of these 62 thin sections were
then arbitrarily selected and analysed further for algae and foraminifera

(Appendix D).

The abundance of grains was determined through the use of area counting;
grains lying within the area of the thin-section were counted. The average size of
thin sections analysed is 30 millimetres by 21 millimetres; where a thin-section
was less than 30 millimetres by 21 millimetres the number of grains was

recalculated to the average thin-section size.

It is obvious from the abundance matrices that all of the samples are
dominated by fragments of brachiopods, crinoids, bryozoans and foraminifera,
with minor constituents of the other grains; however, it must be remembered that
many of the bioclast fragments are probably the result of fragmentation of larger
specimens. Some bioclasts such as corals, brachiopods and Chaetetes are also
seen in the field in growth position. Crinoids, mainly echinoderm fragments, are

common in 99% of the thin sections, bryozoans in 91% and brachiopods in 55%.

5.1.2 Data analysis
Each grain type is considered in relation to published data to assess their

importance with regard to palacobathymetry. In order to assess any environmental
gradients within the data various multivariate methods are used to assess the data
including Biodiversity analysis, Seriation, Cluster Analysis and Correspondence
Analysis. All analysis has been carried out using PAST (Hammer ez al. 2001).
Due to the disarticulation of some bioclasts, as discussed above, the techniques
have been carried out using presence/absence data rather than absolute abundance

unless otherwise stated.

5.2 Discussion of grain types
Each grain type recognised is described in the following section. The

purpose of this section is to discuss the abundance of each grain and to assess any

depth related environmental information from published data.
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Figure 5.3 Crinoid (Cr) and bryozoan-rich (B) packstone thin sections
1=Crinoids, bryozoans, gastropods (G) and brachiopod fragments, 2=Stenoporid
trepostrome (bryozoan) fragment, 3= Section through Rhabomeson (bryozoan),

4=Fistulipora (bryozoan) encrusting a pseudopunctate brachiopod (Br), 5 and 6= thin
sections rich in crinoids, brachiopods, bryozoans and foraminiferans.

5.2.1 Crinoids and Bryozoans
Crinoids are common to abundant within 98% of the thin sections and rare

in the remainder. Bryozoans are also common to abundant in 90% of thin
sections, rare in 8% and absent in the remainder. Figure 5.3 shows thin sections
consisting of crinoidal and bryozoan rich packstones where various bryozoan
taxon are present. Gallagher (1998) and Madi et al. (1996) both interpreted
crinoid and bryozoan thickets to accumulate at or below fair-weather wave base.
Madi et al. (1996) found that ramose (branching) bryozoans were found at higher

energy levels than fenestellid bryozoans; both ramose and fenestellid fragments
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were found together within the thin sections analysed in this research. The
crinoidal and bryozoan rich packstone is suggestive of the Great Limestone being

deposited within environments at or below fair-weather wave base.

5.2.2Fasciella
Fasciella (Figure 5.4-1 and 2) is an encrusting red alga composed of

irregular concentric layers of elongated hyaline cells (i.e. clear and containing no
fibres or granular material) with yellowish walls. These algae are common in 37%
of thin sections analysed, rare in 40% of thin sections and absent in the remainder
(Figure 5.2).

All thin sections (except one) containing Fasciella also contain green algae
indicating probable deposition within the euphotic zone. Fliigel (2004) suggested
Fasciella is common in both the euphotic and dysphotic zones and is also
common within high-energy environments; Cozar (2005) also found Fasciella in
both the deep-water and shallow-water facies of the early Serpukhovian of the
Guadiato area southwestern Spain. The presence of Fasciella may not therefore be

an ideal indicator of environmental changes.

5.2.3 Palaeoberesellids
Palacoberesellids (Figure 5.4-3 and 4) are now regarded by workers as

green algae belonging to the Dasycladaceans (Adams and Al-Zahrani, 2000;
Fliigel, 2004). They are seen in thin section as tubular, septate microfossils
usually consisting of single crystal calcite plates with undulose extinction;
however, a few large crystals may be present instead of a single crystal. These
algae are rare in 48% of thin sections analysed and absent in the remainder
(Figure 5.2). All thin sections containing Palaeoberesellids also contain other
green algae and 85% of these also contain Fasciella. If Palacoberesellids are to be
accepted as dasyclads then the presence of dasyclad green algae will indicate the
upper part of the euphotic zone (Fliigel, 2004); Adam et al., (1992), Horbury and
Adams (1996) and Gallagher (1998) found Palaeoberesellids thrive in water

depths of around 10 metres.
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5.2.4 Calcispheres
Calcispheres (Figure 5.4-5 and 6) are regarded by most workers as being

algal cysts (Fliigel, 2004); however, Versteegh et al. (2009) considered that there
is still confusion with respect to the nature and designation of these simple
spherical calcareous microfossils of usually unknown biological affinity and
proposed a new group called Calcitarcha to include all calcareous microfossils
with a central cavity for which the biological affinities remain unknown.
Calcispheres are seen in thin section as spherical or egg shaped, hollow
microfossils with calcareous walls. These “algae” are common to abundant in 4%
of thin sections analysed in this study, rare in 89% and absent in the remainder. Of
all thin sections containing Calcispheres 82% contain other green alga and 83%
also contain the red alga Fasciella. Calcispheres thrived in shallow-marine

platforms and ramps during the Palaeozoic (Fliigel, 2004).

5.2.5 Calcifolium
Calcifolium is regarded by many workers as being a problematic alga with

assignment still in flux; Cézar and Vachard (2004) reported many morphotypes.
Calcifolium has a pelotoid shape of tiny tubular filaments with tubes/canals
(Figure 5.4-7 and 8). Calcifolium was found by Cozar (2005) in both deep-water
and shallow-water facies of the early Serpukhovian of the Guadiato area
southwestern Spain. Calcifolium is common in 19% of thin sections analysed, rare
in 41% of thin sections and absent in the remainder (Figure 5.2). 94% of the
samples containing Calcifolium also contain Fasciella and in approximately half
of these samples both Calcifolium and Fasciella are common to abundant. The
thin section analysis of the Great Limestone at Middleton in Teesdale shows
Calcifolium occurring as two distinct groups around the middle of the limestone
and always in the presence of green alga. This suggests occurrence within the

euphotic zone rather than the dysphotic zone.

5.2.6 Earlandia
The foraminifera Earlandia are seen in thin section as a spherical proloculus

(initial chamber) followed by a cylinder or flaring tube with a microgranular
calcite cemented wall (Fewtrell et al., 1981; Fliigel, 2004). Earlandia is rare in

35% of thin sections and absent in the remainder (Figure 5.2). Gallagher (1998)
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regarded Earlandia as surviving in a wide range of sub-tidal environments i.e.
above and below fair-weather wave base; therefore this taxon is probably not an

important environmental indicator.

Figure 5.4 Alga contents of Great Limestone thin sections
1=Fasciella (F), 2=Fasciella (F), 3=small fragments of Palaeoberesellids (P),
4= small fragments of Palaeoberesellids (P) and burrows, 5=Calcispheres (C),
6=Calcispheres (C), 7= Calcifolium (Ca) and burrows (B), 8= Calcifolium (Ca)
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5.2.7 Palaeotextularia
Palaeotextularia is rare in 57% of the thin sections analysed and absent

within the remainder. Palaeotextularia is recognised within thin section as
comprising 5 to 12 pairs of biserially arranged chambers with straight or gently
arched tests (Hallett, 1970; Fewtrell, ef al., 1981; Gallagher, 1998; Fliigel, 2004).
Gallagher (1998) suggested that Palaeotextularia survived above fair weather
base between 5 and 10 metres depth and Madi et al. (1996) also found

Palaeotextularia in shallow water facies.

5.2.8 Endothyrids
The Endothyrids, Endothyranopsis and Endothyra, occur in 93% of thin

sections analysed here. They are seen in thin section as multilocular (multi-
chambered) foraminifera having microgranular/agglutinated walls containing
secondary deposits within the base of the chambers. Haynes (1981) regarded these
adaptations as providing sufficient strength to the walls to enable survival in high
energy environments and Madi et al. (1996) also found Endothyrids in shallow-
water facies. Gallagher (1998) suggested that Endothyranopsis and Endothyra
may have been capable of inhabiting slightly different environments with
Endothyranopsis inhabiting slightly deeper environments probably below fair-

weather wave-base, between 10 metres and 20 metres.

The foraminifera Endothyranopsis is seen in thin section as planispiral
multi-chambered and involute foraminifera with a microgranular calcite cemented
wall (Fewtrell et al., 1981; Fliigel, 2004). Endothyranopsis is common in 1% of
thin sections analysed here; rare in 55% of thin sections and absent in the

remainder (Figure 5.2).

Endothyra is seen in thin section as planispiral to streptospiral multi-
chambered foraminifera with a microgranular calcite-cemented wall (Fewtrell et
al., 1981; Fliigel, 2004). This taxon is common to abundant in 11% of thin
sections analysed, rare in 78% of thin sections and absent in the remainder (Figure

5.2).
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5.2.9 Eostaffella
In thin section Fostaffella has involute, lenticular to nautiloid planispiral

coiling tests which are laterally compressed. The walls are granular to
microgranular calcite cemented (Fewtrell et al., 1981; Fliigel, 2004). Eostaffella
is common to abundant in 12% of thin sections analysed, rare in 75% of thin
sections and absent in the remainder (Figure 5.2). Gallagher (1998) found no
apparent relationship between Fostaffella and diagnostic algal types in the Lower
Carboniferous of Ireland, suggesting that this genus prevailed in a wide range of

palacoenvironments.

5.2.10 Archaediscus
Archaediscus is the most abundant of the foraminifera found in this study

and is common to abundant in 14% of thin sections analysed, rare in 72% and
absent in the remainder (Figure 5.2). The Archaediscus in this research has not
been differentiated further in to genera. In thin section Archaediscus has
micritic/prismatic wall structures composed of clear fibrous outer layers and
microgranular inner layers, and non-septate tubular chambers coiled in various
planes (Fewtrell et al., 1981; Gallagher, 1998). Madi et al., (1996) found the
shallow water facies of the Upper Viséan of the Béchar Basin, Western Algeria

rich in Archaediscus numbers.

5.2.11 Tetrataxis
Tetrataxis is seen in thin section as trochospirally coiled with a concave

base, flattened helically arranged chambers and bilayered walls (Fewtrell ef al.,
1981; Gallagher, 1998: Fliigel, 2004). Tetrataxis is rare in 73% of thin sections

and absent in the remainder (Figure 5.2).

Gallagher (1998) suggested that Tetrataxis lived in depths exceeding 5
metres with an optimum depth of 10 metres and Madi ef al. (1996) also suggested
Tetrataxis is a common in shallow-water facies. Cossey and Mundy (1990),
however, suggested that the limpet-like grazing nature may well have resulted in
Tetrataxis being able to occupy other niches and not be restricted to any particular

depth or lithofacies.
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1mm 500pm

Figure 5.5 Thin section details of the Great Limestone 1=punctate brachiopod (Br),
2=Girvanella (Gi), 3=Ostracod (O), 4=Gastropod (G), 5=Saccaminopsis (S), 6=Draffania (D),
7=Dasyclad algae (Da) and crinoids (Cr) both cross section and longitudinal sections can

be seen, 8=Cross section of dasyclad algae (Da).

5.2.12 Brachiopods
Modern brachiopods are common in all marine environments (Fliigel,

2004) with palacoenvironments for many fossil brachiopods suggested to range
from the lower dysphotic zone to the upper euphotic zone around fair-weather
wave base (Madi et al., 1996). The brachiopod fragments found in the thin section
analysis belong to the Class Articulata (hinged). Commonly fragments of

pseudopunctate brachiopods are found; however, both punctate and impunctate
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fragments are also rarely found. Pseudopunctate brachiopods such as Productids
(Gigantoproductus and the smaller Latiproductus) are common throughout the
Great Limestone and the small punctate Dielasma and impunctate spirifers can
also be found. Brachiopods are common to abundant in 55% of thin sections and

rare in 43% of thin sections (Figure 5.2).

5.2.13 Ostracods
Spence and Tucker (1999) regarded ostracods as being especially

abundant in shallow hypersaline or brackish waters and in low-energy
environments; however, Fliigel (2004) and Bennett (2008) found ostracods within
all aquatic environments. Ostracods (Figure 5.4-3) are rare in 66% of thin sections

analysed in this research and absent in the remainder (Figure 5.2).

5.2.14 Gastropods
Gastropods are rare in 63% of thin sections analysed in this research and

absent in the remainder. Gastropods live in terrestrial, freshwater as well as most

marine environments and therefore may not be ideal environmental indicators.

5.2.15 Girvanella
Girvanella is an endolithic cyanobacteria, also known as calcimicrobes

and blue green alga. It is seen in thin section (Figure 5.5-2) as thin walled sub-
millimetre tubes which can form small nodules, be encrusting or sheet like.
Girvanella is found in 25% of thin sections within this research and only as

loosely tangled sheets.

Fliigel (2004) regarded Girvanella to be most common within the upper
photic zone above fair-weather wave base. Wolfenden (1958) recoded Girvanella
in the reef and fore-reef complexes of a Mid-Viséan reef of northwest Derbyshire
and Cozar (2005) found Girvanella in both the deep-water and shallow water
facies of the early Serpukhovian of the Guadiato area southwestern Spain, as a

depth indicator Girvanella may not; therefore, be ideal.

5.2.16 Saccaminopsis and the problematicum Draffania
Only two specimens of Saccaminopsis (Figure 5.5-5) were noted in the

thin sections analysed. Saccaminopsis has had an uncertain past with it being
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regarded as a foraminifera (Gutteridge, 1990) and then dasycladacean alga
(Skompski, 1986; Poncert, 1989) and it is now again regarded as a foraminifera.
Waters and Davies (2006) found Saccaminopsis together with Girvanella and
attributed the deposition to be in comparatively shallow water; while Fliigel
(2004) regarded Saccaminopsis as being characteristic of the dysphotic
bathymetric zone. The use of Saccaminopsis for environmental analysis could
therefore be fraught with uncertainty.

The problematicum Draffania (Figure 5.5-6) was also noted within thin
sections; however, this was limited to one specimen only. Somerville and Cozar
(2006) discarded the affiliation of Draffania with foraminiferans, alga and
crinoids and thought that it was related to fenestrate bryozoans and their
palaeoecological constraints. Somerville and Cézar (2006) regarded the
stratigraphic range of Draffania biloba to be the mid to late Viséan (Holkerian to
Brigantian) and not the Namurian with most specimens being associated with
abundant bryozoans and crinoids as is the case in the thin sections analysed here.
Somerville and Coézar (2006) recognised Draffania as being found in shallow-
marine water as well as in deeper, open-marine environments such as the typical
deep-water, low-energy Waulsortian banks of the late Tournaisian. As with

Saccaminopsis, the use of Draffania for environmental analysis may be uncertain.

5.2.17 Dasyclad alga
Dasyclad alga are marine green alga which are common within very

shallow-water depths of only a few tens of centimetres down to depths of less than
10 metres (Fliigel 2004; Madi ef al. 1996). They are most common within the tidal
to uppermost sub tidal zone. They are rare in thin sections analysed here and were
only seen in a few thin sections as both cross and longitudinal fragments (Figures

5.5-7 and 5.5-8).

Figure 5.5-7 shows dasyclad alga together with crinoids, although
according to Fliigel (2004) and Madi et al. (1996) they did not co-exist within the
same water depths or energy environments and are probably ecologically
incompatible. This may suggest that the dasyclads found in this thin section

analysis are allochthonous rather than autochthonous, having been transported by

157



Chapter 5 Microfacies analysis and palacoecology of the Great Limestone

wave or tidal currents to a deeper and less energetic environment or during

remixing of adjacent facies.

5.2.18 Corals
Corals are generally seen within the Great Limestone as macrofossils

rather than microfossils and, apart from their presence in the lower beds and the
“Frosterly” biostromes, they are minor components within the limestone.
Nevertheless, they are discussed here to facilitate estimation of environmental
conditions and microfacies analysis.

The main factors affecting coral distribution, as with all other grain types
discussed in this analysis, include substrate, turbidity, water energy, depth and
light. Hubbard (1970) and Scrutton (1998; 1999) regarded the Palaeozoic corals as
being unattached benthic organisms dominantly members of the orders Rugosa
and Tabulata with Hetrocorallia being minor components. As the corals were
dominantly unattached, stability of the organisms was gained from support by the
sediment. As can be seen from Figures 5.6 and 5.7 coral support mechanisms
varied between simply lying upon the sediment surface to support through
burying by sediment. It may be expected that waters above soft muddy substrates
would have been turbid, depending upon sedimentation rate, water movement and
binding. This would suggest that Palacozoic corals had some tolerance to turbidity

(Scrutton, 1999)

Current Direction

A

Figure 5.6 Solitary coral support adaptations. After Scrutton (1998; 1999).
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Figure 5.7 Tabulate coral support adaptations. After Scrutton (1998; 1999).

Figure, 5.6 shows coral fragments found within thin sections analysed in
this research. The vast majority of the corals found within the Great Limestone are
Rugose solitary corals, such as Dibunophyllum bipartitim; however, the Rugose
fasciculate corals Siphonodendron and Lonsdaleia are also present. Lonsdaleia is
often found near the base of the Great Limestone where it often replaces

Chaetetes.

Figure 5.8 Coral fragments from the Great Limestone thin sections.
1=Coral fragment, 2=fragment of coral near to epitheca (Note similarity with upper,
surface of coral in plate 1), 3and 4=Heterocoral fragments.
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Dibunophyllum bipartitim is regarded by Scrutton (1999) as receiving
support by being partly buried within the depth of the sediment, with possibly
only a third of the coral protruding above the sediment surface (Hubbard, 1970).
To ensure adequate support to the growing corals, sediment supply must have
been sufficient to provide support without affecting development of the coral.
Nudds and Day (1977) speculated that reduction in the growth rate of a studied
Siphonodendron specimen was in response to a local increase in clastic
sedimentation. Growth rates for Rugose corals have been estimated to be less than
27 millimetres per year for solitary corals, less than 32 millimetres per year for
fasciculate corals and 2 to 10 millimetres per year for massive adaptations.
Tabulate coral growth rates are much less than for rugose corals, being less than
20 millimetres per year (Scrutton, 1998). Within Chapter 3 it was proposed that
sedimentation rates within the Great Limestone were between 100 and 750
millimetres per thousand years (0.1 to 0.7 millimetres per year) with an average of
370 millimetres per thousand years (0.37 millimetres per year), which is low
compared to the expected coral growth rates. Coral growth rates may therefore
suggest that, to ensure adequate support is maintained within the coral biostromes
of the Great Limestone, sedimentation rates increased significantly from 100 to
750 millimetres per thousand years up to 3.2 metres per thousand years. Note that
as the corals grew, their increasing weight would cause them to sink into the soft
substrate to some extent. There would not have been a direct relationship between
growth rates, non-geniculate length and rate of sediment accumulation. (Scrutton

pers. Comm. 2010)

It has been noted that the epitheca of many of the corals found within the
Great Limestone is damaged or totally missing. This has been attributed to rolling
of the coral after death (Chapter 3 Section 3.6.4); however, it is also possible that
the destruction of the epitheca occurred within acidic porewaters resulting from
the breakdown of organic material. The latter is more likely as the rolling in soft
mud is unlikely to have eroded the epitheca and in most cases the epitheca is
usually missing only on one side of the coral. (Scrutton pers. Comm.). Most coral
fragments in the Great limestone are found lying on their sides, suggesting

gravitational instability or disturbance by scouring currents and storms; occasional
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storms are thought to be the main cause of death in Palacozoic corals. Geniculate
growth of some corals in the Great Limestone (Figure 3.17) is suggestive of the
corals being disoriented through loss of stability and then recovering growth. Both
Scrutton (1998; 2000) and Hubbard (1970) regarded Dibunophyllum bipartitim as

having the ability to survive repeated disturbances due to their re-growth ability.

Heterocorals are found within the Great Limestone as fragments and in
thin section show the typical wall formation and corallite morphology (Figure
5.8). Heterocorals are typically solitary and rarely colonial (Cossey, 1997), and
are well adapted to live in relatively quiet, low-energy environments. Their
delicate wall and corallites would have been prone to fragmentation in shallow
turbulent waters. As with many rugose corals Heterocorals also have the ability to
survive repeated disturbances and therefore it is not unusual to find geniculate
growth (Cossey, 1997); however, within the Great Limestone geniculate growth

was not noted.

The biostromes on the Alston Block occur mainly in the south of the area
between beds 10 and 19 with the coral biostromes occurring between beds 13 to
19 not as a single biostrome but as many thin ones. Within Skears Quarry at
Middleton in Teesdale the coral biostromes are found between beds 14 and 18.
Coral fragments can also be seen in thin section between these beds with minor

fragments in lower beds.

Corals are rare in 24% of thin sections analysed in this research and absent
in the remainder. Scrutton (1998) and Fliigel (2004) suggested massive colonial
corals dominated in shallow, higher energy environments while fasciculate
Rugosa being more associated with quieter environments. The coral biostromes
within the Great Limestone, dominated by the large rugose Dibunophyllum
bipartitim, are therefore, suggestive of shallow, high energy environments with
high sedimentation rates. Also, relatively undisturbed fasciculate corals
(Diphiphyllum lateseptatum) are often a major component of the Chaetetes Band

in the lower beds. In general the corals would live in quite environments, during
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non-geniculate growth, with sporadic high energy episodes uprooting the solitary

corals.

5.3 Bioclast analysis.
To test the Hypothesis that depth or other palacoenvironmental changes

exist in the bioclast associations throughout the thickness of the Great Limestone,
microfacies interpretation was carried out through analysis of texture, composition

and frequency of bioclasts and sedimentary structures.

5.3.1 Textural classification.
Using visual comparison charts from Baccelle and Bosellini (1965) and

Mathew et al. (1991) for establishing and quantifying textural criteria, i.e.
percentage of grains, would suggest that, for the Great Limestone, the grains seen
in thin-section analysis exceed 10% and are generally less than 50%; the majority
of the thin sections have around 20% grains (Figure 5.9). Using classifications by
Dunham (1962) and Folk (1959, 1962), the first based on depositional textures
and the second on grain composition, would suggest that the Great Limestone is
classified as a wackestone to packstone with 10% to 50% grains (Dunham 1962)
or a sparse biomicrite (Folk, 1959, 1962). There are no apparent patterns or cycles

visible within the grain percentages or definitions of wackestone to packstone.

Figure 5.9 wackestone to packstone texture with approximately 20% grains
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As discussed in Chapter 3, even though there is evidence for current
activity and movement of the bioclasts and grains, i.e. breakage of brachiopods
and loss of coral epitheca, evidence does not suggest that the bioclasts have been
transported over large distances. Undoubtedly the limestones have undergone
some compaction, which can be seen at some bedding planes, therefore, the
packstone fabrics could be the result of compaction and dewatering of
wackestones. Even so the micritic matrix with large skeletal fragments and
angular to sub-rounded bioclast fragments does suggest accumulation in a low
energy environment where large benthos existed. The bioclast/grain contents
would suggest that the limestone is generally autochthonous i.e. it was deposited
more or less within the place of origin of the grains/sediment; however see the
discussion in section 5.2.17 and 5.6 regarding allochthonous deposition of
Dasyclad alga.

5.3.2 Grain-size analysis.
Average grain size throughout the thin sections varies from 0.75

millimetres to 1.0 millimetre with the maximum grain size, a coral from the area
of the biostromes, of 25 millimetres. Fragmentation of the larger grains is visible
within most thin-sections and some degree of grain sorting is also obvious. In the
field larger grains can be seen within the biostromes up to 40 millimetres diameter
and a few centimetres long. Apart from the biostromes themselves, the thin
sections do not reveal any obvious changes or grain-size patterns throughout the

thickness of the Great Limestone.

The comparison charts of Pettijohn (1973) and Longiaru (1987) would
suggest a moderate to poor degree of grain sorting within the analysed thin
sections. Fliigel (2004) regarded well to moderately sorted grains to reflect high
energy environments whereas poor sorting of grains may be caused by weak tidal
and bottom currents or reworking of larger grains into finer sediments. Wells et
al. (2005) regarded the Namurian epeiric seas of NW Europe to be micro-tidal
with tides of only a few centimetres and a maximum of 1 metre in estuaries
created by indented coastlines. With a low tidal range and a large epeiric platform
protecting the interior due to frictional effects, tidal energy and currents would
have been small, resulting in a low energy environment. Therefore the moderate

to poor degree of grain sorting within the sediments of the Great Limestone and
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the probable low tidal affects would suggest that local sorting of the grains

resulted from bottom and storm water currents rather than tidal action.

5.3.3 Sedimentary Structures.
Locally, there are sedimentary structures indicating current activity and

Fairburn (1999) deduced preferred orientations and palaeocurrent patterns at some
localities from the larger fossils such as corals, crinoids and brachiopod shells;
occasional symmetrical ripples (Figure 3.9.) associated with water depths of a few
metres or of storm reworking in deeper water are also found. The Great Limestone
gets progressively muddier towards the top and bottom of individual beds and
grain alignment, and compaction, is also visible at these positions within thin
sections. Within Figure 5.10, a thin section near to the top of a bed, both grain
alignment and imbrication can be seen suggesting that current action is
responsible for the structure and probably not due entirely to compaction of the

sediment surface.

Figure 5.10 Alignment of grains and imbrication at bedding plane

Mottling of sediment is seen within most thin sections indicating micro
burrowing and bioturbation; burrowing, however, is not as obvious in the field.

The thin section analysis suggests that the majority of each bed has undergone
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some bioturbation probably resulting in the destruction of many original
sedimentary structures. Bioturbation may therefore have contributed to mixing

and “unsorting” of some sedimentary structures.

Figure 5.11 Micrite envelopes and microboring of grains
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Fasciella encrusting organisms (Figures 5.4-1 and 5.4.2), microborings
and micrite envelopes are not common within the thin sections analysed, but they
can be seen on some grain fragments such as brachiopod, crinoid and algae
(Figure 5.11). Micrite envelopes and boring are usually suggestive of microbial
action in shallow marine environments; however, microboring endolithic
organisms are also found in deeper marine environments (Fliigel, 2004). Figure
5.12 shows encrusting bryozoan fragments on a coral fragment and Figure 5.3.4
show encrusting of a brachiopod by an encrusting bryozoan. It can be seen from
Figure 5.12 that the epitheca of the coral is missing suggesting encrustation after
the coral has been rolled or damaged by acidic sediment. These borings,
encrusters and micrite envelopes are suggestive of action in a shallow marine

environment.

Figure 5.12 encrusting of coral fragment by bryozoans.
Note loss of coral epitheca.

Apart from at bedding planes, discussed above, fracturing of grains
through physical compaction is not obvious within the thin sections analysed
suggesting early cementation of the sediment before compaction occurred. Figure
5.13 shows breakage of a brachiopod spine and therefore it is probable that this

breakage is the result of current or storm action rather than compaction. Pressure
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dissolution and grain to grain contacts are seen in the thin section analysis but is
limited and only significant adjacent to shale partings (Figures 3.18 and 3.19). An
analysis of the grains at grain to grain contacts and stylolites does not suggest that

loss of material is substantial (Chapter 3.6.5)

5.4 Biodiversity and richness
Before moving onto the multivariate analysis and grain associations

biodiversity and richness has also been considered with regard to the thinning and
thickness patterns seen in the Fischer Plot of bed thickness changes. Biodiversity
can be a useful indicator of changes and trends within environments such as
climate and geochemical changes as well as local variations such as changes from
brackish to marine conditions; stressed environments typically have low
diversities. The simplest diversity index is the species richness, i.e. the number of
species present. Figure 5.14 is a chart which shows how the species richness (blue
line) changes throughout the thickness of the Great Limestone. As species
richness is usually underestimated in counts of species, two other richness indices,
Menhinick richness index and Margalef’s richness index, which attempt to
compensate for this underestimate (see Hammer and Harper, 1998 for a
discussion), are also included within Figure 5.14. It can be seen that there is a
close correlation between all three indices suggesting underestimation due to
counting errors, even though, inevitable, it may not have greatly affected the

taxon richness pattern.

Figure 5.13 breakage and microfracture of brachiopod spine
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Figure 5.15 Divers

ity through the Great Limestone

The Fischer Plot of bed thickness in Figure 5.14 is included to assess

whether there is a correlation between bed thickness taxon changes. Taxon

Richness can be seen to increase throughout the lower half of the Great Limestone

until around sample 72 where there

is a large change to taxon richness. Generally,
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until sample 45 there is little correlation between the richness and Fischer Plot;
however, above sample 45, richness and the Fischer Plot do appear to correlate

even though “lags” are visible between the plots.

To further assess diversity changes through the Great Limestone three
diversity indices have been constructed in Figure 5.15 together with the Fischer
plot of bed thickness. The three diversity indices support each other quite well and
differ only in the small scale detail. The Fischer Plot can be seen to correlate quite
well with the Fischer alpha and Shannon indices; a drop in diversity can be seen

around sample 57 corresponding to the thinning shown in the Fischer Plot.

Both the Richness and Diversity analysis are useful indicators of how the
fauna within the Great Limestone have changed through time and when compared
to the Fischer Plot correlations can be seen. This correlation between richness,
diversity and part of the Fischer Plot suggests an environmental change could be
the cause of both bed thickness, diversity and the richness of taxon. It is suggested
that environmental changes enhanced or stressed taxon and diversity which in turn

affected the calcium carbonate deposition/ production and therefore bed thickness.

5.5 Bioclast associations.
Figure 5.16 illustrates the absolute abundance of faunal grains throughout

the stratigraphical thickness of the Great Limestone at Middleton in Teesdale.
Whereas this chart is useful to assess the distribution of the grains it is important
to remember that some grains such as crinoids, bryozoans and Palaeoberesellids
will undoubtedly be from disarticulated specimens and other grains such as
ostracods, brachiopods and gastropods and some alga could also be fragments of
larger grains. Therefore the absolute abundances presented in Figure 5.14 could

be misleading.

Even though Figure 5.16 could be misleading it is still instructive in the
assessment of the spread of many of the bioclasts throughout the thickness of the
Great Limestone, i.e. the persistence of bioclasts such as brachiopods, crinoids,

bryozoans and Endothyra.
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Figure 5.16 Bar chart illustrating abundance throughout the stratigraphical
thickness of the Great Limestone at Middleton in Teesdale.
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The abundance of many of the bioclasts suggest trends or cyclicity are
present within the Great Limestone and this is explored in Figure 5.17 where the
Fischer Plot (red line) of bed thickness is included with the bar chart for crinoids;

there is some similarity in trends although this is not conclusive.

Seriation and Correspondence Analysis (CA) are ordination methods used
to visualize trends and groupings with CA used to project multivariate datasets in
two or three dimensions. Seriation is an ordination method used to order samples
and or taxa in order to identify any environmental gradients. As there is no
inherent ordering of the original data, unconstrained seriation is used leaving it
possible for the columns to be randomly reordered (permutated); samples are

placed in rows and taxa in columns.

200 Crinolds

160

Figure 5.17 Bar Chart of crinoid data from Middleton in Teesdale together with
Fischer Plot of bed thickness

Cluster Analysis assesses whether there is any group structure in the
composition of the data and cluster groups are analysed to assess similarities using
un-weighted pair- group averages. These are then joined based upon the average
distance/similarity between members. Hammer and Harper (2006) referred to
cluster analysis as not a typical formal statistical technique and being more related
to data exploration and visualisation. Cluster analysis is a common method used
in palacoecology; however, it must be treated with caution due to its instability
(Brenchley and Harper 1998). Cutting of the resulting dendrogram at the
appropriate level is a problem that must be considered when carrying out Cluster
Analysis (Sneath and Sokal, 1973; Milligan and Cooper, 1985; Jerram and

Cheadle, 2000); however, even though there is an enormous amount of literature
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on the subject, this is not a matter of statistics; therefore, clear meaningful
answers to this problem do not appear to be available (Hammer pers. comm.,
2010). This analysis has loosely cut the dendrograms according to branch lengths
and known published palaeobathymetric indicators. Nevertheless Cluster
Analysis is still a powerful tool, when used together with other multivariate

methods, which can be used to clarify the clusters recognised.

In Correspondence Analysis, if there is a structure to the data set, then the
positions of both taxa and samples are placed close together, maintaining the
correspondence. Unfortunately Correspondence Analysis tends to compress the
ends of the axis which results in the samples and taxa at the ends being squeezed
together. A second problem associated with Correspondence Analysis is the so
called “Arch” effect, which results from the bleeding of data between axes.
However; CA is still a useful tool when used together with other analysis such as

Seriation and Cluster Analysis.

Grain Environment Grain Environment
Endothyra High energy very shallow
L . LA Calcispheres Shallow water
water
Very shallow water above
Palaeotextularia Corals Shallow above FWB
FWB
Endothyranopsis  shallow water Girvanella Shallow above FWB (or deep
water)
Tetrataxis Very Shallow water 5 to 10
Fasciella Shallow or deep water

metres deep
Palaeoberesellids  Shallow water around 10
Calcifolium Shallow or deep water
metres deep

Archaediscus Shallow water

Table 5.2 Grains analysed within the multivariate analysis

5.5.1 Q-Mode Multivariate grain analysis (constituent grains).
The Seriation Plot in Figure 5.18 is constructed using all data from Tables

5.1 and 5.2 and it can be seen that a crude gradient exists from the top left down
to the bottom right. If this represents a palacobathymetric profile then it may be
interpreted as Girvanella and corals in the shallowest environment and Tetrataxis

and Endothyranopsis in deeper environments. The majority of the grains are
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placed within the centre columns of the plot and many of the samples cross over
the environmental profiles suggesting either, these fauna thrive in a variety of

environments or alternatively within environments between the two extremes.

Figure 5.18 Seriation of data from the Great Limestone at Middleton in Teesdale. Grain types
in columns and samples in rows.

As discussed above not all of the grains are useful as palacobathymetric
indicators and as many grains are persistent throughout the thickness of the Great
Limestone, i.e. grains such as brachiopods, bryozoans’ and crinoids, the number

of grains used in the following analysis has been reduced to ensure only material
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that will contribute to an assessment of the hypothesis will be used. Table 5.2 has
been constructed to show which of the grain types are to be used in the assessment

and multivariate analysis.
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Figure 5.19 Seriation using data from Table 5.1. Grain types in columns and samples in rows.

The Seriation Plot in Figure 5.19 has been constructed using the grains
with known palaeobathymetric usefulness (Table 5.2) and it can be seen that a

slightly better constructed Seriation Plot is revealed still with a gradient from the
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top left down to the bottom right; however, even this gradient is not ideal as many
of the samples are still seen to be spread across different environments and many
of the grains are placed within the centre columns of the plot. The success of the
Seriation is quantified by a seriation index (also known as the criterion) which in
this case is 0.82 suggesting some structure to the seriation exists and random
distribution of the original data is unlikely; the fewer the influences such as water
depth, salinity etc the better the clustering and the higher the seriation index. The
plot shows corals and Girvanella, possibly the shallowest environment and

Palaeotextularia and Endothyranopsis in the deeper environment.
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Figure 5.20 Relay Plot from Correspondence Analysis
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Results from Figure 5.19

Results from Figure 5.20

Calcispheres

Fasciella

Archaediscus

Calcifolium
Endothyra

Tetrataxis

Palaeotextularia

Endothyranopsis

metres deep

Shallow water

Shallow or deep water

Shallow water

Shallow or deep water
High energy very shallow
water

Very Shallow water 5 to 10
metres deep

Very shallow water above
FWB

shallow water

Palaeoberesellids

Fasciella

Archaediscus

Calcispheres
Tetrataxis

Endothyra

Palaeotextularia

Endothyranopsis

Grain Environment Grain Environment
Corals Shallow water Girvanella Shallow quiet above FWB (or
deep water)
Girvanella Shallow quiet above FWB (or Calcifolium Shallow or deep water
deep water)
Palaeoberesellids Shallow water around 10
Corals Shallow water

Shallow water around 10 metres
deep

Shallow or deep water

Shallow water

Shallow water
Very Shallow water 5 to 10

metres deep

High energy very shallow water

Very shallow water above FWB

shallow water

Table 5.3 positions of grains within gradients/relays from Figures 5.19 and Figure 5.20.

As Seriation did not provide a clear gradient Figure 5.20, a gradient/relay

using Correspondence Analysis was constructed. Even though this relay is

running from bottom (possible the shallowest environment) to top (deeper

environment) it is still very similar to the Seriation Plot in Figure 5.19 although

some grains are transposed, i.e. Girvanella, Calcifolium and corals are shown at

the probable shallowest environment while Endothyranopsis and Palaeotextularia

the deepest.

Figures 5.19 to 5.20 imply a weak gradient or relay exists within the R

mode (grains) data from Middleton in Teesdale. Table 5.3 shows the positions of

these grains together with expected depths from published data discussed in

Sections 5.2.1 to 5.2.18. It can be seen from Table 5.3 that a clear gradient from

shallow, possibly turbulent water into deeper water below fair-weather wave base

is not proven with the Seriation and Correspondence analysis.
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To assess whether any group structures are visible between the grains
within the data, Cluster Analysis has been carried out. Many similarity measures
have been used to assess clusters and as the Raup_Crick similarity measure was
found to show clusters that loosely followed the discussions in Sections 5.2.1 to
5.2.18 with regard to palaeobathymetric indicators, this measure is shown in
Figure 5.21. It is interesting to note that the use of absolute abundance in the

analysis rather than presence/absence resulted in similar cluster associations.
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Figure 5.21 Cluster Analysis of grains using Raup_Crick similarity measure.

Within Figure 5.21 and using branch length to cut the dendrogram it is
easily split into two coloured clusters, red and blue, with Endothyra and
Endothyranopsis in separate groups or outliers i.e. very little similarity to the
other grains. The clustering within Figure 5.21 suggests depth related grouping,
when compared to published data used for palacobathymetric indicators. The

dendrogram splits off quite clearly with the Endothyrids, Endothyranopsis (Ed)
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and Endothyra suggesting shallow high energy environments (Haynes, 1981)
followed by Tetrataxis and Palaeotextularia (Pt), water depths of 5 metres to 10
metres deep (Gallagher, 1998; Madi ef al., 1996). Corals and Palacoberesellids are
shown to be somewhat separate from the blue cluster (longer branches) with
corals still suggesting shallow water; Palacoberesellids, due to association with
dasyclads may however be suggestive of very shallow water. Fasciella,
Archaediscus and calcispheres are shown to have similar associations (branch
length) and are still suggestive of shallow water (Madi et al., 1996; Fliigel, 2004)
Girvanella and Calcifolium are shown grouped together with very short branched
associations and these are suggested by Wolfenden (1958) and Cdzar (2005) to be

associated with either shallow or deeper water.
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Figure 5.22 Correspondence analyses of grains from Middleton in Teesdale.

To consider further the possibility of these associations between grains
Correspondence Analysis has also been carried out to assess the validity of the
cluster analysis results and to provide a different view of the data set. Figure 5.22
shows the results of the Correspondence analysis where a grouping of

Archaediscus, calcispheres and Fasciella are seen in the central upper half of the
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point cloud and the remainder of the other grains are more diffuse than at first
suggested by the Cluster analysis. Girvanella, Calcifolium and corals are seen to
be separated, as in the cluster analysis and Palaeoberesellids also join this
grouping. At the opposite end of the point cloud Endothyranopsis (Ed) and

Palaeotextularia (Pt) followed by Endothyra and Tetrataxis are seen.

Axis 1 in Figure 5.22 explains the greatest variation with a total of 42%
whereas Axis 2 and Axis 3 explain 25% and 10 % variation respectively. This
would imply that any relay would be strongest on Axis 1; however, as seen in
Figure 5.20 this relay is not convincing. Nevertheless a comparison between
Figure 5.21 and Figure 5.22 do show some strong similarities. Moving along Axis
1, from left to right, the following relay is shown; Endothyranopsis (Ed),
Palaeotextularia (Pt), Endothyra and Tetrataxis with Palaeotextularia (Pt) and
Endothyra transposed in the Correspondence analysis compared to Cluster
analysis. A small grouping of Fasciella, Archaediscus and calcispheres as in
Figure 5.21, then Palaeoberesellids and Corals which are further down the relay
than shown in the cluster analysis, however, are still suggestive of shallow water,
and finally Calcifolium and Girvanella at the right of the relay. Even though there
are some difference between Figure 5.21 and Figure 5.22 this is only in the detail

as the basic depth related relay appears to still hold true.

From both the Cluster analysis and the Correspondence analysis four
associations are implied, i.e. association A, Endothyranopsis (Ed),
Palaeotextularia (Pt), Endothyra and Tetrataxis, association B, Fasciella,
Archaediscus and calcispheres; association C, Palaeoberesellids and Corals and

association D, Calcifolium and Girvanella.

5.5.2 R-Mode Multivariate analysis (samples).
The Seriation Plots in Figure 5.18 and Figure 5.19 also show the

positioning of the samples in relation to the gradient/relay and as discussed above
only a crude gradient exists from the top left down to the bottom right. It is
necessary to consider the positioning of the samples within the figure to consider
if sample positions are related to environmental constraints such as depth

gradients. It was found within the Q mode analysis that Seriation did not easily
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differentiate the gradients within the grain analysis and as can be seen in Figures
5.18 and 5.19 this also holds true for the samples, therefore, the sample

positioning will also be assessed by cluster and Correspondence analysis.
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Figure 5.23 2 way Cluster analysis of samples and grains from Middleton in Teesdale
using Raup_Crick similarity measure

An analysis of the Middleton in Teesdale samples using 2 way Cluster
Analysis (samples and grains) is presented in Figure 5.23 and this suggests some
similarities between the samples exists. Clusters which are easily differentiated
are highlighted by colour coding and numbered 1 to 5; all associations are defined
by the length of the branches and the similarity within the dendrogram.
Archaediscus dominate many of the samples and calcispheres are present in all
clusters; Archaediscus and calcispheres are found in most shallow water
environments (Madi ef al., 1996). The associations are: (1) Endothyra-

Archaediscus association, Table 5.4, (2) Archaediscus-calcispheres association,
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Table 5.5, (3) Calcifolium- Archaediscus association Table 5.6, (4) Archaediscus-
Endothyra association, Table 5.7, (5) Calcifolium-calcispheres association, Table

5.8.

Sample No | 15 | 18 | 22 | 23 | 121 | 12 | 20 | 125 | 10 | 117 | 128 | 138 | 140 | 143 | Total % Present
Fauna %
Archaediscus 44 21 45 39 17 37 77 47 5 11 15 0 0 0 358 29 79
Endothyra 17 7 11 14 23 21 6 12 20 38 50 45 46 63 373 30 100
Calcispheres 24 9 36 24 8 24 24 16 18 13 & 0 & 0 202 16 86
Endothyranopsis 18 35 6 11 8 25 8 10 12 7 5 1 5 1 152 12 100
Fasciella 7 11 30 2 0 3 8 1 1 0 0 0 0 0 63 5 57
Palaeotextularia 2 8 1 4 5 2 10 2 2 3 5 5 5 5 59 5 100
Tetrataxis 2 1 1 2 0 0 0 0 0 2 1 0 1 1 11 1 57
Palaeoberesellids 0 0 0 0 0 0 0 1 1 5 0 0 0 0 7 1 21
Calcifolium 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Girvanella 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Corals 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

Table 5.4 Endothyra-Archaediscus association. Number of samples = 14, Total = total
number of each grain type in the association. % Fauna = percentage of each grain type
within the association. Present % = present within % of the association.

The Endothyra-Archaediscus association (Table 5.4) is dominated by
Endothyra and Archaediscus with proportions of 30% and 29% respectively.
Endothyra are present in 100% of these samples whereas Archaediscus are only
present within 79% of the samples. Endothyra, Endothyranopsis and
Archaediscus are at their greatest abundance within these samples and
Calcifolium, Girvanella and corals are not present. The abundance of Endothyra
and Endothyranopsis in these samples is suggestive of high energy shallow water
(Haynes, 1981). This association covers samples near to the bottom and top of the
Great Limestone. Archaediscus and Calcispheres numbers are high in the lower

samples and Endothyra numbers in the higher samples.

Sample No I 16 I 31 I 83 I 106 I 110 I 27 I 114 I 63 Total ‘ % | Present
Fauna %
Archaediscus 67 61 24 27 19 55 1 23 287 50 100
Calcispheres 49 7 0 3 2 5 8 8 82 14 88
Endothyra 5 9 3] 5 4 0 44 7 77 14 88
Fasciella 14 10 8 5 2 1 4 7 51 9 100
Endothyranopsis 7 4 0 0 0 1 9 6 27 5 63
Tetrataxis 1 4 1 & 1 6 2 1 19 3 100
Palaeoberesellids 0 0 0 3 0 5 2 3] 13 2 50
Corals 0 4 0 2 3 0 0 0 9 2 38
Calcifolium 0 0 0 0 0 0 0 5 5 1 13
Palaeotextularia 0 0 0 0 0 0 0 0 0 0 0
Girvanella 0 0 0 0 0 0 0 0 0 0 0

Table 5.5 Archaediscus-calcispheres. Number of samples = 8, Total = total number
of each grain type in the association. % Fauna = percentage of each grain type
within the association. Present % = present within % of the association.
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The Archaediscus-calcispheres association (Table 5.5) is dominated by
Archaediscus being 50% of the fauna and present within all the samples.
Calcispheres are 14% of the fauna and are found within around 88 % of samples.
Palaeotextularia and Girvanella are absent from these samples with corals and
Calcifolium being in small numbers. Compared to association 1 Endothyra and
Endothyranopsis numbers have reduced by at least 50% in these samples;
Fasciella fragments have also increased and are now present within all samples.
The reduction in Endothyra and Endothyranopsis and increase in the red alga
Fasciella is suggestive of movement away from a high energy environment;
however, Cozar (2005) found Fasciella in both deep-water and shallow-water
facies. Archaediscus and Calcispheres numbers are high within the lower samples
and reduce in numbers in higher samples. Endothyra numbers are generally low

throughout the association.

Sample No 43 ‘ 81 ‘ 50 ‘ 39 ‘ 94 ‘ 96 Total % Fauna ‘ Present
%
Calcifolium 35 9 0 150 10 7 211 34 83
Archaediscus 30 21 27 21 27 29 155 25 100
Endothyra 2 27 17 9 28 85 118 19 100
Fasciella 15 22 1 3 13 5 59 9 100
Calcispheres 3 4 4 18 12 11 52 8 100
Palaeoberesellids 1 5 1 1 3 5 16 3 100
Endothyranopsis 3 1 4 1 0 1 10 2 83
Girvanella 0 0 0 1 1 2 4 1 50
Corals 1 0 1 0 0 0 2 0 88}
Palaeotextularia 0 0 0 0 0 1 1 0 17
Tetrataxis 0 0 0 0 0 0 0 0 0

Table 5.6 Calcifolium-Archaediscus association. Number of samples = 6, Total =
total number of each grain type in the association. % Fauna = percentage of each
grain type within the association. Present % = present within % of the association.

Calcifolium fragments in the Calcifolium-Archaediscus association (Table
5.6) 1s 34% of the fauna and are present within 83% of the samples; Archaediscus
are 25% of the fauna and are present within 100% of the samples. Corals and
Girvanella are present in low numbers within this association and
Palaeotextularia and Tetrataxis are absent. Endothyra and Endothyranopsis
numbers continue to reduce and Fasciella increase, suggesting a move towards

deeper water at or below fair-weather wave-base (Fliigel, 2004; Cozar, 2005).

Sample No ‘ 45 ‘ 51 ‘ 1 ‘ 4 ‘ 86 ‘ 100 Total % Fauna ‘ Present
%
Archaediscus 30 29 24 39 10 6 138 27 100
Endothyra 5 7 38 26 9 17 102 20 100
Calcifolium 70 1 0 0 13 13 97 19 67
Calcispheres 21 7 9 4 20 11 72 14 100
Fasciella 6 0 0 1 16 42 65 13 67
Corals 1 0 3 1 5 5 15 3 83
Palaeoberesellids 1 4 1 2 0 2 10 2 83
Palaeotextularia 1 1 2 2 1 1 8 2 100
Tetrataxis 2 1 2 3 0 1 9 2 83
Girvanella 1 0 0 0 0 0 1 0 17
Endothyranopsis 0 0 0 0 0 0 0 0 0

Table 5.7 Archaediscus-Endothyra association. Number of samples = 6, Total =
total number of each grain type in the association. % Fauna = percentage of each
grain type within the association. Present % = present within % of the association.
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The Archaediscus-Endothyra association (Table 5.7) is similar to
association 1 in that it is dominated by Archaediscus and Endothyra with
proportions of 27% and 20% respectively. Endothyranopsis are absent and
Endothyra percentages are lower in this association compared to association 1;
Calcifolium are present, but only in low numbers. The abundance of Endothyra in
these samples is suggestive of high energy shallow water (Haynes, 1981);
however, the percentage reduction in Endothyra, compared to association 1, the
absence of Endothyranopsis and presence of Calcifolium may suggest a transition

between high energy and lower energy environments.

Sample No | 36 | 72 | 48 | 56 | 74 | 76 Total | % Fauna [ Present%
Calcifolium 51 101 18 30 75 56 331 48 100
Calcispheres 17 21 12 13 8 7 78 11 100
Archaediscus 19 11 23 13 0 1 67 10 83
Fasciella 5] 10 15 16 12 8 66 10 100
Endothyra 21 15 10 10 8] 1 60 9 100
Endothyranopsis 10 2 6 9 8 9 44 6 100
Tetrataxis B 1 1 4 13 2 100
Corals 0 0 8 &) 0 0 11 2 88
Girvanella 1 8 1 0 0 0 10 1 50
Palaeotextularia 1 0 2 1 1 1 6 1 83

Palaeoberesellids 0 0 0 0 0 0 0 0 0

Table 5.8 Calcifolium-calcispheres association. Number of samples = 3, Total = total
number of each grain type in the association. % Fauna = percentage of each grain
type within the association. Present % = present within % of the association.

The Calcifolium-calcispheres association (Table 5.8) is dominated by
Calcifolium which are present within all samples and 48% percent of all fauna.
Calcispheres account for 11% of the fauna and are present in 100% of samples.
Palaeoberesellids are absent within this association; Palaeotextularia and
Girvanella in low numbers being only 1% of all fauna. The low numbers in both
Endothyra and Endothyranopsis and the greatest number of Calcifolium is

suggestive of deep water probably at or below fair-weather wave base.

Figure 5.24 brings together all associations stratigraphically together with
the Fischer Plot of bed thickness. The Endothyra-Archaediscus association (green
markers) can be seen to occur on the first and last falling legs of the Fischer Plot
where beds are generally thinning. The greatest number of Endothyra occur near
to the top of the Great Limestone where beds are near their thickest and if the
Fischer Plot is accepted as a proxy for water depth, then this could be interpreted

to be at a point where water is near to its shallowest.
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Figure 5.24 Stratigraphical positions of associations together with Fischer Plot of bed thickness (Black Line).
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The Calcifolium-Archaediscus association (grey markers) generally appear
where beds are thinnest and commence to thicken. Assuming that the Fischer Plot
represents water depth then this shows Calcifolium fragments occurring at the
deepest points. The greatest numbers of Calcifolium fragments, in sample 39, are

seen at the lowest point of the Fischer Plot.

The Archaediscus-calcispheres association (purple markers) occurs on the
rising limbs of the Fischer Plot, where the thicker beds occur. Archaediscus and
calcispheres numbers are high within the lower samples and reduce in numbers in the
higher samples of the association; Endothyra numbers are generally low throughout
the association. The association is generally diffused throughout the thickness of the
Great Limestone and is suggestive of a transition between high energy above fair-

weather base to below fair-weather base.

The Archaediscus-Endothyra association (red markers) occurs on the rising
limbs of the Fischer Plot where beds are thickening and Calcifolium fragments are
usually still present. The comparison with the Fischer Plot and the presence of
Calcifolium fragments is also suggestive of a transition between deeper to shallower

water.

The Calcifolium-calcispheres association (blue markers) generally occur on
the falling limbs of the Fischer Plot; however, they are also present in the deepest
point of the Fischer Plot and on one rising limb. Calcifolium fragment numbers are at
their highest in this association and Endothyra their lowest. This association would
also suggest presence within the transition between the deep and shallowest water

depths.

Figure 5.24 is instructive in that association changes can be seen to occur as
the bed thickness changes; however, the figure does suggest some overlap of
associations occurs. Figures 5.25 and 5.26 are the results of Correspondence
Analysis for both Axes 1-2 and 2-3 which have been carried out to assess presence of
any relays and the possible overlap of associations. Note the enclosing shapes around

the samples are entirely arbitrary and used only to highlight the sample positions;
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Figure 5.25 would suggest a comparative relay exists running from top left to bottom
right. Overlap can also be seen between the associations in both Figures 5.25 and
5.26; however, the green and blue associations in Axes 1-2 show the least amount of
overlap. It is probably not unexpected to see overlap between the associations due to
the positions of each sample on the limbs of the Fischer Plot and this tends to
confirm that the associations are interlinked and change slowly as environmental

changes such as depth are changing.

Figure 5.25 Correspondence analyses of samples, Axes 1-2
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Figure 5.26 Correspondence analyses of samples, Axis 2-3
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5.5.3 Biostromes
The Frosterley band of Weardale is also present within the Great Limestone

in Teesdale (Chapter 3.6.3) between beds 14 and 18 where it is seen as multiple
bands of Dibunophyllum bipartitim and brachiopods such as Gigantoproductus,
Latiproductus, Dielasma and spirifers. Figure 5.24 shows the approximate positions
of the individual coral biostromes in relation to the Fischer Plot. The figure suggests
that the biostromes are generally spread over the rising limb of the Fischer Plot and
either side of the purple and grey associations at the transitions between high energy
above fair-weather wave base to around fair-weather wave base or just below. This
fits in with Scrutton (1998) and Fliigel (2004) who suggested Rugosa being more
associated with quieter environments rather than high energy with high

sedimentation rates.

5.6 Microfacies interpretation.
The previous sections have analysed and discussed the contents of thin

sections which have been used to assess the palaeoecology and palaecodepositional
environments of the Great Limestone. To assess the microfacies throughout the Great
Limestone further, it is important to analyse specific changes in depositional settings
or environments. On a basic level, the microfacies could be built around the
dominant grains as other interpretational aspects such as lithology, texture and
sedimentary structures etc, do not change substantially throughout the Great
Limestone. Therefore, due to the strong echinoid (mainly crinoid)-bryozoan and
brachiopod associations and the many foraminifers, the microfacies could be
described as a bioclastic crinoid, bryozoan and brachiopod packstone with
foraminifers. The previous sections also suggest there may also be specific, smaller
scale environmental changes throughout the Great Limestone, which have affected
bioclast associations and indicating a sub-microfacies level also exists. These sub-
microfacies are suggested by the changes within the foraminifera and alga contents

of the samples.

Sections 5.2 to 5.5 considers associations, clusters and affinities between
grains and samples where depositional environments were also considered and found
to vary between many of the grain and sample clusters. It was suggested in these

sections that a small range of depositional environments existed and, apart from the
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possible allochthonous dasyclads, these varied from just above fair weather wave

base down to environments affected only occasionally by storm action.

5.7. Conclusions
The Great Limestone is classified as a wackestone to packstone with 10% to

50% grains (Dunham 1962) or a sparse biomicrite (Folk, 1959, 1962) and the
microfacies could be described as a bioclastic crinoid, bryozoan and brachiopod
packstone with foraminifers. Analysis of thin sections revealed moderate to poor
sorting, fragmentation of larger grains and alignment and imbrication of grains at the
top of beds suggestive of storm and wave action. The analysis of bioclast/grain
contents and facies would suggest that the limestone is generally autochthonous i.e. it
was deposited more or less within the place of origin; however the presence of
dasyclads in the lower beds would suggest some allochthonous deposition or
remixing due to the incompatibility of dasyclads and crinoids. The presence of some
fossils in growth position such as corals, brachiopods and Chaetetes is indicative of
long periods without major storm disruption and is suggestive of low energy

environments, possibly below fair-weather wave base.

Biodiversity, Taxon Richness and Multivariate Analysis has been carried out
to assess changes in the environments of deposition and grain associations.
Biodiversity and taxon richness suggests some environmental changes, possible
resulting in stressing of the bioclasts which is reflected in bed thickness shown in the
Fischer Plot. Grain associations are suggested by the Multivariate Analysis and a
comparison with published depth related data suggests these associations are linked
to depth changes. The multivariate analysis clustered the grains in accordance with
suspected depositional environments; however, the implied associations suggest only
a small range of depositional environments varying from above fair-weather wave
base to close to storm wave base, i.e. the communities generally changed very little
with the greatest changes occurring where Girvanella, Calcifolium and coral
fragments increased. The analysis would suggest that the communities were, in
general, stable with palacoenvironmental conditions, in particular water depth and

energy conditions, varying little during deposition of the Great Limestone.

188



Chapter 5 Microfacies analysis and palaecoecology of the Great Limestone

Using the epeiric platform model, (Irwin, 1965; Tucker and Wright, 1990;
Fliigel, 2004) this research suggests deposition of the Great Limestone occurred
within and near to the boundaries of zones Y and Z, i.e. near fair weather wave base
and down to zones with only periodic storm affects. Using the epeiric ramp model
(Read, 1998: Lukasik et al., 2000; Fliigel, 2004) suggests deposition of the Great
Limestone each side of the proximal/distal boundary. The characteristic burrowing
suggested for this model (Fliigel, 2004) is also extensive throughout the Great

Limestone.

A discussion of coral growth and support adaptations show that the corals
within the biostromes have undergone gravitational instability or disturbance by
scouring currents and storms resulting in death or re-growth. Support mechanisms of
the rugose solitary corals Dibunophyllum bipartitim, which are common in the
biostromes, may suggest that sedimentation rates increased significantly to ensure
adequate support was maintained; however, as the corals increased in size and weight
they would have sunk into the soft sediments which would therefore mean that

increased sedimentation rates would not be required.

The hypothesis tested in this Chapter, that changes exist in the bioclast
associations throughout the thickness of the Great Limestone and that these changes
are depth or other palacoenvironmental related, has been proven; however, this is
agreed on the proviso that, these environmental changes do not appear to have been
substantial as the overlap of associations and individual grain types does suggest a

stable environment existed, albeit with some stressing of bioclast communities.
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6.0 Diagenesis and geochemistry of

the Great Limestone

6.1. Introduction

A chemostratigraphic study of the Great Limestone has been carried out
using major and trace element and stable isotope techniques. Before exploring in
any detail the major and trace element and stable isotopes this Chapter is intended
to carry out an assessment of the magnitude of diagenetic overprinting which was
felt to be vital to ascertain the acceptability of the data. Geochemical analysis,
together with petrography, can help in unravelling the diagenetic effects and this

objective was regarded as being fundamental to the geochemical research.

6.2. Diagenesis and acceptability of results

Before the geochemical data can be used for interpretations of the
chemostratigraphic history of the Great Limestone, the integrity of the data with
regard to its diagenetic history needs to be determined. Petrography has shown
that diagenesis has occurred in many parts of the Great Limestone and this can be
seen as recrystallisation with the formation of microspar, dolomite rhombs and
loss of some grains such as bivalves and gastropods (Figures 6.1 and 6.2).
Meteoric diagenesis can lead to the increase of both iron (Fe) and manganese
(Mn) and a decrease in strontium (Sr) and magnesium (Mg); the stable isotopes
8'°C and 8"*0 can also be affected by diagenesis (Popp et al. 1986; Bruckschen et
al., 1999; Brand et al., 2004) so it is important to ascertain at an early stage
whether the geochemical results are representative of the original signal or trend,
or have been altered through diagenesis to such an extent that further analysis

would be untenable.

6.2.1 Iron and Manganese

Iron (Fe) and manganese (Mn) concentrations in modern carbonates are
very low, being in the range of only a few tens of ppm (Mason, 1966; Milliman,
1974; Tucker, 1986; Morse and Mackenzie, 1990; Libes, 1992), reflecting their

low concentration in seawater (Chapter 9 Table 9.1). These elements are in higher
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concentrations, however, in diagenetic pore-waters, especially in the shallow to

deep burial environment, where negative Eh normally exists (Tucker, 1986).

P / . s 7%

Figure 6.2 Loss of mollusc grains through dissolution of aragonite and
replacement by low magnesium sparry calcite cement.
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Values of Fe and Mn in Figure 6.3 are high compared to modern seawater
concentrations with averages for Fe and Mn of 1620 ppm (maximum 2260,
median 770) and 200 ppm (maximum 980, median 170) respectively. Wagner et
al. (1979) gave values for five north-west Arkansas Mississippian and
Pennsylvanian limestones of between 360 to 17,500 ppm for Fe and 170 to 2080
ppm for Mn, and “global” averages for Pennsylvanian limestones of 9600 and 830
ppm for Fe and Mn respectively (see also Brand and Veizer, 1980). The Fe and
Mn values in Figure 6.3 fit well within the “global” and other limestone values in
Wagner et al. (1979); however, these values are high compared to modern
seawater carbonate. High Fe and Mn can be the result of several different

Processes:

e Fe and Mn derived from associated clay minerals or organic matter
(Jenkyns et al., 2002).
e Fe and Mn from hydrothermal sources.

e Fe and Mn from diagenetic fluids.

Even though the cause of the high Fe and Mn could be any of the above it

is more likely that the first and last processes are involved.

Insoluble Soluble
Al Ca Fe Mg Mn Si Ba Sr 80 8C  Residue CaCO3 MgCO3 Material
Al 1.00
Ca -0.67 1.00
Fe 0.68 -0.70 1.00
Mg 021 -0.60 048 1.00
Mn -0.05 -0.07 039 025 1.00
Si  1.00 -0.67 0.67 021 -0.06 1.00
Ba 046 -033 036 0.01 -0.03 045 1.00
Sr 052 -0.18 0.23 0.12 -023 052 038 1.00
d180 -0.23 029 -0.26 -0.19 -0.23 -0.22 0.03 0.07 1.00
d13C -0.32 045 -0.55 -048 -0.41 -0.31 -0.14 -0.11 034 1.00
Insoluble
Residue 0.71 -0.96 0.65 0.35 000 0.71 039 0.17 -028 -0.36 1.00

CaCO3 -0.67 1.00 -0.70 -0.60 -0.07 -0.67 -0.34 -0.18 029 045 -0.96 1.00
MgCO3 0.21 -0.60 048 1.00 025 021 001 0.12 -0.19 -0.48 0.35 -0.60 1.00

Soluble
Material -0.71 0.96 -0.65 -0.35 0.00 -0.71 -0.39 -0.17 028 0.36 -1.00 0.96 -0.35 1.00

Table 6.1 Correlations between trace elements and isotopes
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Apart from the one sample with very high Fe and Mn (2256 ppm and 982
ppm respectively), high Fe values do not closely track high Mn values.
Correlation analysis of the Fe and Mn data shows little relationship between the

two, with an index of only 0.37 (Table 6.1).
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Figure 6.3 Comparison of Fe and Mn values

Bruckschen et al. (1999) referred to the preservation of non-luminescent
brachiopods and recommended a value of 200 ppm Mn as the cut-off limit for
considering brachiopod samples as being well preserved. Popp et al. (1986)
considered a value of 250 ppm Mn as being acceptable. Even though it would not
be expected that a whole rock sample, consisting predominantly of grains which
originally would have been composed of a mixture of low Mg calcite, high Mg
calcite and/or aragonite, is chemically comparable to brachiopods with near
original composition of low Mg calcite (Bruckschen ef al. 1999), the use of the
200 ppm, and in particular the 250 ppm, Mn limit is still a useful concept. As can
be seen in Figure 6.3, the majority (71%) of the samples have a Mn content which
falls below the 250 ppm limit, suggesting that extensive burial diagenesis of the

samples has not occurred.
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6.2.2 Strontium

The element strontium (Sr) is principally supplied to the oceans by rivers
or hydrothermal systems (Jenkyns et al., 2002) and it is preferentially taken into
the aragonite lattice (up to 10,000 ppm) compared with calcite (typically up to
1000 ppm). Ancient limestones have Sr values between 100 ppm and 1000 ppm
(Wagner et al., 1979; Tucker, 1986), a range much less than that shown in Figure
6.4 where the minimum is 950 ppm and the maximum is 2210 ppm Sr (average
1440 ppm, median 1390 ppm). Veizer et al. (1999) suggested a cut-off at 800 ppm
Sr to show the diagenesis of brachiopod shells before they could be regarded as
being diagenetically altered. Diagenesis usually leads to a decline in Sr. Even
though the Sr levels in whole rock will not be the same as in brachiopod shells,
the Sr in the Middleton in Teesdale samples are above this minimum level,

suggesting little alteration.
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Figure 6.4 Plot of Fe + Mn against Sr

Tucker (1986) suggested that plotting Fe + Mn against Sr could be a useful
tool in providing a broad sense of the extent of limestone diagenesis; a negative
correlation would suggest that Sr has been lost during diagenesis. Figure 6.4 plots
Fe + Mn against Sr and generally shows the points grouping around the 1000 ppm
Fe+Mn with a maximum of 23550 ppm and minimum of 360 ppm (average 1820

ppm, median 9890 ppm). The high Fe+Mn values do not correspond strongly with
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the high Sr values and correlation analysis gives an index of only +0.22 (Table
6.1). The positive correlation in Figure 6.4 implies that some Sr has been added
during diagenesis, however, the partition coefficient of 0.14 for strontium would
suggest that this is unlikely and thus the use of this plot in this case is
inconclusive. The use of Fe and Mn therefore, does not give a true picture of
events as concentrations depend upon many local conditions, such as the supply
of elements and redox conditions (Tucker, 1986); nevertheless it is still thought to

be a useful tool in assessing the diagenesis of the Great Limestone.

As a result of the differences in the Sr/Ca and Mn/Ca ratios, and the
distribution coefficients, the Sr content should decrease and Mn content increase
during progressive diagenetic alteration and therefore a negative correlation
between Sr and Mn should be seen (Popp et al., 1986). Figure 6.5 is a plot of Mn
and Sr, which shows the suggestion of a slight negative correlation between the
two, implying that strontium reduces as manganese increases; however, statistical
analysis gives a correlation index of only —0.19 (Table 6.1). Nevertheless, the

negative correlation does imply that a diagenetic imprint exists for Sr and Mn.
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Figure 6.5 Plot of Mn against Sr
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6.2.3 Magnesium and Strontium

Many ancient limestones were originally formed from a mixture of low
Mg calcite, high Mg calcite and/or aragonite. Aragonite is by far the most
dominant carbonate mineral in modern tropical and subtropical shallow-water
carbonate-rich sediments (Morse, 2002). Modern aragonite grains generally have
high Sr levels, with modern ooids containing 9000 to 10000 ppm, whereas
modern high Mg calcite grains have lower values, in the range of 1000 ppm to

2000 ppm (Tucker, 1986).

Whether calcite and/or aragonite is precipitated in a marine regime is
dependent upon temperature, pCO,, pH and among other constraints, e.g.
[Mg2 “)/[Ca* "] (Dietzel et al., 2004), as well as the organisms producing skeletal
grains. Both high Mg calcite and aragonite are unstable and easily transformed to
low Mg calcite during diagenesis. Once a limestone is stabilised to low Mg calcite
its potential for further changes are reduced but not eliminated (Maliva, 1998;
Veizer et al., 1999). An original aragonitic limestone can be transformed to low
Mg calcite by either total dissolution of aragonite grains, which results in moulds
which can be filled with cement (Figure 6.2), or the aragonite can be transformed
by the simultaneous volume-by-volume dissolution of aragonite and precipitation
of calcite, a process known as calcitization; this can be thought of as occurring
across a thin film whereby dissolution of aragonite occurs on one side and
precipitation of calcite occurs on the other (Tucker, 1986; Tucker and Wright,
1990; Maliva, 1998). Calcitization of aragonite and formation of
pseudospar/microspar can result in St levels of several thousand ppm (Tucker,

1986).

Figure 6.6 is a plot of Sr against Mg together with equilibrium values for
modern high Mg calcite and aragonite (after Tucker, 1986). The high Sr levels for
the Great Limestone can be seen to be below the equilibrium value for modern
marine aragonite and above and near to the expected value for modern marine
high Mg calcite. It is most likely that these high Sr levels are due to stabilisation
of an original aragonite-rich limestone to low Mg calcite, and not from an original

marine, high Mg calcite-rich sediment. The reduction in Sr is consistent with the
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expected effects associated with diagenesis and the low (0.14) distribution

coefficient of Sr.

The higher solubility rates of aragonite compared to high Mg calcite would
result in differential dissolution of aragonite grains relative to calcite, especially in
an acidic setting, such as results from the decay of organic material, sulphate
reduction and/or microbial effects (Wright et al., 2003). Cherns and Wright
(2000) and Wright et al. (2003) have discussed the loss of at least 65%, and
possibly up to 90%, of mollusc material from the fossil record, due to large-scale,
early diagenetic dissolution of these formally aragonitic grains. Petrographic study
in this research has also shown the loss of mollusc grains (Figure 6.2) and this loss
of aragonitic fauna due to the stabilisation of the aragonite grains, could result in

an increase of Sr in the pore-waters

Marine Aragonite

* »
cﬁi,m;f—
1000 - *

High Mg Marine Calcite

Srppm

Ancient Limestones

10 T T 1
100 1000 10000 100000

Mg ppm

Figure 6.6 Plot of Sr against Mg together with “Equilibrium” values for ancient
limestones, marine calcite and marine aragonite (after Tucker, 1986).

The Mg content of seawater largely depends upon the supply from rivers
and the take-up into biogenic limestones. The Mg content of marine carbonates
fluctuates within a wide range and therefore on their own are not necessarily
helpful in determining diagenetic history (Bruckschen ef al., 1999), however, a
decrease in Mg could be expected due to diagenesis. With this in mind, Mg levels
in Figure 6.6 can be seen to vary between 2300 ppm (0.23%) and 39000 ppm
(3.9%) (average 7000 ppm (0.7%)). Even though these are not excessively high
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values, marine aragonite would only be expected to have between 5000 ppm
(0.5%) Mg and 15000 ppm (1.5%) Mg, values around 5000 ppm (0.5%) being
typical (Tucker, 1986). The majority of the Mg values are lower than what may be
expected in high magnesium marine calcite and nearer to those levels expected in
marine aragonite (Figure 6.6). A reduction in Mg may also be expected due to
diagenesis and; therefore, even though 3.5% HNO; at 120° C in the chemical
analysis may not be expected to fully dissolve dolomite, the higher end of the Mg
range in Figure 6.6 could be from Mg leached from the scattered dolomite rhombs

which occur in some beds and not from an original marine calcite.

6.2.4 Diagenesis and dissolution in individual beds

Frank et al. (1999) showed that carbonate liberated from calcareous shales
by dissolution could be transported over tens of centimetres to precipitate in
bioturbated limestones as calcite cement: a move of carbonate from a less
calcareous to a more calcareous unit. The progressive addition of calcite cement
(low strontium) to the limestone from dissolution and pressure dissolution can
provide enough CaCOs to account for all cement (Bathurst, 1991), resulting in a
gradual decrease in bulk Sr/Ca ratios and a more negative 5'°O value for the
limestone as a whole, and a gradual increase of bulk Sr/Ca ratios and a more

positive 8'*0 value in the carbonate shale (Frank ez al., 1999).

Figure 6.7 illustrates calcium, strontium (times 100) and strontium/calcium
ratios (times 1000) for beds 1, 20 and 27 of the Great Limestone; shale units of
varying thickness delineate these beds: from a few millimetres each side of bed 1,
10 to 30 millimetres each side of bed 20, 5 to 10 millimetres at the bottom of bed

27 and several metres above bed 27.

It can be seen from Figure 6.7 that the strontium/calcium ratios in these
beds are generally greater adjacent to the bed margins and the calcareous shale

and reduce within the limestone as predicted by Frank ez al. (1999).
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Figure 6.7 Calcium, strontium (times 100) and strontium/calcium ratios (times 1000) for
Beds 1, 20 and 27.
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Strontium, as expected, follows the same trend as the strontium/calcium
ratio while the trend for calcium is opposite, confirming the discussion above with
regard to increases within beds. However, it is interesting to note that the
thickness of the shale/parting itself, does not seem to influence the degree of
change within the strontium or magnesium trend of the limestone. The more
positive 5'*0 values as predicted by this model do not always occur within the

Great Limestone and this is discussed further in Chapter 7.
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Figure 6.8 Sr/Ca ratios for bed 5 (A) and Ca concentration for bed 5 (B)
(Note grey bands are the positions of stylolites)
Similar decreases and increases in strontium/calcium ratios, strontium and
calcium can be seen in many of the other beds, e.g. 8, 12, 15, 17, 19, 22, 23 and
25. The remaining beds are either not bounded by mudstones or the trend is

confused and difficult to establish.

The position of stylolites within many of the beds may be expected to be
areas of low Ca and high Sr/Ca ratios due to the probable increased clay content
and subsequent pressure. However, this is not always the case and in many beds a
confused pattern arises where Sr/Ca ratios are rising at stylolites, as may be
expected by the discussion above, even though the Ca levels are also rising

(Figure 6.8).
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6.2.5 Stable Isotopes

Modern marine carbonates have carbon and oxygen stable isotope values
in the range of 0%o to 4%o &"°C and —2%o to +1%o &'*0; and average ancient
limestones have values between —2%o and +2%o for 8'°C and —10%o to -2%o for
880 (Tucker, 1986). There is also evidence for a secular variation through time
with 8"*C becoming more positive by —1%o to +4%o VPDB during the Palacozoic
and 8'*0 becoming more positive by -8%o to 0%o VPDB in the course of the
Phanerozoic (Veizer et al., 1999; Mii et al., 1999).

Figure 6.9 is a plot of "°C and §'*0 values from the Great Limestone
together with data by Tucker (1986), Mii et al. (1999) and Mii et al. (2001). The
Great Limestone values can be seen to group tightly together with 3'"°C varying
between —0.7%o and +1.9%o (average +1%o, median +1.1%o) and 5'30 between
— 13.6%0 and —7.8%o (average and median -10.4%o). The 8"°C values fall generally
within the expected range for ancient limestones (Tucker, 1986), non-luminescent
brachiopods (Mii et al. 1999, Mii et al. 2001) and modern marine carbonates
(Tucker, 1986); on the other hand 80% of the §'*0 values are much more negative
than all of these projected ranges. These very negative 5'*O values could suggest
there may have been large differences in sea-surface temperatures and/or SMOW
at the time of deposition, compared to modern values, or that the values are due to
either diagenesis by non-marine meteoric fluids and/or high temperatures during

diagenesis.

Most recent research into 8'°C and §'*O variations and values in sediments
has revolved around the use of low Mg calcite brachiopods (e.g. Popp et al., 1986;
Veizer et al., 1997; Bruckschen et al., 1997; Veizer et al., 1999; Mii et al., 1999;
Bruckschen et al., 1999; Mii et al., 2001; Brand et al., 2004), and as such, much
of the published 8'°C and 8'%0 data, does not cover whole rock analyses, but is for
brachiopods composed of original low Mg calcite. Original low Mg calcite
brachiopods probably underwent little alteration during diagenesis; unaltered and
non-luminescent brachiopods are therefore ideally suited to represent ancient

seawater chemistry. Mii ef al. (1999, 2001) reported 5"°C and §'*0 values from
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non-luminescent mid-Carboniferous brachiopods ranging between -3.6%o to +7%o

and -6%o to -0.4%o respectively.

-140 &12 -10 - -6

5'%0 %o VPDB

Ancient limestones Tucker (1986) 5'°C between -2%o and +2%o

8'%0 between -2%o and -10%o

-5

Modern marine sediments Tucker (1986) 8"*C between 0%o and +4%o
"0 between -2%o and +1%o

Non-luminescent brachiopods Mii et al. 1999, Mii et al. 2001
3"C between -3.6%o and +7.2%o. 3'*0 between -7.2%o and -0.4%,

This research

Figure 6.9 5"°C and "0 variations within the Great Limestone. Shaded areas
represent data specified by Tucker (1986), Mii et al. (1999) and Mii et al. (2001)

Veizer et al. (1999) considered the §"°C and §'®O variations in Silurian
micritic matrix and early marine cement compared to low Mg calcite brachiopods
and found the 8'"°C mean values to be comparable, but for the 8'°0 values of the
whole rock to be generally depleted by ~2%o relative to unaltered non-
luminescent brachiopods (Figure 6.10). Interestingly, a convincing argument was
also put forward by Veizer et al. (1999) that whole rock 8'"°C and §'*0O data are, to
a certain extent (albeit with the ~2%o 8'*0 depletion in mind) also a general proxy
of the original seawater chemistry. The argument is built around the assumption
that diagenetic stabilisation of shelf carbonates, i.e. alteration of metastable

aragonite and high Mg calcite to low Mg calcite, occurs very early, when
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diagenetic fluids still retain many seawater chemical signatures which therefore
limit the whole rock 8'®O shift to ~2%o. This early stabilisation results in the
limited resetting of the chemical, and in particular the 5'*O signal. Any further

diagenetic alteration, after this initial re-setting, results in a much less pronounced

8'%0 depletion (Maliva, 1998; Veizer et al., 1999).

Mii et al. (2001) reported mid-Carboniferous cement, matrix and
luminescent brachiopods having 8'*0O values of 1.6%o to 4.4%o more negative than
non-luminescent brachiopods. Stoll and Schrag (1996) also argued that post-
diagenetic 8'°0 trends for carbonates could be regarded as following the primary
signal. Frank et al. (1999) pointed out, however, that for this model to be true,
bulk density, porosity and lithification from bed to bed must be very similar and
that the assumption that “the recrystallisation rate as a function of age can be
envisaged as a smooth curve” should therefore be used with caution, as it ignores
the significance of variation in bulk density, porosity and lithification. These
features in the Great Limestone have not been fully explored; however, thin-
section analysis does show it comprises a generally homogeneous,
wackestone/packstone to packstone texture throughout with a consistently low
porosity. It is felt, therefore, that any variations between beds or throughout the
limestone are insignificant and as such would not cause large shifts in the initial

diagenetic stabilisation trend.

880 values for recent red algae, corals, shallow-water molluscs, forams
and green algae can be very negative compared to average modern marine
sediments, because of the so called “vital effect”, with 'O values for red algae
and corals being as negative as -6%o and shallow-water molluscs, forams and
green algae -4%o (Tucker and Wright, 1990). Petrographic studies of the Great
Limestone show a mixture of bioclasts with, in some cases, abundant green and
red algae with the ubiquitous crinoid segments; corals also dominate in some
sections of the limestone. Whether these bioclasts had similar very negative §'*0
values is not known of course, nor whether they were sufficiently abundant so as

to affect the overall §'%0 value of the whole rock.
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Figure 6.11 Plot of 5'°0 and Mn

Figure 6.11 is a plot of 8'*0 and Mn, which at first sight gives the

impression that 8'°0 and Mn values are closely linked, i.e. one of the least

negativ

e 5'°0 values corresponds to the highest Mn level (-7.3%o0 8'*0 and 980
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ppm Mn) and the most negative 5'°0 value corresponds to one of the lowest Mn (-
13.1%o 8'0 and 150 ppm Mn); however, this trend is in fact opposite to what
would be expected from diagenesis (i.e. it would be expected to see high Mn with
the most negative 8'*0). Statistical analysis also gives a correlation of only -0.19

suggesting little relationship exists between the two.

Using the argument from Veizer et al. (1999), it may be expected that the
8'0 trend within the Great Limestone is likely to be partly due to the very early
post-depositional resetting related to stabilisation of metastable polymorphs
(aragonite, high Mg calcite) into stable low Mg calcite. This, however, would
account for only a ~2%o more negative value than the original trend, whereas the
actual 8'°0 values in the Great Limestone are much more negative than what
would be expected using the values from an ancient limestone (see Figure 6.6 and

Table 6.1) and this ~2%o reduction.

1.100

0.100 -
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-0.800
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Beds up through the Great Limestone

Figure 6.12 Fischer Plot of the Great Limestone

How early this stabilisation process occurs is difficult to ascertain;
however, to a certain extent this is irrelevant; the important point as far as this

research is concerned, is whether the original 'O trend is intact and therefore a
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good expression of the patterns at the time of deposition. If the §'%0 trend is the
result of sedimentological, geochemical or environmental changes during
deposition, then it may be expected that the trend will be apparent in other data,

e.g. bed-thickness variations, trace elements and petrographic data.

Figure 6.12 is a Fischer plot of bed thickness against bed number. A trend can
be seen within the plot that traces out at least 2'/, cycles. Fischer plots calculated
from Fairbairn’s (1978) Great Limestone sections (Figure 3.27) which cover large
areas of the Alston Block and parts of the Northumberland Basin, also reveal very
similar trends, suggesting the control on bed deposition was not just local, but also

covered a large area of what is now the north of England, some 10,000 sq km.
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Figure 6.13 Carbon (5'°C) values plotted stratigraphically through the
Great Limestone with 12 period moving average trend line (Red Line)

The 8'*0 and possibly the 8'°C trends may be expected to show similar
plots of 2'/, cycles if there is some sort of correlation and/or associated cause for
the depositional trends. 12 period moving average trend lines for plots of §'°C and
8'%0 through the Great Limestone (Figures 6.13 and 6.14) do show some trends;
however, these are not as clear as the trend shown in Figure 6.12 for the Fischer
Plot. In an attempt to highlight any trends further, the same principle as used in
the construction of Fischer plots has been used in the construction of Figures 6.15

and 6.16, i.c. the data have been plotted with cumulative deviation of the "°C and
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8'%0 values from the average value through the Great Limestone (hereafter
referred to as “AvPlots”). The “AvPlot” for the 8'"°C (Figure 6.15) shows an initial
fall followed by a gradual rise through the section with a drop off at the end. One
small excursion can be seen near the middle of the plot. The “AvPlot” for the 80
(Figure 6.16) is similar but opposite to the 8°C “AvPlot”. Two and a half cycles
are evident in both plots. Figure 6.16 is confusing at first sight as, due to the
negative numbers, if 5O values are less negative than the mean, the limb of the
Av Plot goes down, and if '*0 values are more negative than the mean, the limb
of the AvPlot will go up. Therefore the result is an opposite effect than what

occurs with the positive number of the §'°C AvPlot.
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Figure 6.14 Oxygen (5'°0) values plotted stratigraphically through the
Great Limestone with 12 period moving average trend line (Red Line)
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Figure 6.16 Oxygen (5'°0) “AvPlot”
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Figure 6.17 Combined §"C (red) and 5'°0 (blue) “AvPlots” together with the
Fischer plot (black line).

Figure 6.18, even though it appears to be a complicated plot, shows the
combined 8"°C and §'*0 “AvPlots” together with the Fischer plot, for Middleton
in Teesdale, for comparison. Even though there are ‘lags’ between the peaks,
there are strong similarities between the individual graphs; this could suggest a
possible common cause. These close similarities between the “AvPlots” and the
Fischer plots would suggest some over-riding factor(s) controlling deposition,
whether Sedimentological, geochemical or environmental. It could be argued that
these close similarities of trends between the “AvPlots” and the Fischer Plot
reinforce the principles adopted here that the 8"°C and §'°O trends closely track

the original palaeotrend. See also Chapter 7.

Figures 6.15 and 6.16 show the AvPlots for §'*0 and §'°C and Figure 6.17
combines the 5'°0 and 3"°C AvPlots and the Fischer Plot of bed thicknesses.
There are some lags in the comparisons between the §'*0 and §'°C AvPlots and
the Fischer Plots, but generally the less negative 8'°0 and 8'°C values occur in the

zones of thicker beds whereas the more negative 8'*0 and 8'"°C values occur
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within zones of thinner beds. The apparent increasing-decreasing bed thickness
patterns revealed in the Fischer Plots and comparison with the §'*0 and §"°C
suggest some regular increasing-decreasing changing parameter(s) controlling

deposition; this will be discussed further in Chapter 7.

Table 6.1 gives correlation values for all trace elements and isotopes. It
can be seen that little relationship exists between the trace elements and the
isotopes with the best correlation being between Fe and 3'°C at —0.54.
Relationships between the trace elements themselves are not much better with the
majority of the values being below 0.5; however, Al has a near perfect correlation
with Si and good correlations with Fe and S. Si and Fe are probably linked to
terrestrial input and S to organic matter decomposition, the source of which may
also be associated with a terrestrial input. The link with S and organic matter is
also suggested by the close correlation between S and Fe, suggesting the S is
present in pyrite. Si correlates slightly with Sr, S and Na; the first two being
linked to terrestrial input again; however, Na is usually associated with crystal
growth rate rather than seawater chemistry (Tucker and Wright. 1990). The poor
correlations between the majority of the trace elements, and between the isotopes
and the trace elements, are possibly suggesting several phases of diagenetic

alteration in fluids of different composition.

6.3 Intrusion of the Whin Sill and rejuvenation of the Weardale Granite.
Creaney (1980) and Ferguson (1984) studied the petrography and vitrinite
reflectance of coals on the Alston Block and suggested that, as well as the
expected temperature/burial changes to the vitrinite reflectance of coals; at least
two major pulses of heat flow are also indicated. Creaney (1980) used vitrinite
reflectance measurements from coals in the Great and Little Limestone
Cyclothems to conclude that temperatures in excess of 185° C were attained at the
level of the Great Limestone within parts of the Alston Block, and, importantly,
that this was pre-Whin Sill intrusion and in response to rejuvenation of the
Weardale Granite at depth, probably as a result of the Hercynian orogeny. This
pulse was followed towards the close of the Carboniferous by the intrusion of the

Whin Sill. The intrusion of the Whin Sill complex in the Late Carboniferous
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(Johnson and Dunham, 2001) would undoubtedly have produced elevated heat
flow through the country rocks; however, this heat flow may only have affected
rocks immediately adjacent to the intrusion (Creaney, 1980), whereas the pre-

Whin Sill heat flow pulse affected rocks at a greater distance than that associated

with the Whin Sill.

Heating of the sediments on the Alston Block would undoubtedly have
resulted in changes to the 8'*0 values of the limestones and therefore should have
resulted in greater changes, i.e. more negative values, in the area of greatest
heating. As can be seen in Figure 6.18, Middleton in Teesdale is within the Group
I Vitrinite Zone and therefore would not be expected to have undergone the
greatest range of heating. The Group I Vitrinite zone would, no doubt, still have
undergone some temperature/depth-related heating; however, this would not be
expected to have been as great as in Zones II, III and IV. Petrographic study of the
samples from Middleton in Teesdale does not reveal neomorphic degradation of
grains such as crinoid fragments as may be expected through the effects of

thermal alteration (Folk, 1965: Lemon, 2006).
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Figure 6.18 Vitrinite reflectance map of the Alston Block. After Creaney (1980)
and Johnson and Dunham (2001).
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6.3.1 Covariance of isotopes

Figure 6.19 shows the cross correlation between 8"°C and §'°0O values for
Middleton in Teesdale where some covariance can be seen by the positive trend
line, even though in Table 6.1 the correlation index is not very strong at 0.34;
covariance is also discussed in Chapter 8. Coincidence of 8"°C and §'%0 trends
are generally considered to reflect late diagenetic over-printing caused either by
interaction with meteoric ground waters or by dissolution and recrystallisation at
higher temperatures during burial diagenesis (Sakai and Kano, 2001; Keller ef al.,
2004). The low correlation index for §'*C and §'*0 would suggest that §°C and
8'%0 values were not affected in the same manner during diagenesis or that there
may be other underlying causes for the trends and scatters seen in Figures 6.9,

6.15 and 6.16. These matters are considered further in Chapter 8.

The features of the Great Limestone at Middleton in Teesdale do not
indicate that high temperatures were involved in its diagenesis; however, burial
which resulted in the Group I vitrinite would undoubtedly have resulted in some
heating of the sediments. The quite negative 8'°0 values do suggest a meteoric
diagenetic fluid or recrystallisation at a higher temperature and whether the high
negativity of the 8'°0 values is related to depth connected to heating or both is not
certain. However, Nielsen et al. (2000) suggested that alteration due to elevated
temperatures is indicated by very low 8'°C as well as negative 5'°O, which is also

indicated in this research.

-7.0

-8.0

N * . P ‘.
* * * .
w0 . * o
: * o >e *s ot .
. ”, s So®
* . * *
h 4 * Al e * PR 3
£

-10.0 *>
s )y . Q: - *
. O 23R
-11.0 * *
— g »
*

-12.0 $e & & &>

Oxygen lsotopes

-13.0 r

-14.0
-1.0 -0.5 0.0 0.5 1.0 15 20

Carbon Isotopes

Figure 6.19 Cross correlation between 5'°C and 5'°0.
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6.3.2 Comparison of changes to 8"°C and 5'®O isotopes

8'°C and §"%0 analyses were carried out by Lemon (2006) as part of her
PhD and Figure 6.20 shows the sample locations for this work. Lemon’s results
are considered here to ascertain changes in relation to the vitrinite groupings.
Unfortunately vitrinite reflectance data are not available covering all areas of
Lemon’s (2006) study; however, this hopefully does not pose a major problem
with regard to the following discussion. The Rookhope borehole is sat directly
over the high vitrinite reflectance anomaly shown in Figure 6.19 and, after the
discussion above regarding alteration of 8"°C and §'*0 values due to re-activation
of the Granite, it may be expected that the 5"°C and §'%0 values for the Rookhope
borehole would become more negative with depth. Figure 6.21 are the plotted
results of Lemon’s (2006) 8'°C and 8'*0O analyses for the Rookhope borehole
limestones where it can be seen that both the 8'°C and §'*O values do in fact

become more negative with depth.

Figure 6.20 Location map for Lemon’s (2006) "°C and §'°0 analyses
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Figure 6.21 8'°C and 5'°0 analyses for Rookhope borehole limestones using
values from Lemon (2006) Note the vertical axis is not to scale.

The top of the plot in Figure 6.21 has values of between -11%o to -12%o for
8'%0 and this gets more negative towards the bottom where it is between -16.3%o
to -17 .4%o. This trend towards more negative values is in agreement with the
discussion that alteration of 'O values will occur due to heating; the trend from
top to bottom gets more negative as the borehole approaches the Weardale Granite
at depth. It can also be seen in Figure 6.21 that the 8'"°C values also become more
negative from 1.3%o to -3.5%o as the plot moves from top to bottom. The §"°C
values are also very light compared to modern and ancient limestone values

discussed in Section 6.2.5.

It can be seen within Figure 6.21 that both the 8"°C and 8'*0 values have a
large scatter and in many cases the trends correlate well and have a relatively
strong correlation index of 0.4. Even though there is an obvious trend in both the
8"°C and 80 values from top to bottom, it must also be remembered that
relatively large scatter of 5'*O values of up to 4.5%o has been found in this

research in various beds of the Great Limestone at Middleton in Teesdale.
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Figure 6.22 shows the plotted 8'*0 results from Lemon (2006) for five
locations, two of which, Rookhope Borehole and Bowlees, are on the Alston
Block, Haltwhistle is north of the Alston Block in the Northumberland Basin and
Spittal and Beadnell are to the east on the coast (Figure 6.20). This figure shows
that the values for each locality appear to form a trend moving northwards away
from the block towards Spittal, the farthest from the block. However, due to the
lack of sampling in comparable limestone units and beds, this pattern is not
convincing. It is interesting to note that the trend for Haltwhistle becomes more
positive towards the bottom of the Namurian, which is generally opposite to the

other trends.

Figure 6.23 shows the plotted 8'"°C results from Lemon (2006) for the
same locations. There is a large spread of 5'°C values from 4.8 to -6.8 across the
region, with Beadnell having the most positive values and Rookhope the most

negative i.e. as distance from the Weardale Granite increases.

The Middleton in Teesdale values have also been added to Figures 6.22
and 6.23 and it can be seen that they cluster near to the least negative of the

Namurian and late Brigantian values from the other locations values.

6.4 Conclusion and acceptability of trace element and isotope data

Both the trace elements and isotopic data for the Great Limestone
demonstrate that, inevitably, diagenetic alteration has occurred which has resulted
in the resetting of the initial values. Mn values are higher than expected for
modern seawater precipitates; however, most of the values are below the threshold
of 250 ppm Mn recommended by Popp et al. (1986) for brachiopods being
analysed for isotope signatures. This therefore suggests the limestone can be

regarded as “well preserved” as far as Mn is concerned.
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Figure 6.22 5'°0 analysis for five locations on and adjacent to the Alston Block using data from Lemon (2006) plus
Middleton in Teesdale analysis. Note the vertical axis is not to scale
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Fe values are high and this is very likely due to burial diagenesis. As both Mn
and Fe are expected to increase with diagenesis, a close correlation between these
elements may be likely; this, however, is not the case. It would appear therefore that
even though the limestone can be regarded as being “well preserved” as far as Mn is
concerned, the high Fe values suggest diagenetic alteration in fluids rich in Fe,
probably derived from terrigenous clay, so Fe contents may not follow any original

trend.

The Sr values fall near to marine calcite concentrations and below values for
an aragonite precursor. Whatever the hypotheses for the formation of the limestone,
the Sr values are high compared to average ancient limestones. This suggests that the

original sediment had significant aragonite content.

Modern marine calcite would be expected to contain Mg levels around 15,000
— 100,000 ppm; however, the Mg levels for the Great Limestone are much less than
these. These values could be due to an original marine calcite, losing Mg during
diagenesis or, as also suggested by the Sr values, it is a relic of an original aragonite-

rich limestone.

Changes within beds of strontium/calcium ratios, strontium and calcium also
show that diagenesis has occurred and resulted in movement of carbonate liberated
from calcareous shales by pressure dissolution being transported over tens of
centimetres to precipitate within the limestone as calcite cement: a move of

carbonate from a less calcareous to a more calcareous unit.

The 8"°C values are comparable to ancient limestones and only slightly more
negative than modern marine calcite. The 5'*O values on the other hand are very
negative with an average of -10.4%o0 and most negative value of -13.6%o. These very
negative values are nearly an order of magnitude less than modern marine
carbonates, which would suggest that these values are partly due to resetting by a

meteoric diagenetic fluid or recrystallisation at a higher temperature.
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Changes in 8'*0 and 8'°C, at various locations and depths on and adjacent to
the Alston Block, were assessed for comparison of values and trends in relation to
the re-activation of the Weardale Granite. The Rookhope Borehole does show a
negative trend towards the granite; however this negative trend reduces in localities

farther away from the high vitrinite reflectance zone.

The question remains as to whether it is felt acceptable to use the data for
further analysis. The trace elements (excepting Fe) and 8'°C data are thought to be
acceptable in that values do not show excessive diagenetic alteration if compared to
published data; the §'®0 values on the other hand are not comparable to published
data for well-preserved brachiopods. There are strong arguments (Veizer et al. 1999)
for a resetting of the original 5'°O signal during diagenetic stabilisation of shelf
carbonates. These are convincing, and suggest that very early in diagenesis §'*0
values are set at ~2%o more negative than the initial level and any further diagenesis
results in a much less pronounced §'*0 change. These arguments would suggest that
the resetting will result in new, more or less fixed values, which will contain an
approximation of the original trend (~2%o more negative than the original trend) and
any further diagenesis will not destroy this trend to any large extent. An attempt has
been made above to show that the §'°C and 8'°0 trends do in fact track an original
pattern, namely that of the bed-thickness pattern. This was achieved by comparing a
Fischer plot for the cumulative deviation of bed thickness from the average with

similar graphical methods carried out on the §"°C and 8'*0 data (AvPlots).

Thus, even though the use of the actual 'O values may be in question and
they are therefore probably unusable in any further analysis, the use of the trend is
not. The trace element and the isotope values prove that diagenetic alteration has
occurred; however, it is concluded from these discussions that the data for 8'%0 in
particular can, with caution, be used for further analysis to interpret the
chemostratigraphic, palaeoceanographic, and the palacoclimatic history of the Great

Limestone.
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7.0 Oxygen and carbon stable isotope

geochemistry of the Great Limestone

7.1 Introduction
The global environmental changes during the Carboniferous, including the

proliferation of land plants, led to increased rates of continental weathering
(Algeo et al., 1995) and storage of organic carbon leading to a drawdown of
atmospheric CO; and cooling. The Carboniferous climate was also entering
icehouse conditions with glaciations (Gonzalez, 1990; Frakes ef al., 1992; Berner,
1994; Dickins, 1996) and sea-level oscillations (Ross and Ross, 1998). During this
pivotal time in the Earth’s history, many of the changes in temperature,
palacoceanography and carbon cycling/storage were recorded in the carbon and
oxygen isotope compositions of marine carbonates. Analysis of stable isotopes is
therefore a fundamental tool for the study of palaeoclimate and

palaecoceanography.

Differing numbers of neutrons within isotopes results in similar, but not
identical chemical properties that lead to variations in kinetic and isotope
exchange processes or isotope fractionation. It is due to the fact that different
isotopes of an element do have this variation in their physical-chemical properties
that stable isotopes are so useful in the understanding of diagenesis and
palacoenvironmental issues. Many factors affect the chemical composition of a
carbonate, including seawater chemistry, temperature, salinity, evaporation,
freshwater influx, ice volume, continental weathering, hydrothermal activity and
the so called ‘vital effect” which organisms exert with regard to how elements,
including the stable isotopes of oxygen and carbon, are concentrated within the
hard and soft parts of their bodies; i.e. biogenic carbonate may be in isotopic

disequilibrium with ambient seawater (McConnaughey, 1989).

The stable isotopes of carbon and oxygen have already been discussed in
Chapter 7 where they were used together with trace elements to investigate the
diagenetic history of the Great Limestone and to compare the concentrations to
both modern and average ancient limestones. Chapter 7 concluded that the carbon

isotopes of the Great Limestone had not undergone excessive diagenetic resetting
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and compared favourably to modern and ancient values. It was also suggested that
even though diagenetic alteration would have resulted in a change to the oxygen
stable isotope values, this is not thought to have resulted in the loss of the isotope
trends. The following section will not therefore revisit diagenesis to any great

extent.

The purpose of this chapter is to assess the palacoenvironment of the early
Namurian environment and seawater with regard to chemistry, temperature,

salinity, freshwater influx and ice volume.

7.2 Sample collection
149 whole-rock limestone samples were collected from two outcrops of

the Great Limestone at Middleton-in-Teesdale (O.S. 394784, 527610 and O.S.
394916, 527276, Figure 5.1) which covered the full height of the limestone. The
outcrops were sampled at between 100 millimetre and 150 millimetre intervals.
The limestone samples were visually assessed for the presence of large grains or
vein calcite which, if present, were rejected. All samples were powdered using a

mortar and pestle.

7.3 Methodology
All geochemical analyses were carried out at the NERC Isotope

Geoscience Laboratory (NIGL) by Dr Kirstin Lemon during her own PhD
research at Durham University and Dr Melanie Leng of the BGS,. The following

methodology is from Lemon’s own description.

Whole rock limestone samples were visually assessed for the presence of
excessive organic material by examining the overall colour of the limestone.
Those with a very dark grey to dark grey coloration were interpreted as containing
excessive levels of organic material. Samples with excessive levels of organic
material were immersed in 5% NaOH.CI overnight to remove any organic
material that may influence the isotopic results by reflecting the isotopic values of
organic carbon as opposed to marine carbon.

An aliquot of powdered sample (c. 10mg) was time-reacted with anhydrous

phosphoric acid in vacuo at 16°C for 2 hours. This low temperature / short
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reaction dissolves the calcite but leaves any dolomite present un-reacted. The CO,

liberated was separated from water vapour and collected for analysis.

Measurements were made on a VG Optima mass spectrometer. Overall
analytical reproducibility for the samples was normally better than 0.1 for §'°C
and 8'°0. Isotope values are reported as per mil deviations of the isotopic ratios

(*C/™C and "*0/'°0) from standards (VPDB for carbonates).

7.4 Great Limestone 8"°C and 8'°0 isotope results
The whole-rock 8">C and 830 results for the Great Limestone are

summarised in Table 7.1. (Appendix E). The 8"°C values are within the range of
1.9%o to -0.7%o with an average of 1.0%o and the 5'*0 values within the range -
7.8%o to -13.6%o with an average of -10.4%o. In Figure 7.1 both the 8"°C and §'°0
results are seen to have a wide scatter and some of the 3'°C and §'*0 values are

covariant.
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Figure 7.1 8"°C (blue line) and 5'°0 (red line) results for the Great
Limestone at Middleton in Teesdale
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Chapter 7 considered the §"°C and 8'°0 values and the patterns visible
within the data. To assess these patterns further and the acceptability of the data,
Runs Analysis has been carried out to assess whether these patterns can be
regarded as being the result of random or non-random causes. The runs test is a
non-parametric test for randomness in a sequence of values such as a time series.
It is used to assess whether the pattern in the plot has arisen by pure chance (See
Chapter 6 for a description of RUNS analysis). Both runs about the median
(RAM) and runs up and down (RUD) have been applied to both the 8*C and 5'*0
data using the statistical program PAST and the results are shown in Table 7.3.

53¢ 5'%0
RAM RUD RAM RUD

N1 (number of
thick runs) 69 79 69 80
N2 (number of

76 65 76 64
thin runs)
Number of

35 91 64 88
Runs
Z-Score -6.4 +3.15 -1.56 +2.69

Table 7.3 Results of RUNS analysis for §'°C and 5'°0 from the Middleton in
Teesdale beds

Table 7.3 gives the results of the RUNS analysis of the 8°C and 'O data,
where the z-values for §'"°C of -6.4 (RAM) and 3.15 (RUD) and for 8'0 of -1.56
(RAM) and 2.69 (RUD) are shown. Apart for the 8'0 RAM results, the figures
suggest that the patterns are not due to chance and are non-random; Sadler ef al.
(1993) showed that z-scores between -2.1 and +2.1 are within the random field

although Bosence et al. (2009) regarded these figures to be nearer -1.8 to +1.8.

7.5 Palaeo-seawater 8"°C and 6'*0 composition
Increases in organic carbon burial, such as storage in coal, and increases in

the amount of living biomass will affect the isotope composition of dissolved
inorganic carbon in seawater; this causes an increase in 8'°C to more positive
values through the preferential extraction of '*C. Anoxic events or changes in

organic carbon burial rates can occur relatively quickly and these can be reflected
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as rapid excursions in the 8'°C trends. Chapter 3 suggested that the periodicity of
the Great Limestone is the result of Milankovitch rhythms. The variations in
intensity of the Milankovitch rhythms as discussed in Chapter 3 will affect sea
level through glacial advances and retreats and through time this will also affect

climate, in particular temperature, humidity and aridity.

The transition from the Viséan to the Namurian corresponds to a time of
major cooling and glaciation and the onset of the Permian-Carboniferous
glaciation which would have resulted in more positive 8'°C and less negative §'*0
values of marine carbonate. Glacial periods are characterised by greater
productivity due to higher nutrient supply from erosion of exposed shelves during
lowered sea-level and greater organic carbon burial in marine sediments. Greater
ice volume and cooler water results in less negative seawater 8'°O values;
decrease in §"°C and more negative 8'°O suggests warming and less ice volume,
as well as higher pCO,. Waxing and waning of polar ice sheets would, due to
strong oceanic currents, result in worldwide changes of temperature, salinity and
sea level; however, changes at the equator in temperature will be less prominent

than those at the poles.

The very negative 8'*O values were suggested in Chapter 7 as the result of
diagenetic alteration and the scatter of depleted 5"°C and §'°0 does suggest post-
depositional overprinting. However, it was argued in Chapter 7 that the original
trend in 8'*0 is preserved there, such that the variations can be interpreted in
terms of changing temperature, salinity and ice-volume. High-frequency scatter
and covariant "°C and §'*0O values are often attributed to the result of ice-house
effects with possibly up to 2%o due to ice mass or up to 4.3%o due to combined ice
mass and cooling (Bruckschen and Veizer, 1997). This would; however, be
expected to result in a more positive 8'O rather than a move to more negative
values as seen in this analysis. Increases in both 8'"°C and 5'®0 suggest cooling
with drawdown of atmospheric CO,, decreases in both §'"°C and §'*0 suggest

warming and higher pCO,.
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7.6 Diversity and 5'0 and 6"C changes
Chapter 5 discussed biotic diversity changes throughout the thickness of

the Great Limestone. Diversity was not seen to change substantially and changes
did not suggest that any major stressing of the environment took place.
Nevertheless, changes in diversity were evident and it is these changes that are
considered here in relation to the 8'*0 and §'"°C values. Figures 7.2 and 7.3 are
compilations of 8'*0, 8'°C and diversity changes through the thickness of the

Great Limestone.
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Figure 7.2 5"°0 and diversity changes throughout the thickness
of the Great Limestone.
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Figure 7.3 8"°C and diversity changes throughout the thickness
of the Great Limestone.
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It can be seen in Figures 7.2 and 7.3 that there are remarkable correlations
between 8'°C, 8'*0 and diversity. These changes in value appear to occur over
time periods of only hundreds to a few 1000’s of years (see Section 8.11). The
number of thin sections analysed; however is only about a third of the samples
analysed for the isotopes; therefore, it is difficult to attain a true comparison of
values and plots. Nevertheless these correlations and the short time periods of the
fluctuations, if they are true representations, would suggest a strong relationship
between 5'°C, 5'*0 and biota, probably the result of short duration environmental
changes, such as salinity or temperature, the two most important factors

controlling productivity and biotic development.

7.7 Sea surface temperature

8"°C values of carbonates are affected very little by changes in temperature,
more by processes related to organic matter. Brand and Legrand (1993);
Bruckschen and Veizer (1997) and Bruckschen et al. (1999) suggested that
Namurian sea-surface temperatures was in the order of 20°C + 5°C. Accepting
these temperature thresholds, the calculated sea-water 5'°O values during
deposition of the Great Limestone would be interpreted as shown in Figure 7.4,
using the calculation method (1) of Epstein ef al. (1953) modified by Craig
(1965).

TCC) = 16.9 — 4.2 (5c — dw) + 0.13 (5c — dw)> (1)

Figure 7.4 shows the temperature ranges calculated using formula (1) and the
data from appendix E together with average temperatures (2 bed window), £ 2
times standard deviation (grey) and the 15°C to 25°C envelope as suggested for
the Namurian seawater temperature by Bruckschen ef al (1999) the results of the
calculation shows seawater temperature would be far in excess compared to the
acceptable 15°C to 25°C envelope. To achieve values that fit within the 15°C to
25°C temperature envelope, the Namurian seawater would require to have 8'*0

values at the time of deposition of -8 SMOW.

226



7.0 Oxygen and carbon stable isotope geochemistry of the Great Limestone

0.0

80.00

70.00 4

60.00

50.00

40.00

30.00

20.00

Calculated sea water temperature

10.00

0.00 : : : : :
0 10 40 60 20 100 120 140
Sample Number

—— Calculated temperature changes

e gyerage with 2 bed window I:l +2 times standard deviation’ 15deg Cto 25 degC temperature enrelope

Figure 7.4 Calculated seawater temperatures using 5'°0 values from Appendix E,
together with average temperature (red line using 2 bed window) and *2 times
standard deviation (grey shading). The coloured envelope represents the 15°C to
25°C extent of the Namurian sea water temperature as suggested by Bruckschen et
al. (1999)

Bruckschen and Veizer (1997) regarded seawater 8'*O during glacial
periods as being around 0%e SMOW; therefore, to invoke a seawater 8'°O value of
-8%0 SMOW does not seem appropriate; however, expanding glacial waters may
have been much lighter in 8'0 than this average suggests. It is not unusual to
have seawater 8'*O values much lower than this and Froehlich ez al. (1988)
reported the brackish waters of the Baltic Sea to have §'°O values as low as -8.2%o
SMOW. These very low 880 values of seawater are; however, found in much
higher latitudes than the Carboniferous subequatorial oceanic gateway where the

880 decrease due to latitude would be stronger.

As the calculated temperatures represent a glacial ocean, maximal oceanic
880 values may have been up to 1% to 1.7%o higher due to the glacial ice mass
effect (see Shackleton, 1977: Bruckschen, et al.,1999 for discussion) and any
proposed glacial ice mass effect, would not be expected to result in the very

negative SMOW.
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The result of upwelling and circulations patterns off the coast of modern
West Africa results in a 9°C difference in sea-surface temperatures compared to
those off the coast of South East Asia, both at 20°N (Bruckschen ez al. 1999)
which does show how large variations in sea-surface temperature can occur at
similar latitudes, even so, considering the calculated SMOW it is unlikely that
ambient seawater temperature is the only controlling factor in the variation of the

Great Limestone 8'%0.

7.8 Salinity effects
It was suggested by Keller et al. (2004) that covariance between 8'*0 and

8'°C values could be the result of changes in salinity due to mixing of water
masses or changes in precipitation-evaporation cycles (Wolff et al., 1999; Keller
et al., 2004) and not just as a result of diagenesis. The subequatorial oceanic
gateway (Chapter 2 Figure 2.1) between Tethys and Panthalassa and the assembly
of Pangea occurred during the mid-Carboniferous and this resulted in enhanced
poleward transport of heat and moisture (Veevers and Powell, 1987; Saltzman,
2003). This oceanic gateway closure would also have resulted in major changes to
oceanic circulation patterns and nutrient supply to the remaining seaway. Water
circulation may have been weaker before full closure of the seaway; however,
near to or after closure deep-water circulation could have resulted in enhanced
upwelling and lower 8'°C on the west coast (Russia) of Pangea, while promoting
nutrient depleted and higher 8'°C on the East coast (North America) (Mii ef al.,
2001). Whether this closure also resulted in major changes to salinity is unclear;
however Veizer et al. (1997) regarded shelf seas to have higher salinity than
thermally stratified seas. However, this discussion must be considered in the
context of the biota and biotic associations discussed in Chapter 5 where open,

normal-marine environments were suggested.

Rohling (2000) regarded palaeosalinity as being one of the major unsolved
variables in palaeoceanographic studies and is not convinced that it can be
adequately determined from available proxy-data; even so salinity conditions of
ancient environments are often described in rather general terms. Normal marine

conditions are characterised by salinity in the range of 33%o to 38%o, brackish
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water covers a large range from less than 1%o up to 33%o and freshwater contains
only small quantities of dissolved salts; hypersaline salinities cover values above
40%o. Interestingly the most common of the bioclasts found in this analysis,
echinoderms, bryozoans, corals and some green algae inhabit normal-marine

salinities, although some restricted tolerance may have been acceptable.

Sub-saline surface waters and negative 3'°O values are often the result of
freshwater input from rivers and possibly in response to wet periods of higher
temperature and high rainfall. If river water input is regarded as a major control
on the salinity of the shelf seas then it may be expected that changes in salinity
may also be accompanied by an increase in input of terrestrial elements such as
aluminium and silicon; however, correlation indices between 8'%0 and aluminium
and silicon are not strong at around -0.23, and between §'*O and aluminium and
silicon around -0.32 also do not as such confirm input by freshwater from rivers.

However, this will be considered further in Chapter 9.

7.9 Sea-level changes
Bruckschen and Veizer (1997) modelled lower Carboniferous sea level

assuming that for a 10 metre sea-level rise the 5'°O ice mass effect is -0.1%o and a
temperature increase is 0.47°C. Whereas the greatest deviation between adjoining
8'%0 values is around -5%o this would equate to a 500 metre sea-level variation or
a 23°C temperature variation; both of which are probably untenable over very
short periods of hundreds to a few thousand years. A large variation in
temperature of 23°C would result in the threshold temperature for most living
marine invertebrates of 38°C being far exceeded (Brand and Legrand, 1993;
Bruckschen and Veizer, 1997).

7.10 Bed variations
The pattern of at least two cycles of thinning and thickening bed sets as

well as a clear cyclicity with regard to "0 and 8"°C values has been discussed in
Chapter 7 where it was suggested that they were the result of some well-organised

regular changing parameters.
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Within individual beds §'*0 and 8'°C values can be seen to covary both
positively and negatively, i.e. the values of 8'*O move in a similar manner to §'°C
or alternatively 8'*O values move in an opposite manner to 8"°C. Figure 7.5 shows
both negative and positively covariation with generally negative coincidence in
beds 1 to 3 and generally positive in beds 4 to 7. 8'*0 and §"°C in beds 8 to 13,
Figure 7.6, are generally positively coincident, whereas within beds 14 to 20
(Figure 7.7) there can be seen both positive and negative covariation. Figure 7.8

again shows positive covariation of 8'*0 and §"*C within the top few beds.

Included in Figures 7.5 to 7.8 is the Margalef Richness Index (see Chapter
5) which can be seen to generally follow the 8'*0 curve. However, as a result of
the smaller number of samples used for the thin-section analysis compared to
those used for the isotope analysis, this is not conclusive. It is interesting to note;
however, that where two or more Margalef Richness values coincide with the
isotope samples, such as between beds 3 and 4, 9 and 10, 14 and 15 and 16 and 17
there is a close similarity between the richness index and §'*0, and in many cases

also with 8'°C.

Figure 7.9 displays the positions of the groupings of the 8'*0 and §"°C
from Figures 7.5 to 7.8 together with the Fischer Plot of bed thickness and shows
how the 8'*0 and 8'°C covariations change throughout the thickness of the Great
Limestone. These groupings do not coincide exactly with the bed-sets discussed in
Chapters 3 and 7; however, there is a close correlation. Changes in positive and
negative covariation of '*0 and 8"°C could be the result of many changing

variables and these will be considered further later.

The Great Limestone, as with most mid-Carboniferous shelf limestones of
northern England have well-developed bedding. There may be a transition from
the purer limestone to the mudrock parting over a few mm, but normally the
contact is sharp. The bedding planes have commonly been affected by pressure
dissolution. Indeed in some cases the bedding plane is a clear pressure dissolution
seam with some anastomosing and dark clayey insoluble residue within the seams.

Many of the pressure dissolution seams can be recognised within individual beds
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with a strong change in 8'*0 and/or 8'"°C being present, e.g. within bed 4 the
major changes within both "0 and 8'°C are clearly seen in the field as pressure

dissolution seam at these positions.

Numerous geochemical analyses have been made of the Great Limestone
which will be the subject of Chapter 9 where it can be seen that patterns are
evident within individual beds and patterns are also evident within the isotope
analyses. Chapter 7, section 7.2.4 discussed the movement of carbonate from a
less calcareous to a more calcareous unit, i.e. from adjoining shales at the margins
of beds to the centre of the bed. Frank et al. (1999) suggested that this progressive
addition of calcite cement to the limestone from dissolution and pressure
dissolution resulted in a gradual decrease in bulk St/Ca ratios and a more negative
8'%0 value for the limestone as a whole, and a gradual increase of bulk Sr/Ca
ratios and a more positive 8'*0 value in the calcareous shale and therefore at the

margins of the bed.
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Figure 7.5 Predominantly negatively covariation of §'°0 and &'°C through
beds 1to 7
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The 8'°0 and §"°C data for some individual beds show changes at the
margins of the beds as well as within the beds themselves. §'*0 values in many
beds are more negative towards the margins of a bed, and less negative within the
central part of the bed (beds 1, 6, 8, 9, 10, 12, 15, 16, 18, 19, 21 and 22) which is
opposite to the discussion in Chapter 7; see also Frank et al. (1999) for discussion.
In some cases 8" °C values are less positive at the margins and more positive in the

centre of a bed (beds 3, 4, 6 and 16).

7.11 Origin of the 5'%0 and 8"*C variations within beds and bed-sets
The source of carbonate sediment on a platform is the result of both in-situ

carbonate production and the influx of carbonate from a shallower-water factory,
brought there by waves, tidal currents and storms. With deposition of the
Yoredale limestones taking place at around 5-30 m water depth (Chapter 5), both
in-situ carbonate accumulation and influxes of carbonate are likely. There is
evidence of storm reworking within the beds, as noted above, but no evidence for
the wholesale introduction of large quantities of sediment from a shallower-water
source area, as would be provided, for example, by the presence of graded beds
(‘tempestites’) of shallow water bioclastic material. In fact, there are no very
shallow-water carbonate facies (such as tidal-flat limestones) present on the
platform. This suggests that the flooding of the platform, after deposition of the
siliciclastic delta-top/swamp facies at the top of the previous cycle, was very rapid
indeed, so that moderately deep conditions were quickly and uniformly
established across the region, and then that these conditions more or less lasted for

the duration of carbonate deposition (Tucker et al., 2009).

The pattern of thinning and thickening bed-sets and §'*0 and §"°C values
within the Great limestone could be interpreted as indicating continued sea-level
rise after the initial, rapid flooding of the platform followed by sea-level fall. A
sea-level rise would be expected to result in more negative 5'°O due to rising
temperatures and reduction of ice volume; 8'"°C values would be expected to be
more positive as a result of higher temperatures and greater productivity from
increased shelf seas. However, 8'°C values could also be expected to be more

positive during a sea-level fall due to increased riverine nutrient influx and
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increased productivity together with less negative 8'*0 due to falling temperatures

and increase 1n ice volume.

Another explanation, not necessarily connected with sea-level change, is
based on temperature changes through the precession rhythm. Higher
temperatures, more negative 8'°O, would lead to increased carbonate productivity,
and more positive 8'°C, which would give the trend to thicker beds. Lower
temperatures, less negative 8'*0, would lead to the trend towards thinner beds

with less positive 8'°C due to decreased productivity.

Another possibility for the patterns within the bed-sets, beds and 8'*0 and
8'°C, with or without sea-level change, is a climatic explanation of arid to humid
(dry to wet) climate change, i.e. effectively changes in salinity—turbidity, again
driven by variations in solar irradiance as a result of the precession rhythm
(Tucker et al., 2009). During more arid times, less rainfall, normal to slightly
hypersaline seawater and clearer, less turbid seas would have led to higher
productivity and so the trend to thicker beds. 8'*0 would be expected to become
less negative during more arid times, due to increased evaporation and salinity

which would result in 8"°C being more positive from increased productivity.

Under more humid conditions, with increased rainfall, lowered seawater
salinity (more negative 8'°0), increased water turbidity and terrigenous clay
influx, a trend towards thinner beds would have resulted from decreasing
carbonate productivity (less positive 8'°C). Increased rainfall could also result in
greater productivity and diversity from an increase in river-borne nutrients;
however, there must be a tolerance limit to which productivity and diversity will
slow as a result of less salinity and increased turbidity. '0 would be expected to
become more negative during more humid times due to the increase in
temperature and freshwater input, while 8'°C would become less positive from
decreased productivity. Increases of river-borne nutrients to oceans could also
result in more positive 8'°C from increased productivity leading to greater orgC

12 . Cq. . .
(*“C-rich) burial in marine sediments.
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Salinity changes can occur over time periods of less than 10 years
(Anderson and Arthur, 1983; Mii et al., 1999); however, tropical meteoric water
has only a minor effect on seawater &'*0 of about 0.3%o to 0.4%o per 3ppt salinity
decrease (Mii et al., 1999). Biota in Chapter 5, even though diversity does show
rhythmic changes, does not suggest excessive stressing of communities due to
major salinity changes. This would suggest that salinity on its own is unlikely to
be the only case for the deviation in 5"°C and §'*O values seen in Figure 7.1.
Temperature fluctuations would result from waxing and waning of ice sheets;
however, near to the equator this would not be as great as at the poles and a 1°C
change in temperature would only result in a change of 8'°0 of just over a quarter

per mil.

The origin of the 'O in the two and a half bed-sets could be considered
with regard to sea-level fluctuations, climate and temperature and these are shown
in Figure 7.10 together with the expected 8'°0 changes. The pattern of the 8'°0
data suggests that temperature itself is not the control on the bed-sets, but does
lend support to a depth/sea-level/ice-cap size control and/or a salinity-turbidity

(arid-humid climate) explanation (Tucker ef al., 2009).

bed sea-level change climate cycles temperature oxygen isotopes
pattern shallow - deep  arid - humid  warm - cool more - ve less
difference 1 - 3%
S : cool or arid
shallow arid warm :
or more ice
b
e thickening-up
) warm or humi
d deep humid cool AiErer s d
s or less ice
e thinning-up
t ;
shallow arid warm cool or arid
= or more ice

Fig. 7.10. Possible explanations for the origin of the two and a half bed-sets in the Great
Limestone, together with the generalised pattern of trends in the 5180 data. Zones of
thicker beds in the bed sets could be the result of higher carbonate productivity due to
shallower water, clearer seas/lower rainfall (more arid climate) or higher temperature.
Zones of thinner beds in bed sets could be the result of lower carbonate productivity
due to deeper water or more turbid seas/higher rainfall (more humid climate) or lower
temperature. The pattern of the 8180 data suggests that temperature itself is not the
control, but does lend support to a depth/sea-level/ice-cap size control and/or a salinity-
turbidity (arid-humid climate) explanation. See Tucker et al. (2009).
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Fig. 7.11. Possible explanations for the origin of the beds in the Great Limestone.
See Tucker et al. (2009)

Figure 7.11 shows a generalised explanation for the more negative 5'°0 at
bed margins and less negative within the beds There are at least three explanations
for the limestone beds, as opposed to the partings/mudstone interbeds which
define the beds: 1) they could be the result of higher carbonate productivity in
shallower water, with the clay input through a sea-level rise (reworking of
mudflats), or 2) warmer water promoting limestone deposition and cooler water
reducing carbonate productivity allowing clay to be deposited, or 3) a more arid
climate (clearer seas) during limestone deposition, then a change to a more humid
climate (increased fluvial input) for the influx of the clay. Seawater temperature
changes at low latitudes are generally only 1-2 degrees during glacial-interglacial
periods, and these relatively small changes are unlikely to have had any major
effect on carbonate productivity. Thus temperature changes are not regarded as
the major control on limestone depositon. However, the pattern of the 3'°0 data
would support a depth/sea-level (through changes in ice volume) and/or arid-
humid climate explanation (possibly through mirgrations of the intertropical

convergence zone) (see Tucker et al., 2009 for further discussion).

The above discussions would suggest that assessing the origin of the beds
and bedsets within the Great Limestone is fraught with difficulty when
considering 8'*0, and this is also the case when considering the grouped 8"°C and
8'%0 covariations shown in Figures 7.5 to 7.9. However, this does present some
possibilities for discussion. It may be difficult to assign a control of pure sea-level

change for the resulting §'"°C and 8'®0 variations and groupings; however, there is
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no doubt that this would be a major control. Sea-level fluctuations and in
particular the initial transgressive sea-level rise would be expected to result in
more negative 8'°O due to higher sea surface temperatures which would have
resulted in glacial melting, together with more positive 3'°C due to higher organic
productivity and increased shelf-sea area. Figure 7.5 shows a generally negative
covariation of 8'°C and 5'*0 between beds 1 to 7. As well as sea-level
fluctuations, temperature changes would result in negative coincidences between
8'C and 8"*0. The positive covariations within Figures 7.6, 7.8 and part of 7.7
could also be the subject of sea-level fluctuations as well as arid to humid
variations in climate affecting salinity and turbidity; fluctuations in nutrient

supply could also result from increased river input during humid conditions.

7.12 Periodicity of events
The cyclicity which so dominates Carboniferous sedimentary successions

was largely produced by glacioeustatic changes in sea level as a result of orbital
forcing and variations in solar irradiance (e.g. Veevers and Powell, 1987; Wright
and Vanstone, 2001) and locally there would have been tectonic and sedimentary
controls on deposition too (Tucker et al., 2009). The Milankovitch rhythms for the
Carboniferous are thought to have been 21 and 17 kyr for precession (now 23 and
19 kyr), 34 kyr for obliquity (now 42 kyr) (Maynard and Leeder, 1992), and 112
kyr and 413 kyr for short and long eccentricity (as now, there was no change
through the Phanerozoic). There have been numerous papers discussing the
periodicity of Carboniferous cycles in Europe and North America, e.g. Walkden
(1987); Maynard and Leeder (1992); Ross and Ross (1987); Heckel (1986);
Goldhammer et al. (1994); Horbury (1989); Smith and Read (2000, 2001) and
Wright and Vanstone (2001).

There are at least 70 cycles in the Asbian, Brigantian and Pendleian stages
of the Yoredale cycles in northern England (Tucker ef al., 2009), a period of
around 12 m.y., which on a straight division, each cycle would have a duration in
the order of 170 kyr. Taking into consideration the issue of missed beats, Tucker
thus suggested that the actual duration of a cycle would be much less than 170 kyr
and implicated the short eccentricity rhythm (112 kyr) for the cyclothems. Tucker
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et al. (1999 considered that the apparent well-organised nature of the bed-
thickness trends could only be interpreted in terms of allocyclic controls on
deposition and could not have formed from a purely sedimentary (autocyclic)

control.

If it is accepted, as argued by Tucker et al. (2009), that the Yoredale cycles
as a whole are formed by the short eccentricity astronomic rhythm, which in the
Carboniferous was 112 kyr, the bed-sets could be the product of a higher-
frequency orbital rhythm. This could be either precession or obliquity and two

possible interpretations are considered below.

The clastics in the upper part of the Yoredale cycles are broadly deltaic
and in the Great Limestone Cyclothem, four minor cycles can be recognised in the
clastics (Chapter 3) consisting of a thin (1-5 m thick) coarsening-upward unit of
mudrock to fine to coarse sandstone, locally with coal. Thus with four minor
cycles in the clastics and at least two bed-sets in the carbonates, there are around
six to six and half high-frequency cycles within the one Great Limestone clastic-
carbonate Yoredale cyclothem suggesting that the minor cycles are the order of
around 17,000 to 18,000 years in duration which is within the timeframe of the
precession thythm (and not obliquity). If this is accepted, then with around ten
beds in a bed-set, the duration of the Yoredale limestone beds themselves is the
order of 1500-2000 years, which is millennial scale. The two to two and a half
bed-sets in the carbonates of the Great Limestone itself would; therefore, be in the

range of 34 kyr to 45 kyr which fit within the obliquity time frame.

The high frequency of the '*0 and §'"°C variations, assuming beds-sets
are deposited in periods of around 17,000 to 18,000 years, can be seen in Figure
7.1 to occur over short time periods of possibly only hundreds to a few thousand
years, which is obviously far quicker than the proposed durations of the bed-sets.
It is possible therefore that there are three underlying cycles in the Great
Limestone itself, one of around seventeen to eighteen thousand years (the bed-
sets), one of millennial scale (the beds) and the third of hundreds to a few

thousand years (the cycles or fluctuations of 8'*0 and §'*C within the beds).
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These highest frequency, millennial-scale cycles might possibly correlate with the
Bond cycles and or Dansgaard—Oeschger (D—O) events, sub-Milankovitch,
millennial-scale cyclicity which is well recorded from Quaternary strata (e.g.

Clark et al., 1999; Sarntheim et al., 2002).

To assess this cyclicity further, Time Series Analysis has been carried out
on the 8"°C and 8'*0 data using the statistics program PAST (Hammer et al.
2001) and the results are shown in Figures 7.12 and 7.13. The time periods are
calculated assuming the limestone was deposited in 34 kyr to 45 kyr as discussed

above and the results of this analysis are shown in Table 7.2.

Figure 7.12 shows the Time Series for "°C and the p = 0.05 and 0.01
significance lines. It can be seen that only two peaks pass the significance lines,
the first peak corresponds to time periods of 39.0 kyr and 51.6 kyr, depending
upon the time period calculated (Table 7.2). The second peak corresponds to time
periods of 15.2 kyr and 20.1 kyr, depending upon the time period calculated
(Table 7.2). The remaining peaks do not reach the significance levels; however, it
was still thought to be worth evaluating their periodicity. Table 7.4 shows the

corresponding periodicities for the first twenty peaks.

A p=0.01

8 p=0.05

0 0.25 0.5 0.75 1 1.25 1.5 1.75 2
Frequency

Figure 7.12 Time Series Analysis of 5'°C values using the statistical
program PAST
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Figure 7.13 Time Series Analysis of 5'°0 values using the statistical
program PAST

Figure 7.13 shows the Time Series for §'°0, the p = 0.05 and 0.01
significance lines are not, in this case, visible, i.e. the peaks do not reach the
significance lines. The p = 0.05 and 0.01 significance lines are above the peaks
within the plot at power levels of 10.28 (0.01) and 8.64 (0.05). Even though the
peaks do not reach the significance levels their periodicity has still been
evaluated. Table 7.4 shows the corresponding periodicities for the first twenty
peaks. The first peak corresponds to time periods of 27.3 kyr and 51.6 kyr,
depending upon the time period calculated (Table 7.2). The second peak
corresponds to time periods of 13.6 kyr and 36.1 kyr, depending upon the time
period calculated (Table 7.2).

It is difficult to equate all of the peaks shown in Figures 7.12, 7.13 and
Table 7.4 with Milankovitch rhythms. However, the first peaks within the §'"°C
and 8'%0 analysis are within the obliquity orbital rhythm time frame of around 34
kyr; the second peaks are nearer to the 17 kyr to 21 kyr year precession cycle and
the remainder of the peaks less than this. Note that there is some controversy with
regard to the time period of the Milankovitch rhythms. The last ten or so peaks
shown in Table 7.2 show more rapid oscillations of sub-Milankovitch millennial
time-scales. There is a large and rapidly growing literature on sub-Milankovitch,
millennial-scale cyclicity recorded from Quaternary strata (e.g. Clark et al., 1999;

Sarntheim et al., 2002). The mechanisms involved include: rapid warming/slow
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cooling for Dansgaard—Oeschger (D—O) events, Bond cycles attributed to
oceanic—atmospheric circulation and high-frequency climate changes, and the
shedding of ice-rafted debris (Heinrich events) in the North Atlantic, controlled by
ice-sheet dynamics. Bond ef al., (2001) suggested a link between fluctuations in
solar irradiance, climate and millennial-scale cycles; however, Foukal et al.,
(2006) found no significant evidence to link solar luminosity variations with

climate variations on either a centennial, millennial or even million-year

timescales.
Time Series Analysis of 5 °C and 3 °O | Time Series Analysis of 5'°C and 5'°O
using a time period of 34 kyr for the using a time period of 45 kyr for the
deposition of the Great Limestone deposition of the Great Limestone
18
5'°C peaks inkyr  5'0 peaks in kyr 5'3C peaks in kyr 2 Ig ﬁ;?ks
39.0 39.0 51.6 51.6
15.2 27.3 20.1 36.1
9.7 13.6 12.9 18.0
7.4 8.8 9.8 11.6
5.9 6.3 7.8 8.4
4.9 5.1 6.6 6.2
4.1 4.6 5.5 5.3
3.8 4.0 4.6 4.6
35 34 4.1 3.8
31 2.9 3.7 3.5
2.8 2.6 34 31
2.6 2.5 3.2 2.7
2.4 2.3 2.8 2.5
21 2.2 2.6 22
1.9 2.0 24 2.1
1.8 1.9 21 2.0
1.6 1.7 2.0 1.8
1.5 1.6 1.9 1.7
1.5 1.5 1.9 1.6
1.4 1.3 1.8 1.5

Table 7.4 First 20 peaks from Time Series Analysis using 5'°C and 5'°0 for time
periods of 34 kyr and 45 kyr duration of deposition of the Great Limestone

Modern delta systems such as the Mississippi tend to prograde and fill the
available space relatively quickly (Coleman, 1988). Coleman (1988) found that
large deltaic lobes having average thicknesses of 35 metres can be deposited in
17 thousand years within the Mississippi system and bay-fills of 15 metres can be
deposited in only 150 years. The modern Balize delta was also found to form 80
metre thick distributary mouth sand bars in a period of only 200 years. Hori ef al.
(2002) also recorded sediment accumulation rates of 1.1 metres per thousand
years within the prodelta and 3’2 metres per thousand years for the delta front of

the Changjiang (Yangtze) River delta, China; the maximum accumulation rates
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reached approximately 10 metres per thousand years. Amorosi (2005) assessed
the predominantly silt, clay and sandstone high-frequency cycles of between 3 and
5 metres thick, within the Po Delta, Italy, and found these to be deposited on a
millennial-scale, spanning intervals of about one thousand years. None of these

figures appear to take into account compaction of the sediments.

It can only ever be a crude method to compare modern and ancient delta
systems; nevertheless, these rates would point towards the delta/siliciclastic
sedimentation occurring over a short-time period. Tucker et al. (2009) calculated
carbonate sedimentation rates for the Great Limestone of the Alston Block being
between 0.1 and 0.75 metres per thousand years with an average of 0.37 metres
per thousand years. These large differences in the sedimentation rates for the
carbonate and siliciclastic/deltaic members would suggest that the whole Great
Limestone cyclothem may also not have been deposited evenly over the proposed
112 kyr rhythm. A further explanation for the periodicity and time frame for the

beds and bed-sets of the Great Limestone is considered below.

As discussed, within the Great Limestone cyclothem, there is an average
of 16 metres of deltaic/siliciclastic material and around 19 metres of limestone on
the Alston Block; at least four cycles are evident within the deltaic/siliciclastic
members (Chapter 3), and 2% cycles within the limestone. Obviously these
thicknesses do not take into account the original, as deposited thicknesses, i.e. the
un-compacted thickness. An uncompacted stylised section has been provided
within Figure 4.24 using decompaction figures of 1.5 for the limestone, 3.5 for the
mudstone and 1.1 for the sandstone; see Chapter 4 for a discussion on
decompaction of sediments. Table 7.5 shows compacted and decompacted

thicknesses for the stylised section in Figure 4.24.

Table 7.5 shows that the deltaic/siliciclastic material is predominantly
delta-front muds and distributary channel sands; only a small proportion has been
attributed to prodelta muds. Therefore, if a conservative sedimentation rate of 3.0
metres per thousand years (Hori et al., 2002; Amorosi, 2005) is used for the delta-

front muds and sands, and 1.1 metres per thousand years for the prodelta muds
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then this would equate to approximately 12,000 years to deposit the full thickness
of the deltaic/siliciclastic sediments in the Great Limestone. If an average of four
mudstone sandstone packets are considered and these are regarded as cycles
within their own right, then these would span intervals of around 3000 years, a
much greater time period than suggested for the Po Delta, Italy (Amorosi, 2005)
and possibly stretching the suggestion that they may be millennial-scale cycles;
however, Mawson and Tucker (2009) reported millennial scale cycles of a quasi-

periodic duration between 700 to 4300 years.

Compacted Compaction Decompacted
thickness ratio thickness
Limestone 19 metres 1.5 27 metres
Prodelta muds 1 metre 3.5 3.5 metres
Delta front muds 4.4 metres 3.5 15.3 metres
Sandstone 10.5 metres 1.1 11.5 metres

Table 7.5 Compacted and uncompacted sediment thicknesses

Assuming that the short eccentricity of 112,000 years is accepted for the
full Great Limestone cyclothem, this would result in the limestone being
deposited in approximately 100 thousand years which does not fit comfortably
within any of the Milankovitch rhythms for the Carboniferous. A straight
calculation, for the 27 metres of uncompacted limestone deposited over a period
of 100 thousand years, would equate to an approximate carbonate sedimentation
rate of 0.27 metres per thousand years. This figure is low; however it is still
within the range suggested by Tucker et al. (2009) of between 0.1 to 0.75 meters

per thousand years for the Great Limestone sedimentation rate.

There are, on average, 25 individual beds averaging 0.76 metres, which
would equate to an uncompacted thickness of 1.14 metres, and assuming that each
bed is continuously laid down at a sedimentation rate of 0.27 metres per thousand
years then this would result in an average bed being deposited in around 4.2 kyr,
greater to that suggested for the clastics of three thousand years as discussed
above but within the quasi-periodic time scale of 700 to 4300 years reported by
Mawson and Tucker (2009) for millennial scale cycles. It may be expected that

the sedimentation rate within a bed is not at a continuous rate and Yang (2002)
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found both vertical and horizontal changes in sedimentation rates within Holocene
platform carbonates in Belize. Many of the beds of the Great Limestone show a
decrease in calcium carbonate and increase in siliciclastic and insoluble material
towards the bedding planes (Chapters 7 and 8). Input of siliciclastic material could
result in a slowing down of carbonate production or even in certain circumstances
an increase in carbonate production may occur due to the increase in nutrients.
The sedimentation rate of 0.27 metres per thousand years can only ever be
accepted as an average and sedimentation rates could conceivably have been

much greater than this within parts of the bed.

Time Series Analysis of §'°C and 5 °O
using a time period of 100 kyr for the
deposition of the Great Limestone
5'*C peaks in kyr 5'0 peaks in kyr
114 114
46 80
28 40
22 26
17 19
15 14
12 12
10 10
9 9

8
8 7
7 6
6 6
6 5
5 5
5 4
4 4
4 4
4 4
4 3
4 3

Table 7.6 Time Series Analysis using 5'°C and 5'°0 for a time period of 100 kyr
duration of deposition of the Great Limestone

If the 2/ bed-sets within the limestone are related to the Milankovitch
rhythms for the Carboniferous then a straight calculation for the limestone
deposition of 100 kyr divided by 2)% would give an average cyclicity of 40
thousand years for each bed set which is very near to the obliquity rhythm of 34
kyr. There are approximately ten beds per bed set which would suggest each bed
equates to approximately 4000 years per bed similar to the deposition suggested
for the average bed thickness. The concept of missing beats discussed above

should be considered with regard to how this would affect the relationship with
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the obliquity rhythm. Figure 7.14 is a stratigraphical model using a periodicity of
34 to 45 kyr and Figure 7.15 using a periodicity of 100 kyr for the deposition of

the Great Limestone.
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Figure 7.14. Sequence stratigraphic model for the Great Limestone based on orbital
forcing and climate-forcing processes using a periodicity of 34 to 45 kyr. Idea from
Tucker et al., 2009

| s = Short eccentricity rthythm giving carbonate-clastic cycle

2 mmmmmmm = Precession rhythms giving bed sets and minor cycles
3 BN - Millennial-scale climate rhythms giving limestone beds and siliciclastic cycles

Time Series Analysis using 100 kyr for deposition of the Great Limestone,
Table 7.6, shows the first peaks within the 8"°C and 'O analysis are within the
short eccentricity Milankovitch rhythms, the second peaks within the §'°C Time
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Series are near to the obliquity orbital cycle at 46 kyrs while the second peak for
880 at 80 kyr is more than double the obliquity orbital cycle. The third §'*0
peak, at 40 kyr is near to obliquity. Peaks 4 and 5 of both the 8"°C and §'*O peaks
are around the precession cycle and the remainder of the peaks are less than this.
As with the Times Series Analysis using deposition of the cycles as 34 to 45 kyr it
is difficult to equate all of the peaks shown in Table 7.2 to Milankovitch rhythms.

Rise
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alternating wet/dry humid

Figure 7:15. Sequence stratigraphic model for the Great Limestone based on orbital
forcing and climate-forcing processes using a periodicity of 100 kyrs. Idea from
Tucker et al., 2009

| . = Short eccentricity rhythm giving carbonate-clastic cycle
2 mmmmmmm = Obliquity rhythms giving bed sets and minor cycles
3 mmmm = Millennial-scale climate rhythms giving limestone beds and siliciclastic cycles
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The Time Series analysis has not resulted in any clear periodicity for the
deposition of the Great Limestone and it may be that further analysis may be
undertaken in the future using different analysis methods such as the REDFIT
algorithm (Schulz and Mudelsee, 2002), that may result in more acceptable

estimates of the predominant frequencies.

7.13 Conclusion
The whole rock 8"°C and 8'®0 isotope values show a wide scatter but

patterns are seen within the underlying data. Chapter 7 showed a close
relationship between 8'°C and 'O and the Fischer Plot of bed thickness and
suggested that even though diagenesis has inevitably changed §'°C and §'*0,

some semblance of the original trend would have remained.

RUNS analysis of the "°C and 5'*0 values was carried out to assess the
patterns in the data and generally it was implied that the patterns are not random
and are; therefore, probably the result of some external forcing. It was the search

for this external forcing that was followed in this Chapter.

Sea level, temperature and salinity have been considered in this Chapter
with regard to the origins of the beds, bed-sets and covariations of 8"°C and §'°0
and diversity. Although diversity showed some interesting comparisons with §'°C
and 5'®0 throughout the thickness of the Great Limestone, it proved to be
inconclusive, probably as a result of the lack of samples analysed for diversity
compared to the number of samples analysed for 8'°C and §'*0. The §'"°C and
8'%0 analysis suggests some groupings between 8'°C and §'°0, and possible
origins of beds, bed-sets and covariations of 3"°C and §'*0 have been explored;
nevertheless, these discussions and possibilities must always be considered with

regard to the underlying diagenetic effects.

Time Series Analysis was carried out on the 8"°C and §'*0 data using time
frames for the deposition of the Great Limestone of 34, 45 kyr and 100 kyr. The

first larger peaks in the Time Series do suggest that periodicity in the range of
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obliquity, of around 34 kyr, and the precession cycle, 17 to 21 kyr, with the
remainder of the peaks much less than this and many of sub-Milankovitch
millennial time-scales. The Time Series Analysis has; however, proven to be

inconclusive.
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8.0 Major and trace element geochemistry
of the Great Limestone

8.1 Introduction
In Chapter 6, the geochemical data obtained in this research were assessed in

terms of the amount of alteration that may have taken place during diagenesis and
whether original trends through the Great Limestone may have been preserved. It was
concluded that, even though the data had been altered, original patterns were still
present and these patterns could be considered in terms of the conditions of

deposition.

The objective of this Chapter is to assess the major and trace element
geochemical data as a record of the palaecoceanographic history and to determine how
these data can be used to understand the controls on limestone deposition and
chemostratigraphic. This Chapter also compares the results with known published
data of facies of a similar age, not as a chemo-correlation potential, as the time period

covered is small compared to published data, but solely as a comparison of data.

Many of the elements are compared within the plots using 12 period moving
average trend lines. However, it does appear to be an inherent problem within the
calculation for the moving average trend lines that the peaks and troughs are moved
to the right. Even though this apparent inherent problem exists within moving
average trends, the results are still interesting and are still indicative of the elements
analysed. Nevertheless, this movement of the trend line, sometimes up to 0.75 metres,

must still be considered when assessing the plots.

The elements are also at times compared to a Fischer plot of bed thickness.
The Fischer plot reveals a pattern of beds appearing to thin and thicken upwards, and
this pattern is present not only in Teesdale but it can also be seen throughout much of
Weardale, suggesting that it is a genuine widely developed pattern. However, as
discussed in Appendix H the calculation of z-scores suggests that this pattern is not

ordered, but is random. Nevertheless, it is still felt useful to use the patterns of the
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Fischer plot with the geochemical analyses as it is felt that the patterns, albeit

random, are the result of changes in the environmental controls on sedimentation.

8.2. Method
One hundred and forty nine samples from the full height of the Great

Limestone at Middleton in Teesdale (See Chapter 5, Figure 5.1 for location) were
collected at 100 to 250 mm intervals (average 150 mm) throughout the limestone.
These samples were also sectioned for petrographic study (Chapter 5). A further 160
samples from the Great Limestone were obtained by drilling the rock face every 50
mm using a cordless drill and these samples were used for Carbon, Sulphur and
Nitrogen (CSN) analysis. CSN analysis was carried out on samples covering a total of
8 metres commencing approximately 6 metres above the base of the Great Limestone

to approximately 14 metres above the base of the Great Limestone.

A visual assessment of all samples was carried out and any organic and/or
weathered material removed. Any samples containing large skeletal grains or obvious
cement were also rejected before processing further. Enough material from the
samples to produce 10 to 20 grams of powder per sample was chiselled from the
original whole rock samples and this was then wrapped in thick paper before being
crushed further using a hammer and anvil; taking care to ensure that the sample did
not come into contact with the hammer or anvil. The crushed material was then
placed in a mortar and crushed to a powder by use of a pestle. One problem with this
method that became obvious from the beginning was the inclusion of pieces of paper
within the sample during breaking with the hammer and anvil. It was important that
the broken rock was inspected thoroughly to remove any traces of paper before it was
put in the mortar. It is thought that, even though a close inspection of every sample
was undertaken, contamination of samples by very small amounts of paper may have
occurred. However, even though the chemical content of the paper is unknown, it is

not thought that this method would have resulted in unusable data.
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Vials to receive the samples for trace element analysis and a number of blanks
were cleaned with 3.5% HNO; and 2 ml of 3.5% HNO; were placed in the vials and
left overnight on a hot plate at 120°C; the HNOs was then discarded and the vials
rewashed. 100 pg of powdered sample were measured out (to 3 decimal places) and
this was placed in the vials together with 10 ml of 3.5% HNO; which was then left
overnight on a hot plate at 120°C together with the blanks containing 10 ml of 3.5%
HNO; only. The sample and acid was transferred to 50 ml flasks and the volume

made up to 50 ml with 3.5% HNO; and left until the next stage.

The next stage involved preparation of the samples, blanks and standards for
placing into the instrument, a Perkin Elmer Optima 3300RL ICP OES (Inductively
Coupled Plasma Optical Emission Spectrometer). This and the previous stage were
carried out under the direction of Dr C Ottley Senior Research Officer, Durham
University. Before loading into the instrument, 10 ml test tubes were spiked with 10
ppm yttrium to act as an internal standard, and 10 ml of the 3.5% HNOs acid soluble
sample were then added to the tubes and the contents mixed; acid insoluble material
was left in the bottom of the flask undisturbed. The loaded samples, together with a
number of blanks, were then analysed for Al, Ca, Fe, Mg, Mn, Si, Zn, Pb, Ba, Sr, S

and Na. Appendix F shows the results of the trace element analysis.

The 160 samples analysed for Carbon, Sulphur and Nitrogen were obtained by
first thoroughly cleaning the face of the exposure with a wire brush and then drilling
out the samples; samples were drilled every 50 mm with an estimated measurement
error of 2 millimetres (i.e. the thickness of the marker pen line). The drill dust from
the first 5 mm of drill hole was discarded and then approximately 2 to 4 grams of drill
dust were collected for each sample. Collection of the drill dust was achieved by
fixing a small sample bag directly below the drill hole with tape. This method proved
successful; however, collection of the drill dust was estimated to be as low as 60% at
times due to the wind. The sample was discarded if any contaminants fell into the bag
during drilling, i.e. pieces of soil and grass and insects from above. A note was taken

of where each sample was drilled in relation to bedding planes, muddy partings or
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large grains and fossils. These samples were then placed in small individual glass
containers and dried in a domestic oven at a temperature of approximately 50°C for 6

hours. The samples were then stored in a dry warm cupboard until the next stage.

The analysis for CSN was carried out at the Open University laboratories at
Milton Keynes under the supervision of Dr A Coe. A Leco Instruments CNS-2000
elemental analyser was used to determine the weight percent (wt %) concentration of
total carbon (TC), total organic carbon (TOC), total inorganic carbon (TIC), and total
sulphur (TS). Using the Leco elemental analyser the dry rock powders were
combusted in pre-conditioned inert ceramic boats at 1350°C and the evolved CO, and

SO, gases were measured using infrared detectors.

For total carbon (TC) and total sulphur (TS) measurements, ~200 mg of dried,
crushed rock powder were placed into the ceramic boats along with ~1 g of ComCat
combustion catalyst, (a propriety catalyst manufactured by Leco). The ComCat and
sample were thoroughly mixed to ensure complete combustion. For total inorganic
carbon (TIC) measurements, ~300 mg of dried, crushed rock powder were weighed
into the boats and transferred to a separate furnace at 450°C for 7-12 hours before the
addition of ComCat and the analysis. This ‘ashing’ procedure burns off all organic
carbon in the sample. Total organic carbon (TOC) was calculated by subtracting the
wt% of TIC from wt% TC (TOC = TC-TIC) for a given sample. For most
sedimentary rocks studied, all inorganic carbon measured in the samples is assumed

to be in the form of calcium carbonate (CaCOs).

The autoloader for the Leco takes 40 rock samples at a time, with the
remaining 9 positions in the loader occupied by 2 empty boats (blanks) analysed at
the start of a run, 2 ComCat blanks (just ~1 g of ComCat on its own) analysed after
the blanks, and 5 intercalated samples of a rock standard with empirically known C
and S concentrations (one positioned every 10 samples). The standard was prepared

with ComCat as per the rock samples. The standard used was a powdered,
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homogenised Oxford Clay sample (Open University in-house standard ‘OXC-12").
Table 8.2 Appendix F shows the results of the CSN analysis.

8.3. Modern carbonates
Input of major and trace elements to river water and the degree and speed of

removal of these elements from areas of erosion is dependant upon many variables,
such as source rock, climatic conditions and elevation, all of which will influence
river concentrations and the contribution of elements to the oceans. A comparison of
both river and sea water major and trace element concentrations shows that they are
generally chemically opposite in that Ca > Na > Mg and CO3 > SO4 > Cl in river

water, whereas Na > Mg > Ca and Cl > SO4 > COj in sea water.

Marine organisms control the production of much of the modern carbonates;
however, non-biogenic carbonates such as ooids and aragonite needle muds are still
important contributors. Modern shallow-water carbonate sedimentation occurs in
water depths up to 50 m and is restricted to tropical and sub-tropical climates, with
the mineralogy dependent upon temperature and magnesium content; aragonite is the

common phase to be precipitated inorganically.

The factors controlling whether calcite or aragonite is precipitated are still
controversial to a certain extent. However, researchers have shown that the
magnesium ion can inhibit calcite precipitation, resulting in the supersaturation
necessary for aragonite precipitation (Morse and Mackenzie, 1990, see also
Pytkowicz 1965; Berner 1975). The structure of aragonite permits substitution of the
larger cations like strontium, barium and lead, whereas the smaller cations like iron,
manganese and zinc are more likely to be substituted into calcite or dolomite (Mason,

1966; Milliman et al., 1974).
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- 3
§ ﬁ = Percentage Parts Per Million
o = o
= = c
£ S s .
Q Ca Mg Sr Na Fe Mn Ba Si Al
o X
Pelletoid 2.3- Aragonite 0.41- 0.8-1 0.23 274- 10-80
4.7 0.19 1290
Ooids 0.3- Aragonite 37.8-38 | 0.05- 0.94- 0.24- | 14-350 3-7 9-65 | 376- 100-
2.5 0.69 0.99 0.44 730 300
Bahama Aragonite 0.48- 0.82- 0.33- | 180- 7-20
mud 0.96 0.95 0.62 973
samples
Coccolith 2.2- Calcite 0.11- 0.15- 1000- 265- 160-
ooze 8.8 0.17 0.21 2000 1500 510
Articulate 2-23 MgCalcite | 27-33 3.47- 0.14- 0.09- | 35- 24- 8
and 8.0 0.41 0.9 1132 113
crustose
coralline
algae
Green 8-24 | Aragonite 32.9-39 | 0.09- 0.8-0.9 0.21- | 160- 8-17
Algae 0.37 0.9 3600
Benthic 1.3- MgCalcite 31.6- 1.25- 0.15- 10- 2-60 1- 40-
Foraminifera | g7 35.4 3.75 0.2 1100 115 1350
Corals 3-8.6 Aragonite 33.2- 0.07- 0.28- 0.34- | 12-300 2-6 8-85
and 39.4 0.32 0.95 0.44
MgCalcite
Bryozoan 5-32 | MgCalcite 35.7- 0.16- 0.19- 0.1-1.3 21-
39.2 2.99 0.87 98
600-
Echinoderms 35.8 MgCalcite 32.4- 1.08- 0.14- 0.38- | 22-270 4.0- 6 1440
38.7 4.45 0.27 0.64 35
Bivalves 1.3- Aragonite 2-39.2 0.01- 0.01- 0.2- 10- 2-224 | 0-25 71-
2.6 and 0.43 0.32 0.57 1600 365
Calcite
Gastropods 1.8- Mixed 32-40 0.27- 0.21- 0.21- | 4-1200 2-62 1-20 80-
8.5 1.4 0.37 0.55 470

Table 8.1. Average composition of common non-skeletal and skeletal grains from modern
carbonates. After Mason (1966), Milliman et al. (1974), Morse and Mackenzie. (1990) and
Libes (1992). Note the compositions are an amalgamation of various research results and
are for illustrative purposes only.

Major and trace element composition of carbonates depends upon mineralogy,
temperature, magnesium content, partition coefficients and probably more
importantly the “vital effect” or “enrichment factor” of individual organisms. Table
8.1 gives some major and trace element concentrations for various common
components of modern marine carbonates and it can be seen that concentrations
between components differ quite substantially, up to two orders of magnitude in some

cases. The same can also be said within each faunal group where major and trace

element concentrations between different species can also vary by similarly large
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amounts; even individual parameters, such as age, can play a major role in how an
individual preferentially concentrates elements and isotopes within its hard skeleton

and soft parts of its body (Morse and Mackenzie 1990).

8.4. Major and trace elements in the Great Limestone
The purity of the Great Limestone is variable throughout its succession and, as

will be seen from the following discussions, this variability is a direct consequence of
the change in the concentrations of the elements and insoluble material. Chapter 6
discussed the comparisons between trace elements, isotopes and diagenesis, whereas
stratigraphic trace element variations and correlations throughout the limestone were

not considered. It is these variations that are the purpose behind this Chapter.

Temperature, salinity, light intensity and nutrient supply are among the major
controls on the production of carbonate sediment, regulating the abundance of each
type of carbonate producer. Light intensity is dependant upon water depth and
turbidity, which is affected, quite significantly, by the input of terrigenous sediment,
especially clays, the quantity of which will be a major control on the deposition rate
and purity of the limestone. Changing faunal distributions within the Great Limestone
(Chapter 5) could be the result of varying seawater depths from a few metres up to
possibly 50 m or due to variations in climate (temperature, humidity) affecting

carbonate productivity.

Climate has a strong influence on the type of terrigenous material supplied by
rivers, with a humid climate providing more clay through chemical weathering, and
an arid climate generating more sand and gravel-rich sediments, but with a lower
frequency. Sediment deposition during sea-level change can also vary significantly; a
falling sea level will increase river down-cutting therefore providing more sediment
to the sea, and a sea-level rise will move sediment deposition to previously subaerial

arcas.

Mg2+ ions can distort the calcite lattice, which in turn increases its capacity for
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trace element incorporation. Mg®" ions also increase the proportion of aragonite to
calcite formation (Wagner ef al. 1979) and aragonite has a larger capacity for trace
element inclusion than does calcite. Diagenetic alteration of the unstable aragonite to
stable low Mg calcite results in the loss of strontium, magnesium and other trace
elements to pore fluids, matrix and cement (Wagner et al 1979). As discussed in
Chapter 6, high strontium levels within the Great Limestone point towards an original
aragonite-rich composition, which was subsequently transformed during diagenesis
and this, would have resulted in some trace elements being lost from the lattice. The
assessment of strontium, magnesium and calcite concentrations from the Great
Limestone supports the assumption of original mixed aragonite and calcite sediment

and changes related to production rates.

Redox reactions, controlled by the amount of organic matter and the
availability of electron receptors such as O,, NOs™ and SO42', can result in suboxic
conditions being present within the sediment. Bioturbation usually results in re-
oxidation of the sediment and the removal of any chemical gradients. Bioturbation is
evident throughout much of the Great Limestone. Thus, any chemical gradients
created by redox reactions, if they existed, may have been destroyed; however, the
loss of the epitheca in some corals has been attributed to acidic porewaters (Chapter

5).

Trace elements within the Great Limestone may be present as inclusions in
biogenic material, matrix or calcite cement, i.e. within the carbonate fraction, and also
present within clays, POM or Fe-Mn oxides. The supply of much of the trace element
content to the limestone is mainly dependant upon terrigenous input. However,
diagenetic fluids may also have contributed significantly as trace elements are
remobilised from both the carbonate and non-carbonate fractions and are made

available for inclusion into cements and biogenic elements.

Even though any clay in the samples analysed would not be expected to have

been dissolved in the HNOs3 acid during preparation, the remobilisation of adsorbed
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elements and leaching from the clays is always a possibility. A study of total acid
insoluble material shows a high percentage of carbonate material throughout the
majority of the limestone and a low insoluble residue. Although the majority of the
major and trace elements in the Great Limestone are expected to be from the
carbonate fraction, the results from the analysis of the samples may also include some
elements from remobilisation of adsorbed elements and leaching of the clays. For
ease of comparison of the data from the analysis of the Great Limestone with those
for average rock types, Table 8.2 is included from an amalgamation of data from

Mason (1966), Wagner et al. (1979) and Libes (1992).

Rock Type Percentage Parts Per Million

Ca Mg Sr Na Fe Mn Al Si
Shales 2.2 1.5 0.03 0.96 47,200 | 850 80000 47000
Sandstones | 3.9 0.7 0.003 0.33 9,800 25,000 | 368,000
Carbonates | 30.2 4.7 0.99 0.04 9,600 830 4,400 29,000
Igneous 3.6 24 0.03 2.2 50,000 | 950 81,300 | 277,200

Table 8.2 Comparison of major and trace elements for average rock types.
After Mason (1966), Wagner et al. (1979) and Libes (1992).

8.4.1 Aluminium
Figure 8.1 shows the aluminium data plotted stratigraphically with the 12

period moving average trend line. The concentration of aluminium, up to
approximately 14 m above the base of the limestone, is fairly constant at 300 ppm
with brief excursions at about 10 m and 12 m above the base to around 1000 ppm.
Major changes occur towards the top of the limestone near to 14 m above the base
with peaks over 5000 ppm that are an order of magnitude above the background

concentration. The background levels around 300 ppm are an order of magnitude less
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than those shown for an average carbonate rock of 4400 ppm in Table 8.2. Even the
large peaks of over 5000 ppm within the upper beds, are still within an acceptable

range of the values in Table 8.2.

The high concentrations at 10 metres and 12 metres correspond to the obvious
increases in thin shaley partings visible at outcrop. Bedding planes at these levels also
become more shaley at around 14 metres where the amount of shale in both beds and

partings between beds increases substantially as the “Tumbler Beds” are approached.

As stated above, the concentration within the lower beds is fairly consistent
and this masks any possible trends within these beds. Within the 12 period moving
average trend line in Figure 8.1, however, three and a half cycles are just discernable,
1.e. cycles from the base up to approximately 5.5 metres, from 5.5 metres up to
approximately 8.5 metres, 8.5 metres to 14 metres and then half a cycle from 14

metres up to the top.
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Figure 8.1 Aluminium (Al) data plotted with 12 period moving average trend line.
3 times the standard deviation error bars in green.
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Within-bed changes in Al concentration throughout the majority of the beds
vary by about 200-300 ppm. However, above bed 15 (10.5 metres) variations in
concentration within beds reach 900 ppm and above bed 19 (14 metres) changes
within beds are as much as 2000 ppm. As discussed above, these increases within
individual beds follow the increase in occurrence of a shaly top and shaley bottom to
many of the upper beds and the mudstone partings seen in the field as the Tumbler

Beds and the mudstone above the Great Limestone are approached.

Aluminium can be present as minute inclusions within the calcite lattice or
adsorbed to the carbonate. The similar size, in Angstrom units, between Mg*" and
AP’" can result in the Mg®" ion providing a proxy site within the lattice for AI’".
Diagenesis during changes from oxic to suboxic conditions can result in aluminium,
as well as many other elements, being released from both the carbonate and non-
carbonate fraction to pore waters and made available for any cements being
precipitated. However, as discussed above, there is no evidence for oxic conditions to

have occurred at this locality.

The aluminium levels discussed above are low compared to values within
Table 8.2. However, they do follow the scant data given in Table 8.1 for common
skeletal and non-skeletal grains. A perfect correlation exists between aluminium and
silica and a moderately negative correlation of -0.67 with CaCOs (Chapter 6, Table
6.1). The Al-CaCOj negative correlation reflects the terrigenous input reducing
carbonate productivity. The Al-Si positive correlation is not surprising since they are

both predominantly derived from terrigenous sources.

8.4.2. Iron
Figure 8.2 is a stratigraphical plot for iron, together with 12 period moving

average trend lines for iron and aluminium. It can be seen that there is some
resemblance between the trend lines. Figure 8.2 shows the concentration of iron, up

to approximately 14 metres above the base of the limestone, to be fairly regular with
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a background level of around 750 ppm. There is an initial concentration of 6000 ppm
of iron at the base of the limestone and this increases at about 1.5 metres, 2.5 metres,
5 metres and 6 metres above the base to around 2400, 1700, 1500 ppm and 3000 ppm
respectively. Major changes occur near to 14 m above the base of the limestone with
peaks of 9000 to 12000 ppm and a maximum of 22500 ppm near the top; these are an
order of magnitude above the background concentration. The increases in aluminium
at 10 metres and 12 metres above the base of the limestone, which are evident in
Figure 8.1, are not as apparent for iron in Figure 8.2. The background concentrations
are generally well below those shown in Table 8.2 for average carbonate rocks (with
values of 9600 ppm). However, some peaks are up to two and a half times the quoted

value in Table 8.2 with concentrations of up to 22500 ppm.
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Figure 8.2 Comparisons of 12 period moving average trend lines for
Al (red Line) and Fe (blue Line). 3 times the standard deviation error bars in green.

Similar patterns are evident within both the aluminium and iron plots of the 12
period moving average trend lines. However, an early trend, probably due to the
initial spike at the bottom of the limestone, is also evident in the plot for iron.
Nevertheless the resemblance of the plots and the correlation of 0.68 (Chapter 6,

Table 6.1) between aluminium and iron reinforce the similarity of these element
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concentrations throughout the limestone and points towards a similar terrigenous
source for the elements. The initial iron concentration of 6000 ppm at the base of the
limestone, and some of the other spikes, are possibly due to iron-rich pore-waters

sourced from the sandstone below or from hydrothermal fluids.

Table 6.1 (Chapter 6) shows a moderately strong negative correlation of -0.7
between iron and CaCOj3 and a positive relationship of 0.68 with both aluminium and

silica suggesting again a probable relationship with terrestrial input and productivity.

8.4.3. Silica
Silica can be present as minute inclusions within the calcite lattice, adsorbed

to the carbonate, as an integral part of a clay lattice. In silica under-saturated waters,
dissolution of any biogenic opaline silica detritus can occur and, over long periods of
time, diagenesis can result in the majority of opaline silica and adsorbed silica being
released and subsequently then converted to chert and quartz (Libes 1992). Small
concentrations and nodules of chert can be found at some levels in the Great
Limestone, but they are not common on the Alston Block. However, chert beds are
common on the Askrigg Block to the south, at the level of the Tumbler Beds and

above.

Figure 8.3 is a stratigraphical plot for silica, together with the 12 period
moving average trend lines for both silica and aluminium. This bears a resemblance
to the plots for aluminium and iron presented above; the similarity of the aluminium
and silica 12 period moving average trend lines, points towards a probable similar

source for the elements, namely terrigenous material.

The concentration of silica is fairly uniform up to approximately 14 metres
above the base of the limestone, with a background level of around 200 ppm and
increases at about 10 metres and 12 metres above the base to around 1500 ppm and

1350 ppm respectively. As in the previous plots, a major change occurs near to 14
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metres above the base of the limestone with peaks around 8000 ppm, which are more
than an order of magnitude above the background concentration. The increases at 10
metres and 12 metres are similar to those seen in Figure 8.1. All concentrations of
silica within the Great Limestone are much lower than the values given for average
carbonate rocks in Table 8.2 of 29000 ppm. As with aluminium, a moderately
negative correlation of -0.67 exists between silica and calcium carbonate (Chapter 6,

Table 6.1) suggesting a possible link between productivity and terrestrial input.

5000 10000

9000

4000 + 8000
+ 7000
£
% 3000 - 6000 E
£ g
= 5000
£ 8
g 2000 J rl 4000‘7’
I
Jf [/ + 3000

1000 2000

+ 1000

o 17

2—»Up-ss:ection th7rough the Great Limestone ———p

Figure 8.3 Comparisons of the 12 period moving average trend lines for Al (red Line)
and Si (blue Line). 3 times the standard deviation error bars in green.

8.4.4. Barium
Figure 8.4 is a stratigraphical plot for barium, together with 12 period moving

average trend lines for both barium and aluminium. There is a resemblance with the
other river-sourced elements, aluminium, iron and silica mentioned above; however,

the changes above 14 metres can be seen to be less intense.

The concentration of barium is fairly regular up to approximately 14 metres
above the base of the limestone, with a background level of around 20 ppm and
increases at about 3 metres, 6 metres, 10 metres and 12 metres above the base up to

approximately 140 ppm, and at 7.5 metres with a concentration of 200 ppm. As in the
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previous plots for aluminium, iron and silica, a change can be seen to occur near to 14
metres. However, the barium change is not as substantial as that for the others with an
increase in background level up to approximately 120 ppm. Two spikes occur around
14 metres and 17 metres with concentrations of 380 ppm and 600 ppm respectively.
A comparison of values with those for common skeletal and non-skeletal modern
grains in Table 8.1 does show they are generally within the same order of magnitude
with only the high concentrations above 17 metres moving towards more abnormal

concentrations.
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Figure 8.4 Comparisons of 12 period moving average trend lines
for Al (red) and Ba (blue). 3 times the standard deviation error bars in green.

The 12 period moving average trend lines do demonstrate some similarity and
many of the cycles below 14 metres can be seen in both barium and the plot for
aluminium (and iron too, see above). The high content towards the top of the beds
(15.5 m to 17.2 m) however, does not contain the continuous increase in
concentration seen in the plots for aluminium and iron. There are some correlations of
the positions of the main fossil beds within the limestone with the barium peaks
which may indicate that barium in the Great Limestone is a proxy for productivity

(see also section 8.4.7).
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Alibert et al. (2003) found that Ba/Ca peaks in modern corals off the
Burdekin River (Great Barrier Reef) corresponded to large flooding events and a
relationship, at times, to high productivity. The use of barium as a proxy for
productivity, however, is not thought to be reliable as Ba may be remobilised in
anoxic conditions during sulphate-reducing reactions (McManus ef al., 1998; Alibert
et al., 2003, Eagle et al. 2003), resulting in lower values. McManus (1998) found that
high concentrations of barium were coincident with high iron and/or manganese in
modern seawater, possibly suggesting an interaction between barium and metal-oxide
recycling in anoxic situations. Table 6.1, however, shows little relationship between
iron, manganese and barium, with correlations of only 0.36 and —0.4 respectively
suggesting that anoxic conditions, if they did exist, may only have been very
localised and so not evident in the chemical signatures analysed here. It is also
suggested by the bioclasts that water depths during deposition were in the range of a
few metres up to approximately 50 metres maximum (Tucker ef al. 2008). This
would suggest that oxic conditions existed during deposition of the Great Limestone;

however, anoxic conditions could have developed during shallow burial.

Dehairs et al. (1980, 1990) associated marine barite (BaSO,) with decaying
organic matter and Dymond ef al. (1992) predicted a positive correlation between
non- terrigenous barium accumulation and carbon export; this non-terrigenous barium
has been variously referred to as Bio-Ba and Baycess (Dehairs et al,. 1980, 1990;
Kasten et al., 2001; Eagle et al., 2003). Eagle however referred to Bioexcess as being
difficult to calculate and suggested that in many cases it is location-dependant and
may not always be a true representation of marine barium. Barium is contained within
many phases with biogenic phases related to organic matter, biogenic silica and
biogenic carbonate, and other phases related to terrigenous silicates, Fe-Mn oxides
and hydroxides; therefore, a true determination of Bioexcess can be difficult to assess
(Dymond et al., 1992; Kasten et al., 2001; Eagle et al., 2003; Arrigo and Van Dijken,
2003). Calculations of Bioexcess also take into account Ba/Al ratios of terrigenous

shale which have been found to change considerably and in addition, non-terrigenous
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aluminium from diatom tests can confuse the assessments. Nonetheless, Eagle et al.,
(2003) considered that the discrepancy between Bioexcess and actual barite is of greater
importance than calculations of the actual Ba/Al ratios. He was also of the opinion
that barium as a proxy for productivity may only be applied in oxic sediments. To
distinguish between the different sources of barium, the total barium has to be
corrected for the biogenic (barite) and non-biogenic contents, and Ba/Al ratios. These

calculations, however, are beyond the scope of this research.

Figure 8.5 is a plot of Ba/Ca times 10000 together with a Fischer plot of bed
thickness; the 12 period moving average trend (blue) shows a close relationship with
the Fischer plot (red). Whether this relationship is due to changes in river input,
productivity or both is not clear; however, the similarity with aluminium, silica, iron
and the Fischer plot may suggest that a relationship with terrestrial input and
therefore nutrient input and/or productivity may exist. This is also confirmed by the
correspondence with the 2 fossil bands, Calcifolium bruntonense commencing near to
5 metres above the base and the main brachiopod/coral band commencing around 9

metres above the base.
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Figure 8.5. (Ba/Ca)*10000 (blue) together with a Fischer plot of bed thickness (red)
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8.4.5. Strontium
Strontium can be incorporated into clays and importantly, into biogenic

carbonate. The large ionic radius of Sr*" permits it to substitute for Ca*" within
skeletal aragonite, so that aragonite has a Sr/Ca ratio of 2-6 times that of calcite (Lea
et al. 1999; Jenkyns et al. 2002). Whether aragonite or calcite is deposited depends,
as discussed above, upon the concentration of Mg*" ions. Biogenic incorporation of
Sr depends upon many variables such as salinity, pH, Sr/Ca ratio of seawater and
productivity; however, it is probably not temperature dependent (Stoll ez al., 2001;
Lea et al., 1999).

Figure 8.6 is a stratigraphical plot for strontium, together with 12 period
moving average trend lines for both strontium and aluminium. There is some
resemblance to aluminium, except around 10 m to 12 m where the trends diverge. A
moderate correlation of 0.52 exists between aluminium and silica, with a poor
correlation of 0.23 existing with iron (Chapter 6, Table 6.1). The trend above 14
metres can be seen to correspond to the increases in shale seen in the aluminium
trend; however, this falls after the initial increase. From Figure 8.6 various trends can
be seen in the plot for strontium with a long-term increase from the base up to
approximately 16 m, together with smaller trends. An increase is visible from the
base up to approximately 2.5 metres, which is then followed by a negative trend up to
approximately 6 metres. This is followed by a similar positive and negative trend at 6
metres up to 9 metres and 10.5 metres up towards the top. Cycles are picked out by
the 12 period moving average trend line between 0 metres and 6 metres, 6 metres to
10.5 metres and 10.5 metres to the top. Large peaks occur throughout, with the most
noticeable at 1 metre (2120 ppm), 2.5 metres (2100 ppm), 3.5 metres (1620 ppm), 7.3
metres (1670 ppm), 14 metres (2150 ppm), 18.5 metres (2213 ppm) and the top (2000

ppm).

As discussed in Chapter 6, strontium concentrations are high compared to
those expected for ancient limestones (see Table 8.1), suggesting the original

sediment had a significant aragonite content. The large peaks in Figure 8.6 could be
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the result of changes in the primary signal due to environmental factors such as
changes in sea level, seawater temperature or productivity etc. A drop in seawater
temperature due to glacial periods of thousands of years can cause strontium
depletions up to 2% (Lea et al., 1999); however, the fluctuations seen in Figure 8.6
are over very short time periods and therefore unlikely to be glacially related on their
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Figure 8.6 Comparisons of 12 period moving average trend lines
for Al (red) and Sr (blue) 3 times the standard deviation error bars in green
Note the high aluminium concentrations near the top of the limestone have been
removed for clarity

Figure 8.7 shows that a slight negative correlation exists between strontium
and CaC0s, indicating that there may be some relationship between the strontium
levels and the calcite lattice, possibly due to diagenetic effects. This poor correlation
is also confirmed by a correlation index of -0.18 (Chapter 6, Table 6.1). Interestingly
there is also a poor relationship between strontium and insoluble material with a

correlation index of 0.17, suggesting little relationship with river input.

Variations in Sr/Ca ratios of seawater are sensitive to sea-level changes; rapid
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increases in strontium can be interpreted as resulting from either a sea-level rise or
fall (Frank ef al. 1999). A rise in sea level can cause drowning of carbonate
platforms, decreasing shallow-water aragonite precipitation and therefore increasing
the seawater Sr/Ca ratio. A sea-level fall, on the other hand, could result in meteoric
water diagenesis of aragonite, or erosion of exposed aragonitic limestone, and an
increase in continental weathering, also resulting in a release of strontium and an
increase in Sr/Ca ratios of seawater. Decreases in Sr/Ca seawater ratios can be

associated with an increase in productivity and therefore increased CaCOj; production

and precipitation.
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Figure 8.7. Comparison of strontium and CaC0; showing a slight negative correlation
trend in red.

Figure 8.8. is a plot of the 12 period moving average trend line for strontium
together with the Fischer plot of bed thickness. As can be seen, there is a remarkable
correlation between the strontium trend line and the Fischer plot suggesting that a
possible close relationship exists between strontium content and environmental
factors controlling deposition. The Fischer plot shows thickness variations which
could be related to carbonate productivity changes resulting from climate changes
(humidity, temperature) with or without actual sea-level changes. Even though the
strontium content of seawater is sensitive to sea-level perturbations, research has

shown that Sr/Ca trends in ancient limestone usually correspond poorly to sea-level
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plots and they are therefore difficult to use successfully as a sea-level proxy (Stoll et
al., 2001). Primary trends are better preserved in carbonate-poor sediments, such as

mudstones and marls, rather than limestone (Frank ez al. 1999).
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Figure 8.8. 12 period moving average trend line for strontium (blue) together with a Fischer
plot of bed thickness (red). Note the Fischer plot is not to the same vertical scale.

Figure 8.9 is a plot of the 12 period moving average trend line for molar
strontium/calcium together with the Fischer plot of bed thickness; the plots still show
a close correlation between the trend lines. As discussed above, decreases in Sr/Ca
seawater ratios can be associated with an increase in productivity and precipitation
due to an uptake of strontium from seawater. It may be expected, therefore, that a
decrease in seawater Sr/Ca, due to increases in productivity, may be associated with
an increase in sediment St/Ca ratios and an increase in bed thickness. It is proposed,
therefore, that the 12 period moving average trend line for molar strontium divided by
molar calcium and the Fischer plot in Figure 8.9 are the results of increased
aragonitic faunal production and therefore productivity rather than solely sea-level
changes. This is also confirmed by the correspondence with the 2 fossil bands,
Calcifolium bruntonense commencing near to 5 metres above the base and the main

brachiopod/coral band commencing around 9 metres above the base.
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Figure 8.9. 12 period moving average trend line of (molar) strontium
divided by (molar) calcium (black) together with a Fischer plot of bed
thickness (red)
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Figure 8.10. 12 period moving average trend lines for strontium and calcium
through the limestone
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Al-Hashimi (1976) found that dolomitisation of Carboniferous rocks within
the Northumberland Trough, resulted in the removal of strontium from the calcite
lattice. However, as can be seen by the poor correlation index of 0.12 in Chapter 6
and Table 6.1, little, if any, correlation exists between strontium and magnesium,
possibly suggesting that removal of strontium during dolomitisation did not occur
within the Great Limestone at this locality. However, it is also possible that the
patchy, partial dolomitisation and recrystallisation of the Great Limestone may have

resulted in a masking and partial loss of part of the original strontium trend.

Figure 8.10 shows the 12 period moving average trend lines for strontium and
calcium concentrations stratigraphically through the Great Limestone. The
discussions above together with a lack of correlation between the two elements in
Figure 8.10 and a correlation index of —0.18 (Chapter 6, Table 6.1), would suggest
that strontium and calcium are not strongly linked. However, I would propose that the
general high background strontium levels are probably associated with an original
aragonite composition as discussed in Chapter 6, and therefore carbonate
precipitation rates. The actual changes in concentration of strontium throughout the
Great Limestone may be associated with productivity or masked by diagenesis and/or

association with terrigenous input.

8.4.6. Manganese
Figure 8.11 is a stratigraphical plot for manganese, together with 12 period

moving average trend lines for both manganese and aluminium. The figure shows
that above 12 metres to 14 metres above the base of the limestone there is little to no
correlation with aluminium. There is a similarity of trend with aluminium up to
approximately 8 m; however, the comparison stops there. In Chapter 6, Table 6.1
shows poor correlations with aluminium, iron, silica and barium of —0.05, 0.39 —0.06

and 0.03 respectively.
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Figure 8.11 Comparisons of 12 period moving average trend lines

for Al (red) and Mn (blue). 3 times the standard deviation error bars in green.

The manganese profile in Figure 8.13 generally decreases in concentration
from the base to the top of the limestone with positive followed by negative trends
around 0.5 metres to 3.5 metres (maximum 440 ppm) and 4 metres to 8§ metres
(maximum 550 ppm). There are 2 other large peaks at 11.5 metres (570 ppm) and at
the top of the limestone (980 ppm). Cycles are visible within the 12 period moving
average trend between 0 metres to 5 metres, 5 metres to 11.5 metres, 11.5 metres to
16.5 metres and 16.5 metres to the top. The manganese concentrations compare
favourably with those for average carbonate rock types given in Table 8.2 with
background concentrations being around half of the expected values and maximum

values at or very near to the expected values given in the table.

McManus et al. (1998) suggested that a coincidence of manganese, iron and
barium peaks might indicate that manganese/iron oxy-hydroxides could be

contributing to barium recycling in anoxic conditions. Figure 8.12 shows the plots for
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manganese, barium and iron concentrations and it can be seen that the peaks in
manganese are not a good fit with those for barium and iron suggesting little
association with barium recycling or anoxic conditions. Chapter 6, Table 6.1 also
shows little correlation between manganese, barium and iron with indexes of —0.03
and 0.39 respectively. The high peaks therefore are more likely related to diagenesis

in manganese-rich pore waters.

Iron Plot

Barium Plot

Manganese Plot

|| 3 10 15
Figure 8.12. Manganese, barium and iron plotted for comparison.

Note, not to same vertical scale.

If manganese concentrations were controlled by terrigenous influx it may be
expected that the manganese trend would have a close correspondence to aluminium,
silicon and total insoluble material (Jarvis et al., 2001). However, as can be seen in
Chapter 6, Table 6.1, there are very poor correlations with these elements. The
general lack of correspondence between these plots is consistent with manganese not
being controlled by river influx and suggests the usual assumption that manganese is
predominantly a carbonate-bound element (Jarvis et al., 2001); however, this is not

substantiated by the poor correlation index of —0.07 (Chapter 6, Table 6.1).
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8.4.7. Magnesium
Magnesium content of seawater is controlled by fluvial supply, the ratio of

removal into carbonates and the removal during hydrothermal reactions (Jenkyns et
al., 2002). The actual content within calcite is dependent upon the Mg/Ca ratio of the
seawater and temperature. Studies by Lea ef al. (1999) have shown that magnesium
partition coefficients increase with temperature; original magnesium trends could
therefore be expected to follow sea-surface temperatures; however this will depend

upon the extent of diagenetic alteration.
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Figure 8.13 Comparisons of 12 period moving average trend lines
for Al (red) and Mg (blue) 3 times the standard deviation error bars in green

Figure 8.13 is a stratigraphical plot for magnesium, together with 12 period
moving average trend lines for both magnesium and aluminium. There is little
comparison of trends with the other river-sourced elements, aluminium, iron, silica
and barium mentioned above, with the greatest obvious difference being above 12
metres and 14 metres, where large increases seen in the other elements are replaced
by individual peaks within the magnesium profile. Correlations (Chapter 6, Table 6.1)
with aluminium, silica and barium confirm this with indexes of 0.21, 0.21 and 0.01
respectively; interestingly there is a slightly stronger correspondence with iron of

0.48 possibly suggesting some relationship with diagenesis.
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Short-term trends, in Figure 8.13, similar to those seen in strontium, can be
seen in the bottom few metres. However, high magnesium levels at around 2 metres
probably correspond to the patchy dolomitisation in the lower beds and a correlation
index of 0.21 suggests little association exists. A general increase in concentration
can be seen above 10 metres from the base to the top of the limestone with peaks
from 8000 ppm at 10 metres above the base to 40000 ppm at the top. Peaks within the
profile correspond to both bedding planes and inter-bed intervals. A comparison with
Table 8.2 shows the concentrations within the Great Limestone favourably compare
to average values for carbonate rocks. The magnesium trend shows up to four and a
half cycles, and this is comparable to many of the other trends above; however, the

comparison stops there.

Within bed changes in concentration of up to 15000 ppm can be seen in the
bottom beds and above this the concentration within beds varies by an average of
3000 ppm. Above bed 18, within bed concentration variations increase to 10000 ppm
and peak at 35000 ppm at bed 25. These large within-bed variations in concentration

coincide with local burial dolomitisation of the lower and upper beds.

Whether calcite or aragonite is precipitated can depend upon the Mg** ion
concentration of seawater. High Mg/Ca ratios can result in aragonite precipitation
resulting in low Sr/Ca ratios in seawater and high Sr/Ca ratios within the sediment. A
low Mg/Ca ratio on the other hand favours calcite formation resulting in high Sr/Ca
ratios in seawater and low Sr/Ca ratios in the sediment (Steuber and Veizer, 2002).
As discussed above, the high strontium concentrations within the Great Limestone are
likely to be a relic of an original aragonitic sediment; therefore, if it is assumed that
the original Mg/Ca and Sr/Ca trends remained within the Great Limestone after
diagenesis, and they are related to aragonite precipitation, using the findings of
Steuber and Veizer (2002) and the discussion above, it may be expected that a close
correlation may be seen within the Mg/Ca and St/Ca trends of the Great Limestone.

The correlation index between Mg/Ca and Sr/Ca at 0.42 is not strong;

however, as can be seen in Figure 8.14, a plot of the 12 period moving average trend
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lines for both Mg/Ca and Sr/Ca: even though there are some ‘lags’, there does appear
to be a close relationship between the two trend lines. The close relationship between
the 12 period moving average trend lines for Mg/Ca and Sr/Ca in Figure 8.14 would
suggest that, even though some changes to magnesium concentrations may have

resulted from diagenesis, the original trend may have remained.
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Figure 8.14. 12 period moving average trend lines for Mg/Ca and Sr/Ca

8.4.8. Sodium
Figure 8.15 shows the 12 period moving average trend lines for sodium and

aluminium. There is some correspondence of trends between 13 metres and 15 metres
otherwise there is little similarity between the plots or between the plots for the
majority of the other elements discussed above. The sodium trend does show up to
five cycles similar to those seen with the manganese trend discussed above. The
error bars (green) shown in the sodium plot cover a large range, probably due to the
actual concentrations being near to or below the detection limit of the equipment for

sodium. Thus the results for sodium should be treated with caution.
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Figure 8.15 Comparisons of 12 period moving average trend lines for Al (red) and Na
(blue) (3xStd deviation error bars in green)

8.4.9. Calcium and calcium carbonate.
Calcium is supplied to the oceans from weathering and river input and

removed from the water column by direct carbonate precipitation, biological
processes and subsequent loss to sediments. Remobilisation occurs at and just below
the sediment surface by dissolution/decomposition of biological material. Deep-sea
carbonates are generally homogeneous in terms of mineralogy, whereas shallow-
water carbonates, such as the Great Limestone, are heterogeneous, reflecting the
variety of organisms involved in carbonate deposition and the mineralogy of the

matrix and cements.

The calcium concentration in Figure 8.16 varies from a minimum of 178,650
ppm to a maximum 397,000 ppm and this equates to a percentage calcium carbonate
of 45% minimum and 98% maximum. The lower concentrations towards the base of
the Great Limestone equate to the higher magnesium content and terrigenous
concentrations in the lower beds. The other spikes throughout the limestone are at

times consistent with proximity to bedding planes, stylolites and the Tumbler Beds.
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Figure 8.16 Calcium (Ca) data plotted stratigraphically. 3 times the standard deviation
error bars in green. Note high peaks around 4.5 m and 7 m are regarded as being errors.

On a close examination of the 12 period moving average trend line for
calcium carbonate in Figure 8.17, three cycles can be seen, one cycle up to
approximately 7 metres, a second cycle up to approximately 13 m and a third cycle
up to 18 m near the top of the limestone; these cycles are not, however, as obvious as

those seen in other elements.

In previous sections many of the elements were compared to aluminium so as
to ascertain any association between the elements and terrigenous sediment, and this
has also been carried out in Figure 8.18 where aluminium and silica are compared to
calcium carbonate. The 12 period moving average trend lines within Figure 8.18 do
not show a close correspondence between the three elements; however, Chapter 6,
Table 6.1, does show a moderate negative correlation of —0.67. This moderate
negative relationship between the elements would suggest that silica and aluminium
are probably linked to terrigenous input which in turn could be a control on

productivity cycles. The aluminium and silica trends in the upper beds obviously
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depart from that for calcium carbonate and show a negative relationship, which may
suggest a control on the production of calcium carbonate. This could confirm the
previous discussion that the aluminium and silica concentrations reflect a terrigenous

source
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Figure 8.17. Percent calcium carbonate (CaCO3) and 12 period moving average trend line.

Figure 8.19 shows percentage calcium carbonate throughout beds 7, 9 and 20
of the Great Limestone. As with many of the other elements, the calcium carbonate
variations within many of the individual beds of the Great Limestone are confused
and do not exhibit any obvious trends. Some beds have higher calcium carbonate
levels near to bedding planes than within the centre of beds, whereas others have
higher levels within the bed itself than towards the bedding planes. Within-bed
calcium carbonate percentage variations fluctuate by a few percent within the lower
beds rising to fluctuations of 35 percent within bed 23 and falling to a fluctuation of

20 percent within the top bed.
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Figure 8.18. Comparisons of 12 period moving average trend lines for
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Figure 8.19. CaCO; concentrations for bed 7 (A), bed 9 (B) and bed 20 (C)
(Note grey bands are the positions of stylolites; black bands the position of muddy partings.)

8.4.10. Lead and zinc
Lead and zinc are present in minute quantities in both river and seawater.

Lead concentrations of seawater are in the region of 0.0003 ppm and 0.005 ppm in

river water and zinc concentrations are in the order of 0.01 ppm in seawater (Mason,
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1966). Lead concentrations in a typical carbonate are in the order of 9 ppm and zinc
20 ppm. The presence of lead within fluids favours aragonite precipitation, but
whether this is due to it inhibiting calcite precipitation is unknown. Zinc in a fluid on
the other hand favours calcite and dolomite precipitation (Mason, 1966; Milliman,

1974).
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Figure 8.20. Concentrations for lead (blue Line) and zinc (black Line) in ppm. 12
period moving average trend line for zinc (red Line).

The concentrations of lead and zinc within the Great Limestone are generally
very low and in many cases below the detection limit of the equipment. Apart from
the high levels near to the bottom and at the top of the Great Limestone, background
levels of both elements are at or below the concentrations discussed above for

average carbonates of 9 ppm for lead and 20 ppm for zinc.

As can be seen in Figure 8.20, however, lead concentrations do increase
within the upper beds. A 12 period moving average trend line for lead was found to
be difficult to determine as it follows the concentrations closely and is therefore not
shown in Figure 8.20. A 12 period moving average trend line for zinc is easier to

follow and is therefore included. It is possible to pick out two and a half to three
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cycles in the 12 period moving average trend line for zinc; however, it is not as

convincing as for the other elements discussed above.

8.4.11. Carbon-Sulphur-Nitrogen (CSN) analysis.
Unlike the analysis for the previously mentioned elements, which were

sampled throughout the full height of the Great Limestone, the CSN analysis covers
only 8 metres of the limestone from approximately 6 metres above the base to
approximately 14 metres above the base. The sampling method also differed in that
each sample was the result of collecting drill powder from sample positions at 5
centimetre intervals throughout the 8 metres. For these reasons it has proven very
difficult to compare the results of the CSN analysis with the results of the previously
discussed elements and where this has been attempted the relevant sections of the 12
period moving average trend lines for 8'°C, Ba/Ca and molar Sr/Ca have been used

for comparisons with organic carbon and C/N ratios.

8.4.12. Total carbon
The total carbon analysis gives an average of 11.72 wt % with a range

between 10.72 wt % and 12.51 wt % with a slight fall in concentration over the 8
metres. 2 large cycles and 1 small cycle are visible within the 12 period moving
average trend in Figure 8.21 from approximately 6.8 metres to 9.4 metres, 9.4 metres

to 10.5 metres and 10.5 metres to the top.

Within bed changes in concentration vary from 0.16 wt % to 1.6 wt % with
the greatest change in concentration being at approximately 11.5 metres. Even though
some large changes in concentration occur at bedding planes, stylolites and thin
mudstones, they are not limited to these as a large increase in concentration also
occurs away from bedding and stylolites at approximately 8.8 metres. Many rises in
concentration occur just below and continue through the majority of the bedding

planes and stylolites.
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Figure 8.21. Total Carbon also showing the positions of bedding planes, stylolites, thin
mudstones and the positions of individual corals hit by or near to the drill site.

Diester-Haass et al. (1992) and Meyers (1994) suggested that an inverse
relationship between organic carbon and inorganic carbon reflected varying
dissolution of CaCOs by dissolved CO, generated by oxidation of the organic carbon.
A moderately negative correlation of —0.5 exists between organic carbon and
inorganic carbon within the Great Limestone analysis, which may indicate that little
CaCOs dissolution by CO, occurred. However, it would also be expected that
diagenesis of organic material would have occurred in any bioturbated surface layers

of the sediment and this would have affected organic carbon content.

8.4.13 Inorganic carbon
It is assumed in this analysis that all inorganic carbon measured in the samples

is in the form of calcium carbonate (CaCOs3) sourced from dissolved bicarbonate.
Inorganic carbon concentration averages at 11.55 wt % and ranges between 10.24 wt
% and 11.94 wt %. It is apparent from a comparison of Figures 8.21 and 8.22 that the
majority of the total carbon is, as to be expected in a limestone, consisting of
inorganic carbon. The inorganic carbon concentration equates to an average of
96.24% CaCO; with a range of 85.3% to 99.46% which is close to that calculated

above from the calcium concentrations.
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Figure 8.22. Inorganic Carbon also showing the positions of bedding planes, stylolites,
thin mudstones and the positions of individual corals hit by or near to the drill site.

The 12 period moving average trend line in Figure 8.22 picks out 2 large
cycles, between 7.5 to 9.4 metres and 11.9 metres to the top, and 2 smaller cycles
between 9.4 to 10.4 metres and 10.4 to 11.5 metres. Within bed changes in
concentration vary from 0.5 wt % to 1.59 wt % with the greatest change in
concentration being at approximately 11.5 metres. Up to approximately 10.5 metres
generally there is a rise from just below the top of a bed which continues through the
bedding plane and continues into the lower section of the next bed. The upper beds,
on the other hand, generally exhibit the opposite, i.e. a fall from just below the top of
a bed which continues through the bedding plane and continues into the lower section

of the next beds.

As the inorganic carbon is assumed to be in the form of CaCOs, it is probable
that the concentration changes are the result of productivity cycles; however, see
Section 8.4.4. Interestingly, the greatest inorganic carbon concentrations do not
correspond to the positions of the coral/brachiopod biostromes; they correspond

closer to areas of increased bryozoans and the algae Calcifolium bruntonense.
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8.4.14 Organic carbon
Organic carbon concentration averages at 0.2 wt % and ranges between 0.02

wt % and 1.26 wt %. The 12 period moving average trend line in Figure 8.23 picks
out 3% cycles, between 7.0 to 9.5 metres, 9.5 to 10.5 metres, 10.5 to 13 metres and 13
metres to the top. Within-bed changes to concentration vary from 0.13 wt % to 1.2 wt
% with the greatest change in concentration being near to 12 metres. No obvious
trends can be picked out within beds. However, many beds generally exhibit a rise in
concentration towards the bedding planes possibly suggestive of increased marine
organic matter production or alternatively an increase in land-derived organic matter,

or an association with terrigenous material.

——Organic C (TOC wt%) Organic Cabon (TOC)
=12 per. Mov. Avg. (Organic C (TOC wt%))

1.40 T
|
|
1
1
[}

1
1

1

: 1
1204 1
' 1

1
Stylolites/Thin Mudstones I 1]
' X

! 1

P Mairi Coral Bt

=3
S
L

o

@®

S
.

: Iindivid‘ual Coral$
i Hit or Near to Dill

o

@

S
.

Organic Carbon % by weight

o

~

S
.

0.20 4| !

fi

s

0.00

1
1
1
1
6.34 6.84 7.34 7.84 8.34 8.84 9.34 9.84 1034 1084 1134 1184 1234 1284 1334 13.84
———————————» Up-section through the Great Limestorné&—————————»

Figure 8.23. Organic Carbon also showing the positions of bedding planes, stylolites,
thin mudstones and the positions of individual corals hit by or near to the drill site.

8.4.15 Sulphur
Sulphur concentrations are very low, averaging at 0.0042 wt % and range

between 0.0003 wt % and 0.0152 wt %. Many gaps exist within the data due to levels

below the detection limit of the instrument.

The 12 period moving average trend line in Figure 8.24 picks out 3% cycles,

between 7.0 to 9.75 metres, 9.75 to 11 metres, 11 to 13 metres and 13 metres to the
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top. Within bed changes of concentration vary from 0.003 wt % to 0.013 wt % with

the greatest change in concentration being near to 8.5 and 11.5 metres.

No obvious trends can be picked out within beds; however many beds
generally exhibit a rise in concentration towards the bedding planes possibly
suggestive of increased land-derived organic matter. There is very little correlation
between sulphur and organic carbon with a correlation index of 0.05 and between
sulphur and nitrogen with a slightly better, but still very poor, index of 0.11. The low
levels of sulphur (and iron, Figure 8.2), together with the lack of evidence for anoxic
conditions (Section 8.4.6), would suggest the formation of iron sulphide were

unlikely to have occurred, and this is further confirmed by petrographic study.
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Figure 8.24. Sulphur also showing the positions of bedding planes, stylolites, thin
mudstones and the positions of individual corals hit by or near to the drill site.

8.4.16. Nitrogen
Nitrogen concentrations are low, averaging at 0.028 wt % and range between

0.016 wt % and 0.086 wt %. Gaps exist within the data due to levels below the

detection limit of the instrument or possibly errors in analysis.
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The 12 period moving average trend line in Figure 8.25 picks out 372 cycles,
between 6 to 8.75 metres, 8.3 to 11 metres, 11 to 13 metres and 13 metres to the top.
Within bed changes to concentration vary from 0.003 wt % to 0.034 wt % with the
greatest change in concentration being at approximately 14 metres. It can be see that
there is a close correlation between the 12 period moving average trend lines for
nitrogen and organic carbon suggesting a probable similar source, i.e. river input;
however, the source of the carbon and nitrogen could also be marine organic carbon

from plankton.
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Figure 8.25. Nitrogen concentrations together with 12 period moving average trend lines for
nitrogen (black) and organic carbon (red). Note organic carbon not to same vertical scale.

8.4.17. Carbon/nitrogen ratios

Preservation of organic carbon within sediments is dependant upon factors
such as organic carbon concentration and sedimentation rate. Increased burial may
enhance preservation but this is questionable (see Ricken, 1991 for discussion). Other
factors are cementation and dissolution rates, water depth, oxygen content of the
sediment and bacteria present within the sediment column. Despite any losses of
organic matter during early diagenesis, bulk identifiers of organic matter sources such
as C/N ratios and 8'"°C appear to undergo little change (Meyers, 1994; Mackie et al.,

2005). The degree of diagenesis of organic matter in seawater and sediments depends,
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to a large extent, upon the occurrence of lignin and cellulose, which are particularly
susceptible to diagenetic alteration, and the marine fauna. In particular, algae contain
no cellulose and have C/N ratios less than 20 and usually between 4 and 10.
Sediments with organic content less than 3% are believed to undergo little diagenetic
alteration (Meyers et al., 1993, Mackie et al., 2005). Therefore, with a maximum
organic carbon concentration of 1.26%, it would be expected that diagenetic
alteration of the organic content of the Great Limestone would be very small.
However, as it is expected that the sediment was laid down under oxic conditions
some oxidation of organic carbon would be expected within both the water column

and at/within the sediment surface.
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Figure 8.26. 12 period moving average trend lines for C/N (black), organic carbon (red)
and 5"°C (blue). Note not to same vertical scale.

The analysis of the C/N ratios within the Great Limestone shows a large range
between 0.1 and 24.1 with an average of 6.5 and median of 5.6 falling generally
within the range for marine sources (Meyers 1994); interestingly there are only 2
points which exceed a C/N ratio of 20, one of which is near to 8.8 metres (ratio of

24.1) and the second is on a bedding plane (ratio of 21.3).
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Figure 8.26 is an amalgamation of the 12 period moving average trend lines
for C/N (black) and organic carbon (red) together with the relevant section of the
trend for 8"°C (blue). The 12 period moving average trend line for C/N follows very
closely that for organic carbon; however, it only contains 2/ cycles. An increase in
marine productivity typically results in heavier (more positive) 8'°C values, and if
under conditions of limited nitrogen availability, elevated C/N ratios may also be
expected (Meyers 1992; Meyers 1994). However, increases in 8'°C (more positive)

values and C/N ratios, may also be associated with increased river input.

R ) el T e R RV R

I
|
|
1
]
1
|
[}
[}
|
|
|
|
|
|
|
-l
DO
[}
|
|
|
|
|
1
1
I
[}
|
|
|
1
1
|
[}
[}
|
|
1

T
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
]

n

1

n
1
1
1
1
|
]
1
1
1
1
1
1
1
]
1
1
'

o——— - e e

|
|
1
|
|
[}
[}
|
|
1
]
1
]
|
[}
[}
|
|
'

6.34 7.34 8.34 9.34 10.34 11.34 12.34 13.34
— Up-section through the Great Limestone ——>

Figure 8.27. 12 period moving average trend line for C/N (black) together with the relevant
sections of the 12 period moving average trend lines for Ba/Ca (red), molar Sr/Ca (green
dashed) and 5% (blue). Note not to same scale.

Figure 8.27 is an amalgamation of the 12 period moving average trend line for
C/N (black) and the relevant 12 period moving average trend lines for Ba/Ca (red),
molar Sr/Ca (green dashed) and 8'°C (blue). In Sections 8.3.4 and 8.3.5, barium and
strontium have been assessed with regard to their concentrations being related to
marine productivity cycles and these are assessed further in this section together with

C/N ratios and 8"°C.
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It is interesting to note that highs are visible in the trend lines for Ba/Ca, molar
Sr/Ca and 8"°C within the area defined as the main section of the coral biostromes
(note other smaller coral biostromes occur above this) and this would tend to confirm
association with productivity. The C/N ratio on the other hand, shows a low in this
area suggesting this is not associated with productivity and may in fact be associated
with river input. However, a moderately high plateau is visible in the nitrogen trend

in Figure 8.25 which may be resulting in a suppression of the C/N ratio.

Other highs in Ba/Ca and molar Sr/Ca are visible around 7.34 to 8.34 metres
above the base which are associated with a move from a low to an increase in §'"°C
and a high in C/N; these areas, and slightly above, are also associated with increases
in bryozoans, Calcifolium bruntonense, Girvanella, and crinoids. Changes in
productivity may be associated with changes in river and/or nutrient input and to a
certain extent, these changes can be observed in the trends. However, it is also
obvious, that the cause of the changes to productivity and the role of carbon, sulphur

and nitrogen are in fact very complicated and not easy to distinguish in these plots.

8.5. Bed-by-bed concentration changes
Bedding architecture has been associated with rhythmic environmental

changes on a millennial scale resulting from many different causes such as
temperature changes (Huls and Zahn, 2000), freshwater/river run off and input
(Noren et al., 2002, Tucker ef al., 2009) and sea-level changes (Potter et al., 2004,
Tucker et al., 2009). The trace element concentration and changes within beds and at
bedding planes in the Great Limestone are complicated and difficult to assess.;
However, it is thought that changes in humidity/aridity cycles, freshwater/river run
off and input and sea-level fluctuations may be the cause of element changes within

the beds of the Great Limestone.

Environmental changes such as sea-level rise and fall could both affect influx
of terrestrial material to the marine environment with a sea-level fall cutting down

into coastal sediments and transporting them sea ward, while a sea-level rise would
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rework existing coastal deposits. Both could result in an increase in nutrient
availability to the environment resulting in more advantageous conditions being
available for carbonate production. Alternatively, a sea-level rise or fall may also
result in turbidity changes disadvantaging carbonate production. Increases in
aluminium, silicon, iron, manganese and barium could, therefore, result from both

down cutting and transportation sea ward or reworking of coastal-plain sediments.

To visualise the changes throughout the beds they are presented in Figures
8.28 to Figure 8.34. At the base of many of the beds decreases can be seen in
calcium carbonate and this generally increases towards the centre of the bed (see also
Section 7.2.4 and the discussion from Frank et al., 1999). These decreases in calcium
carbonate at bedding planes are in many cases associated with increases in
aluminium, iron, magnesium, barium and strontium; this pattern follows evidence
seen in the field such as the lower beds tending towards having shaley tops and
bottoms. Nearly all beds, to a greater or lesser extent, show increases in calcium
carbonate directly above the bedding plane and within the middle of the bed.
However, there is not always a clear association with element input, whether this
association between CaCO; and bedding is solely due to diagenesis as discussed in

Chapter 6, Section 7.2.4 or is due to a primary cause is discussed further here.

Looking at the concentration of the elements on a bed-by-bed basis, there are
no apparent continuous patterns. For many of the elements, within-bed changes in
concentration vary by only a few ppm around the average; however, above bed 15
(11 metres) within-bed variations in concentration usually start to increase
substantially (Sections 8.4.1 to 8.4.17). These within-bed increases in concentration
above bed 15 follow the increase in occurrence of a shaley top and shaley bottom
seen in many of the upper beds and the mudstone partings seen in the field as the

Tumbler Beds and the mudstone above the Great Limestone are approached.

Analysis of the changes in elements throughout the thickness of the Great

Limestone and in particular on a bed-by-bed basis shows a complicated number of
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associations. The elements within the first 6 beds generally show a close positive
relationship between Al, Mg, Ba, Sr and CaCOj; with small increases in the elements
being beneficial to CaCOs production. Above bed 6 CaCOj3 and Sr begin to react less
positively with changes in the other elements; increases in Al, Mg and Ba can be
seen, in some cases, to result in a reduction in CaCOj; and Sr. This negative
association becomes more obvious as you move up through the beds towards the top

of the limestone.

Between beds 11 and 19, CSN analysis (Sections 8.4.11 to 8.4.17) has also
been carried out which also shows a complicated pattern with the elements and
CaCOs. Within bed 12, near to the second stylolite, increases in TOC and N are
associated with an increase in CaCOs while Al, Fe, Mg and Ba fall or remain fairly
constant; this also occurs at the base of bed 14 and within the middle of bed 19.
Within the middle of bed 17, however, an increase in all elements also results in a rise
of CaCOs. Above bed 20 the negative association of the elements and CaCOs is seen

to be the strongest.

To a certain extent the patterns visible within the data are dependant upon the
general random method used for the sampling. Nevertheless, there are remarkable
visual positive and negative correlations between the geochemical data and the
position of many of the bedding planes and stylolites within beds. Considering Bed 1
in Figure 8.28, visually it can be seen that calcium carbonate is both negatively and
positively correlated with the other elements. However, up to approximately 0.3
metres, the elements are generally negatively correlated with calcium carbonate,
probably due to the initial. Where calcium carbonate and all elements rise rapidly at
the bedding planes above 0.5 metres this could imply an association with an input of

beneficial nutrients during an increase in river input and/or temperature changes.
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If the changes within concentrations of Al, Si, Fe, Mn and Ba within beds and
at bedding planes are associated with increased freshwater/river input this may be
expected to result in changes to carbonate productivity through nutrient, salinity and
turbidity alterations; increased terrigenous material at bedding planes, as seen in
Figure 8.28 to Figure 8.34 may therefore be expected. An alternative to the
freshwater/river causation, is increases and reductions in calcium carbonate
sedimentation together with a steady state input of terrigenous material (Ricken,
1991; Fairbairn, 2001; Tucker et al. 2009), i.e. there is a steady background
deposition of terrigenous material while carbonate production varies due to
environmental factors such as sea-level rise or fall and/or temperature fluctuations.
Therefore, even though a bed by bed correlation of calcium carbonate against the
other elements may prove to be instructive the actual causation may be difficult to

asScess.

There does not appear to be any simple patterns visible within the major and
trace element analysis of individual beds and calcium carbonate production. It does
become apparent, however, that approximately 14 metres above the base of the Great
Limestone (beds 18-19), major and trace elements increase substantially which

results in changes to calcium carbonate production.

Interestingly strontium appears to have a close affinity with Al, Fe, Mg, Ba
and calcium carbonate at bedding planes throughout the limestone. This could be
regarded as being at variance with Chapter 6 where it was suggested that the Sr
changes at bedding planes could be associated with diagenesis rather than original
deposition. The close correlation of Sr with Al, Fe, Mg, Ba and calcium carbonate at
bedding planes would therefore imply changes are more likely to be associated with

original deposition rather than diagenesis.

8.6 Periodicity of events
Within Chapter 7 cyclicity of the "°C and 8'*0O results was assessed using

depositional time periods of 34, 45 and 100 kyr for the Great Limestone and this has
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also been carried out for the major and trace elements Al, Fe, Sr, Mg and CaCO;
using the statistics program PAST (Hammer et al. 2001). Table 8.3 gives the time

periods of the major peaks within each Time Series
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Table 8.3 Time periods for the spectral analysis of Al, Fe, Mg, Sr and CaCO; using depositional
time periods of 34, 45 and 100 kyr for the Great Limestone.

It is difficult to equate all of the peaks shown in Table 8.3 with regard to
Milankovitch cycles. However, the first peaks within the analysis using 34 kyr are
near to the obliquity orbital cycle time frame of around 34 kyr; the first peaks using
45 kyr are nearly double the obliquity orbital cycle. The second peaks using 34 and
45 kyrs are nearer to the 17 kyr to 21 kyr year precession cycle. Using the 100 kyr
deposition period gives the first peaks of around the short eccentricity cycles and the
second peaks near to obliquity. The remainder of the peaks shown in Table 8.3 are
much less than the precession cycle values and some are near to the sub-Milankovitch

Dansgaard—Oeschger (D-O) events and Bond cycles discussed in Chapter 7 of

around 1.4 kyrs.

As discussed in Chapter 7, Time Series analysis has not resulted in any clear

periodicity for the deposition of the Great Limestone. It may be that further analysis
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may be undertaken in the future using different analysis methods such as the
REDFIT algorithm (Schulz and Mudelsee, 2002), that may result in more acceptable

estimates of the predominant frequencies.

8.6. Major and trace element geochemistry: Conclusion
The history of the Great Limestone has been assessed in this Chapter using

major and trace element geochemistry and the data are shown to compare favourably
with those for average carbonate rock types. The concentrations of the major and
trace element data point towards the Great Limestone being relatively ‘clean’ with
little terrigenous input and a high calcium carbonate concentration averaging around
92% with deviations from this level mainly within the lower beds, at the
commencement of carbonate production after the initial flooding, and in the upper
beds where river borne elements increase substantially. There is little sign of anoxic
conditions prevailing. However, Chapter 5 did suggest acidic porewater conditions

resulted in damage to the epitheca of some corals.

Correlations and comparison of trends imply a close relationship between the
elements and river supply with temperature, humidity/aridity cycles being prevalent;
however associations appear to change continuously throughout the thickness of the

Great Limestone.

Increases of terrigenous material such as aluminium silicates (clays etc) to the
area of deposition, possibly from prograding delta fronts, would have resulted in an
increase in availability of many of the elements within the water column for
substitution into the calcite lattice (though, perhaps, released later during diagenesis).
The correlations between calcium carbonate and many of the elements point towards
a likely source for the elements being from clays and POM. Increases in the
concentrations of many of the major and trace elements above 14 metres and the
negative correlations with calcium carbonate at bedding planes could be indicative of
an effect of the higher clay content; this may well have led to lower carbonate

production.
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The manganese spikes and the lack of any correlation between iron,
manganese and barium could be suggestive of the Great Limestone being deposited in
oxic water conditions and this is further reinforced by the fossil content and diversity.
The very high manganese spikes and high magnesium concentrations are likely,

however, to be associated with diagenesis rather than from primary signals.

Whereas some trends are visible in the lower and upper beds on a bed-by-bed
basis, commonly, within-bed concentration changes are confused. Within-bed
concentration changes vary within a relatively few ppm of the average for the
majority of the limestone; however, as the upper beds are approached the within-bed
concentration changes generally show significant increases. Concentration spikes are
visible throughout the Great Limestone for many of the elements and some
correspond to pressure-dissolution seams, stylolites, swarms and bedding planes
(discussed further in Chapter 9). Large concentration spikes show a general increase

in number and amplitude as the upper beds are approached.

CSN analysis suggests little diagenesis of organic carbon may have occurred
and therefore the results probably show an original signal. The low C/N value of 6.5
points towards the organic carbon being of a marine origin and not particularly
influenced by terrigenous carbon input. Comparisons of CSN with CaCOs, Ba and
molar Sr/Ca with regard to productivity was generally inconclusive; whereas,
comparisons with the major and trace elements and calcium carbonate, on a bed-by-
bed basis, show both negative and positive correlations and suggest a complicated

relationship with productivity and element source.

Time Series Analysis was carried out on some major and trace elements;
however this proved to be inconclusive. It may be that further analysis using different

analysis methods such as the REDFIT algorithm may prove to be more informative.
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High strontium levels are regarded as being a relic of an original aragonitic sediment
(Chapter 6); however, the close correlation between Mg/Ca and Sr/Ca ratios would

suggest a mixed aragonite and high Mg calcite sediment.

A moderate negative relationship exists between CaCO3 and some of the
terrigenous major and trace elements suggesting, either, through nutrient supply,
salinity or turbidity, some control existed over CaCO; production from the external

terrigenous input.

To conclude, the major and trace element analysis points towards the Great
Limestone developing within a relatively ‘clean’ and oxic marine environment with
periods of increased terrigenous input throughout its formation. The majority of the
major and trace elements discussed here show both negative and positive
relationships to calcium carbonate suggesting a link between carbonate production
and river input due to environmental changes in either temperature, humidity or
aridity. The major and trace element analysis suggests; therefore, that control on
carbonate production is linked to terrigenous input and subsequently to turbidity,

temperature and/or humidity/aridity cycles.
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9.0 Stylolites, acid insoluble material and bedding planes.

9.1. Introduction
Stylolites are thought to be an important part of the story with regard to

the Great Limestone, especially in terms of determining the source of trace
elements. As discussed below, stylolites are closely associated with changes in
both the organic and inorganic geochemistry and the acid insoluble material,
present within the limestone. The majority of the beds within the Great Limestone
are punctuated by muddy bedding planes and partings, pressure-dissolution
seams, stylolites and stylolite swarms, many of which are continuous over long
distances, particularly within Teesdale and Weardale (Fairbairn, 1978, 1990,
1999) and many can be recognised within the area of the Stainmore Basin at
Sleightholme Beck (953 105). Due to the continuous nature of some pressure
dissolution seams within Teesdale and other areas of the Alston Block and
Stainmore Basin, their presence can make the identification of some individual
bedding planes extremely difficult and this is particularly true with regard to beds
13 to 14 and 17 to 18 where the boundaries can be particularly ill-defined in some

locations.

With regard to the relationship between pressure dissolution features and
bedding planes, it is a distinct possibility that in many cases the bedding planes
have been enhanced by the effects of pressure dissolution, i.e. the limestone
becomes more stylolitised as the bedding plane is approached. Simpson (1985)
and Bathurst (1987) addressed this possibility in detail using studies of

Carboniferous limestones in the UK.

9.2. Total acid insoluble material.

The acid insoluble material within the Great Limestone includes
magnetite, clay minerals, particulate organic matter (POM), iron and manganese
oxides. The insoluble residue does have a moderately strong correlation with iron
at 0.65 (Table 6.1, Chapter 6). Thus the insoluble residue may be a proxy for the
input of terrestrial material and the location of zones of high insoluble residue

may have controlled the position of many of the stylolites in the limestone.
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and Trend Line

Percentage acid insoluble materia
and Trend Line

= — 60.00

Figure 9.1. Comparisons of 12 period moving average trend lines for Total acid insoluble
material (blue Line) and CaCOj; (red Line).

Table 6.1 in Chapter 6 unsurprisingly shows a near-perfect negative
correlation of -0.96 between calcium carbonate and acid insoluble material. As
can be seen in Figure 9.1, the 12 period moving average trend lines are a near
mirror image of each other. This near-perfect negative correlation together with
the correlations between aluminium, silica and iron, and the acid insoluble
material, of 0.71, 0.71 and 0.65 respectively, are suggestive of a close link
existing between calcium carbonate production and river input, as discussed in

Chapter 8.

9.3. Pressure-dissolution features and/or bedding planes.

As discussed above, the Great Limestone is punctuated by muddy
bedding planes and pressure-dissolution features, many of which are continuous
over large distances. The vertical distance between these features varies
considerably between 0.03 metres and 1.1 metres throughout the thickness of the
Great Limestone (Appendix G). Figure 9.2 is a plot showing how the distance
between these features changes throughout the limestone, together with a 12
period moving average trend line. At least 4% cycles of increasing and decreasing
distances between stylolites are visible within the 12 period moving average trend

line, with the first cycle up to approximately 3 metres from the base, the next
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cycle up to approximately 6 metres, then up to 12 metres above the base, a very
small cycle up to approximately 14 metres above the base and the last half cycle

up to the top.

Distance between pressure disolution featues/beds/m

- Up Section Through The Great limestone  =————————

Figure 9.2. Distance between pressure dissolution features and/or
bedding planes together with 12 period moving average trend line.

It is generally assumed that clay minerals exert a direct control on the
formation of pressure-dissolution features and there is also evidence that
differential cementation and differences in competency between adjoining layers
due to compositional and facies changes are important too (Simpson, 1985;
Bathurst, 1991). In the case of the Great Limestone, there is little change in
composition/facies up through the limestone unit, so this is unlikely to be a major
contribution to the presence of pressure dissolution features, but variations in the
clay content of the limestone probably are. It is difficult to assess whether
differences in cementation or compaction are important. The role of clay in the
formation of fitted fabric, pressure-dissolution seams, stylolites and stylolite
swarms is still unclear, as in certain circumstances clay also inhibits the formation
of these structures by hampering cementation or enhancing pore-water flow
(Bathurst, 1991). Certainly within the Great Limestone, the presence of clay
appears to be intrinsic to the formation of these structures and, therefore, it may be

expected that there will be a relationship between the percentage total acid
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insoluble material and the distance between pressure-dissolution features and/or

beds.

If the existence of pressure-dissolution features within the Great
Limestone is related to clay content, then this relationship would suggest that, as
terrigenous material (acid insoluble material) increases, then the distance between
the pressure-dissolution structures and bedding planes would be expected to
decrease; 1.e., a negative relationship should exist. Conversely, it may be expected
that as the ‘cleanness’ of the limestone increases (as the input of terrigenous
material decreases and/or carbonate productivity increases) the distance between
pressure-dissolution structures and bedding planes should increase, i.e. a positive

relationship will exist between calcium carbonate and pressure-dissolution

features.
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Figure 9.3. The 12 period moving average trend lines for distance to pressure-dissolution
features and/or bedding planes (red line) and the percentage calcium carbonate (blue line)
‘pushed together’. Note the positive (grey area fill) and negative (blue area fill) coincidence of
trends.

Figure 9.3 shows the relationship between percentage calcium carbonate
and the distance between pressure-dissolution features and bedding planes

together with the 12 period moving average trend lines for both plots and this
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figure shows that there is in fact strong positive coincidence of trends between
approximately 4 metres to 10.5 metres and 12 metres to 14.5 metres above the
bottom of the Great Limestone, although there are some ‘lags’. As discussed
above, this coincidence of trends would suggest that as calcium carbonate
production increases, due to a decrease in terrestrial material, then the distance
between pressure-dissolution features and bedding planes increases. Below 4
metres, between 10.5 metres to approximately 12 metres and above 14.5 metres
(i.e. within the ‘Tumbler Beds’) there are generally negative coincidences. This
suggests another mechanism or threshold exists in these areas controlling the
propagation of pressure-dissolution features and calcium carbonate production.
Interestingly, a greatest distance between bedding planes and pressure-dissolution
features exists within the Tumbler Beds, even though here the percentage
insoluble material is at a maximum. It may be; therefore, that there is a threshold
above which increases in terrigenous/insoluble material, inhibits the development

of pressure dissolution.

Even though it is difficult to analyse statistically the degree of diagenesis
that has occurred within the Great Limestone, the Petrography section (Chapter 5)
described the presence of pressure-dissolution ‘micro-swarm’ areas in some
sections of the limestone. These are multiple, millimetre-spaced micro-stylolites
seen only in thin section (see Bathurst, 1991 for a discussion). The above
discussions with regard to the distances between pressure-dissolution features and
bedding planes have not taken into account these ‘swarm areas’ due to the
difficulty in recognition in the field. It is also possible that later diagenesis of the
Great Limestone may have resulted in the loss of some of these ‘micro-swarm’
areas, which would have distorted the results. Even so, micro-swarms are usually
associated with bedding planes and stylolite locations; therefore, further analysis

of these would not be expected to change the discussion above.

On a bed-by-bed scale, the relationship between many of the trace
elements and bedding planes has been discussed in Chapter 8 and the positions of

stylolites was also noted. Stylolites can be seen within many of the beds and in
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certain cases the positions of the stylolites can be seen to be associated with

changes in the trace elements.

9.4 Conclusion
Bed changes within the Great Limestone are highlighted by mud/shale

horizons, many of which are only millimetres thick and contain many stylolites.
Bedding planes within the Great Limestone are regarded as forming at a time of
increased mud/terrigenous material deposition. The stylolites, within recognised
beds, have also formed due to increases in mud deposition. The possibility
therefore exists for the positions of stylolites within beds to be poorly formed

bedding planes of a higher frequency.
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10.0 Summary of conclusions.

10.1. Introduction
The results of fieldwork and laboratory work presented in this thesis

have been carried out to determine the effects of environmental factors, primarily
driven by climate and eustasy, together with local tectonics on the formation of
Yoredale-Type cycles (cyclothems) within the Viséan and early Namurian of the
Carboniferous of north east England. The evidence has been provided through a
‘top down’ approach, i.e. from a discussion of the large scale global changes
through the Asbian to the early Namurian, down to the small-scale of the
geochemistry and petrography of one such cyclothem, the Great Limestone
Cyclothem of the northern Pennines (Alston Block), as well as an assessment of

previous research.

The global environmental changes during the Carboniferous, a pivotal time
in the Earth’s history, included the proliferation of land plants, leading to
increased rates of continental weathering and storage of organic carbon leading to
a drawdown of atmospheric CO, and cooling. The Carboniferous climate was
entering icehouse conditions, from the Asbian onwards, with glaciations and sea-
level oscillations, and during this time many of the changes in temperature,
palacoceanography, ice volume and nutrient supply (etc), as well as carbon
cycling/storage, were recorded in the bedding architecture, composition and

geochemistry of the marine Yoredale carbonates.

The cyclicity which so dominates Carboniferous sedimentary successions
was largely produced by glacioeustatic changes in sea level as a result of the
effects of orbital forcing and variations in solar irradiance on ice-volume. Local
controls, such as tectonics and autocyclic processes, would also have affected
deposition. The mid-Carboniferous strata of northern England are characterised
by mixed clastic—carbonate cycles (Yoredale cyclothems), attributed in this
research to the short eccentricity Milankovitch rhythm. In a typical cycle,
transgressive normal-marine shelf carbonates are succeeded by marine shales,
then highstand prodelta mudstones and delta front-delta top sandstones with local

coals. The study of the Great Limestone Cyclothem reveals that within the
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transgressive carbonates, the beds, average 75 centimetres in thickness and are
defined by thin shale partings or thicker mudrock layers. The beds form at least
two thinning-upward to thickening-upward bed-sets with individual beds and the
bed-sets being correlated across the region. Oxygen isotope and strontium trace
element data also reveal patterns of increasing and decreasing values through the
limestone, which broadly correspond to the bed-thickness cycles. The beds are
interpreted as millennial-scale cycles, the result of high-frequency, arid—humid
climatic fluctuations. The bed-sets are interpreted as being driven by even lower
frequency rhythm of either obliquity or precession, the response to orbitally-
driven arid—humid climatic changes and sea-level rhythms. It is postulated that
millennial-scale climatic changes, which are a well-known feature of the
Quaternary and are here inferred for the Carboniferous, may also have been
responsible for the deposition of the beds that are a characteristic feature of many

marine sedimentary successions in the geological record.

10.2. Summary of conclusions.
e The Carboniferous sedimentary history of northern England is strongly

influenced by a sequence of events which can be traced back to at least the
Cambrian: the Closing of the Iapetus Ocean and the resulting Caledonian
Mountain building events, faulting and the emplacement of post-
Caledonian granite plutons were instrumental in the formation of a series
of east-west oriented block and trough/basin structures in the North of

England.

e The submergence of the Alston and Askrigg Blocks in the late Asbian in
the form of a shallow epeiric sea resulted in marine carbonate conditions
prevailing with terrigenous sediment encroaching on to the northern
margins of the Alston Block only by the end of the Asbian. By the
Brigantian and into the early Namurian the marine transgressions extended
over the whole of the Mid-Northumberland Basin and deposition of major

cyclothems occurred.
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The bedding planes of the Great Limestone are generally sharp and planar;
however, some can be seen to have undergone differential compaction
resulting in undulating surfaces, and pressure dissolution features are also

common throughout.

2Y, bed-sets, consisting of around 10 beds, are visible within Fischer Plots
of the Great Limestone and consist of thinning-upward and thickening-
upward beds. The individual beds of the limestone and their thicknesses
are correlatable over much of the platform, suggesting that the same

depositional conditions were operating over the whole platform.

Thickness variations of the Scar to the Little cyclothems, across the Alston
Block, reflect localised differential settlement and probably uplift on the
block as well as a longer term flexing of the block in a west to east and
north to south direction, creating rhythmic alternations of areas of
maximum cyclothem thickness. The thicknesses of limestones in the
cyclothems are generally constant, with localised thinning; however the

thicknesses of the siliciclastics can be seen to change greatly.

The facies and microfacies of the Great Limestone are typical of a
shallow-marine environment, i.e. outer shoreface/transition to offshore
environment. Three biostromes exist within the Great Limestone; the
Chaetetes Band, the Brunton Band and the Frosterley band. The Chaetetes
Band mainly consists of the sclerosponge Chaetetes depressus. The
Brunton Band consists of the alga Calcifolium bruntonense sp. Nov and
the Frosterley band is a lenticular coralline biostrome, or biostromes,
characterised by abundant remains of simple rugose corals, particularly

Dibunophyllum bipartitum (McCoy).

Apart from the biostromes there is no observable change in the proportions
of the various bioclastic elements throughout the Great Limestone. All

samples are similar bioclastic wackestones to packstones with a range of
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skeletal fragments. Evidence does not suggest that the bioclasts have been

transported over large distances.

Isopachous and drusy calcite spar cements are visible within skeletal
fragments which are attributed to marine phreatic conditions where the
fragments were left uncovered by sediment for long periods of time.
Neomorphic spar is visible within some thin-sections suggesting

dissolution of grains and skeletal parts during burial diagenesis.

The Great Limestone is classified as a wackestone to packstone and the
microfacies is described as a bioclastic crinoid, bryozoan, brachiopod
packstone with foraminifers. Analysis of thin sections revealed moderate
to poor sorting, fragmentation of larger grains and alignment and
imbrication of grains at the top of beds suggestive of storm and wave

action.

Analysis of the bioclast/grain contents and facies of the Great Limestone
would suggest that the limestone is generally autochthonous. The presence
of some fossils in growth position such as corals, brachiopods and
Chaetetes is indicative of long periods without major storm disruption and
is suggestive of low-energy environments, possibly below fair-weather

wave base.

Multivariate analysis would suggest that the communities were, in general,
stable, with palaeoenvironmental conditions, in particular water depth and

energy conditions, varying little during deposition of the Great Limestone.

Both the trace elements and isotopic data for the Great Limestone
demonstrate that, inevitably, diagenetic alteration has occurred which has
resulted in the resetting of the initial values. An attempt has been made to
show that the 8"°C and §'*0 trends do in fact track an original pattern,
namely that of the bed-thickness pattern.
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Fischer Plots are used in this research for comparison of bed thickness
patterns from many localities. The use of Fischer Plots has been
questioned; therefore RUNS analysis was carried out to assess the
acceptability of the plots with regard to randomness. The z scores do
indicate that the Fischer Plot patterns may be due to random events.
Overall the Fischer Plots for various locations show that the factors
controlling deposition of the beds in the Great Limestone are operating
over a large area in a uniform way, to give individual beds of similar
thickness. The deposition of the individual beds, however, was probably
taking place over a quite random time-frame as indicated by the z-scores),

although on the millennial-scale.

The 8"°C values are comparable to ancient limestones and only slightly
more negative than modern marine calcite. The 5'°0 values on the other
hand are very negative with an average of -10.4%o and the most negative
value of -13.6%o. These very negative values are nearly an order of
magnitude less than modern marine carbonates, which would suggest that
these values have been reset by a meteoric diagenetic fluid or through

recrystallisation at a higher temperature.

Time Series Analysis has been carried out on the 8'°C and 8'°0O data using
time frames for the deposition of the Great Limestone of 34 kyr, 45 kyr
and 100 kyr. The Time Series do suggest that periodicity of the bed-sets is
in the range of the obliquity and precession rhythms with beds being

deposited in periods of sub-Milankovitch millennial time-scale.

Bed changes within the Great Limestone are highlighted by mud/shale
horizons, many of which are only millimetres thick and contain many
stylolites. Bedding planes within the Great Limestone are regarded as
forming at a time of increased mud/terrigenous material deposition. The
stylolites, within recognised beds, have also formed due to increases in
mud deposition. The possibility therefore exists for the positions of
stylolites within beds to be poorly formed bedding planes of a higher

frequency.
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21
22
23
24
25
26
27
28
29
30

Marine 1 2 5 1
Gap 5
Sandstone 3 15 8 14 14 5 8 10 5 4 6 36 39 5 4 16 12 25 1 11 10
Marine 22
Gap 2
Mudstone 8 12 2 10 6 4 7 10 3 15 3 9 8 1 2 5 5
Marine 1
Gap
Coal 2 1 1 1 1 1 1 1 1 1 1 1
Sandstone 4 13 8 8 17 7 12 20 5 3 25 7 3 13 8 6 13 5 6 28 25 17 7 19 20 18
Marine 6 28
Gap 3 8
Mudstone 8 14 6 5 6 8 4 4 4 4 8 5 5 4 15 7 13
Marine 1 1 1 1
Gap
Coal 1 1 1] 1 1 1 1 0 2 1 1 1 1
Marine
Gap
Sandstone 6 7 5 43 38 11 20 20 1 8 4 3 1 3 2 4 10 6 19 18 14
Marine
Gap 5 5 3
Mudstone 15 14 15 8 3 5 5 7 4 3 6 6 4 7 3 7 4 6 4
Marine 1
Coal 0 2 1 1 1 1
Gap 2
Sandstone 6 19 7 18 4 4 3
Marine 4
Gap
Mudstone 34 3 1 2 7 4 2 6
Marine
Gap 4
Coal 1
Marine 3
Gap
Sandstone 7 4 2
Marine
Gap
Mudstone 12 6 3
Marine 2
Gap 3
Coal
Gap
Sandstone 10
Gap
Mudstone 1
Marine

Table 9.1 Measurements of clastics from cross sections from Hodge (1965)
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31 32 33 34 35 36 37 38 39 40 41 42 43 44 45 46 47 48 49 50 51 52 53 54 55 56 57 58 59 60
Marine 1 1 1 2 1 1 1 1 1 1 1 1 1 1 1
Gap
Sandstone 9 6 7 2 4 1 1 3 2 1 1 1 3 1 1 1 5 2 2 5 4 4 1 4 5 26
Marine 4
Gap 6
Mudstone 2 6 3 1 5 12 12 1 2 3 4 2
Marine 1 7
Gap 4 10
Coal 1 1 1 0
Sandstone 3 2 41 5 7 11 1 12 8 6 8 3 1 3
Marine 34 10 5 1 1
Gap 4 4 5 2 6
Mudstone 3 1 6 5 1 1 1 2 7 7 7 2 2 6 2 5 29 3 7
Marine 1 1 1
Gap 3 5
Coal 1 1 1 1 1 1 1 1 1
Marine 1
Gap 6
Sandstone 13 7 5 4 3 11 8 1 27 52 2 5 3 2 1 3 5 6 8 9 4 4 2 16 4 1 14
Marine 1 1 1 1
Gap 11 10 3 6 8
Mudstone 5 2 10 1 1 3 1 2 6 6 2 3 2 2 9 7 6 21
Marine 1 1 1 2
Coal 1 1 1 1 1 1 1 1 1 1 1 1
Gap
Sandstone 6 2 7 4 2 25 4 2 3 4 10 3 6 10 10 3 2 9
Marine
Gap 10 2 15 6 5 2 18 2
Mudstone 4 2 3 1 4 4 3 3 1 10 17
Marine 1 1 6
Gap 5 7 2
Coal 1 1
Marine
Gap
Sandstone 3 2 1 42 3 6 6 15 2
Marine
Gap 2 3 9 9 8
Mudstone 12 4 3
Marine
Gap 6
Coal
Gap
Sandstone 7 4
Gap 8
Mudstone 6

18 7 3

(RN RN
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Table 9.1 Measurements of clastics from cross sections from Hodge (1965) continued
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61
62
63
64
65
66
67
70
71
75
76
77
78
79
81
84
100
102
103
104
105
106
109

Marine 1
Gap 15
Sandstone 2 5 9 3 7 14 3 6 1 1 22 8 4 12
Marine 1
Gap 3
Mudstone 9 6 11 2 2 8 3 1 1 1 1M 2
Marine 4
Gap
Coal 1 2 0 0 2 1 1 1 2 1 1 4 1
Sandstone 16 19 3 7 2 6 3 2 3 7 30 6 4 7 11 9 5 6
Marine 1
Gap
Mudstone 17 14 7 10 1 5 2 1 2 9 5 31 2 6 9 4 19
Marine 1 1
Gap
Coal 1 1 1 1 3 2 2
Marine
Gap
Sandstone 3 18 7 10 13 4 3 3 8 23 14 5 5 6 4 46
Marine 1 1 8
Gap
Mudstone 5 7 2 4 3 12 15 5 2 2 4 29 9 38
Marine 2 1 8 2 2
Coal 1 1 3
Gap
Sandstone 5 1 3 6 17 7 11 12 8 7 6 24
Marine
Gap
Mudstone 4 3 4 12 2 26 12 9 19 57 50 9
Marine 3 3 6 10 5
Gap
Coal 1 1 2 1
Marine 4
Gap
Sandstone 7 13 6 7 18 5 3 10 23 3
Marine
Gap
Mudstone 1 6 13 3 15 7 5 50 4
Marine 4 2
Gap
Coal 1
Gap
Sandstone 1 1 3 2 40

Table 9.1 Measurements of clastics from cross sections from Hodge (1965) continued
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Harton BH Skears Mine East Rise Dry Sik
1 437500 | 564700 26 395700 | 523080 51 ry Sike 379800 | 537000
Chopwell BH Skears Mine Great Rise Ashgill Beck
2 414380 | 557430 27 395800 | 523510 52 shgill Bec 381300 | 534900
Rodd BH Sk Mine F Vei =
3 eddymoor 415130 | 536350 28 ears Tine T Yein 393900 | 528100 53 Swinhope No 1 383000 | 545100
Elstob Bh Skears Mine D Rise Swinh No 2
4 395106 | 546351 29 393800 | 527900 54 winhope No 383500 | 545600
Ramshaw Shaft :
5 v 395000 | 547220 30 Skears Low Level And Coldberry 393800 | 528500 55 Swinhope No 3 383000 | 546100
Whiteh Shaft . .
6 reneaps Sha 394670 | 546610 31 Howgill 394586 | 527060 56 Swinhope No 4 382500 | 545500
7 Jeffries Mine Taylors Shaft | 206580 | 548240 32 Snaisgill Syke 395258 | 526878 57 Coalcleugh Exposures 380100 | 545100
Jeffries Mine Jemmies Shaft . ’ "
8 395270 | 542390 33 West Grain 390500 | 534250 58 ESp’s Vein 384390 | 550670
Jeffries Engine Shaft G Sik Whitfield Hall Grounds Waterfall
9 396020 | 547810 34 reen Sike 391326 | 533952 59 378000 | 556500
Shildon Shaft — Blagill B
10 o Sha 396300 | 550900 35 Brapergill Sike 390800 | 532500 60 2ol Bum 374400 | 548200
Stotsfield B Mi R Blagill Mi
1 cistield Burm Tine 394367 | 542452 36 Rowantreegill Sike 391500 | 532000 61 2ol Hine 374400 | 547400
Stotsfield B Mi " Th ill West
12 oistield Burn Tine 394548 | 542462 37 Pike Law Hush 390000 | 531500 62 ornaf THes 373500 | 547400
Boltsburn Mine Stony Hill Redgill Sike Rotherhope Fell Mine
13 392750 | 542170 38 gill Si 386000 | 532300 63 372300 | 542000
Boltsburn Mine NE Shaft Harthope Beck East Cross Fell Mines
14 394680 | 543480 39 P 386000 | 532600 64 370500 | 535200
Stanhope Burn West Beck Dun Fell Hush
15 398742 | 542569 40 est Bec 385500 | 524250 65 371500 | 531900
R ly Gill Dunfell B holes 4
16 ogery &1 401376 | 537750 M Aller Cleugh 387500 | 539500 66 umiel Boreholes 372100 | 531900
Fine Plantation and Rogerly Sedling B Dunfell Boreholes 5
17 401470 | 537963 42 edling Burn 387100 | 541500 67 372500 | 531900
[of B . . . . .
18 owEum 399375 | 537316 43 Sedling Mine 386000 | 541100 70 Silverband Mine Henrake Vein 370480 | 531830
Harehope Gill " Clargill Burn
19 pe ™ 403288 | 535626 44 Burtree Pasture Engine Shed 383000 | 541800 71 grE 373200 | 549700
Hareh ill Mi F h CI h
20 arehopeglt Tine 403422 | 535303 45 Snodberry Cleugh 383500 | 543200 75 augh ~ede 363500 | 553500
W. B C lin Wat
21 ager Bum 401250 | 534500 46 Cowhorse Hush 382000 | 542300 76 rogiin Tater 360200 | 548100
Howden B Little Bleab: Gill
22 owden Bum 400000 | 533500 47 Wellhope Burn 382000 | 541200 77 e Fleabery &1 356000 | 551000
Cornish Hush East Beck
23 400000 | 532500 48 Wellheads Hush 383000 | 540400 78 395500 | 523500
Pickestone Brow Shaft Sally Grain Selset
24 394800 | 529400 49 v 381000 | 539000 79 392000 | 521000
Hudesh Beck . Rowton Sik
25 ucleshone Bee 393975 | 520982 50 Scraith Burn 380600 | 538200 81 owion ke 387000 | 521000

Table 9.2 locations for cross sections in Table 9.1
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Appendix A Table of measurements of clastics from sections by Hodge (1965)
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= o 2 2
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4
Thorpe Scar
84 409650 | 514500
Havannah and Blacksike Pit
100 359500 | 557400
Denton Fell BH
102 361500 | 562000
Reaygarth Colliery
103 365000 | 564000
Chineley Burn
104 375500 | 564700
Brockenheugh BH
105 385900 | 566000
Fallowfield Sinking
106 392900 | 568500
Brinkburn Estate
109 411800 | 598200

Table 9.2 2 locations for cross sections in Table 9.1 continued
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Appendix A Typical section showing clastics from Hodge (1965)
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Appendix A Table of measurements of Great Limestone from maps by Hodge (1965)

(0] (0] (0] (0]
2 2 58 2 2 538 2 2 538 2 2 58
B £3] 25 D = 2 S 7 = ? S B = ? S
i 3 £ £ i 2 £ 2 i 2 £ 2 i 2 E2
1 + —1 + -1 + -1 +
366000 564750 13 376375 543875 20 386875 544750 20 394625 543625 20
370875 565750 14 375375 544250 19 386625 545500 20 395500 544250 21
385750 567250 15 373875 544750 18 383750 545500 20 396125 544625 20
388750 569000 14 377750 544875 20 382500 545500 19 394875 547125 16
392750 567250 14 379250 543875 19 383125 546125 19 395875 547750 22
393500 567750 12 377250 545250 20 382375 546500 20 392625 549750 17
393750 568000 11 377000 546250 19 380250 546750 18 402500 541000 20
393000 568375 12 379750 546875 19 385000 548625 18 362500 536375 12
393750 570500 14 377500 548250 19 384750 546750 18 367000 537000 15
439663 565629 21 374250 547500 16 391250 541125 19 370000 532375 18
359000 559000 12 373125 547625 20 392625 542250 19 369375 533250 19
358750 552875 13 380500 541250 16 394750 541500 18 370250 532125 21
369750 551375 18 382125 540375 18 394625 541875 18 371750 531875 20
376750 550125 18 385500 540125 18 396375 541375 20 370750 533750 20
376750 552000 19 388900 540625 18 398500 540875 21 379000 535500 10
372625 550000 19 386000 541250 18 398750 540250 24 378000 536250 4
384250 550625 20 385750 541750 19 398750 540375 23 379250 537375 20
383875 552250 22 384750 542250 18 398750 540500 21 377500 539125 18
395875 550875 18 382875 543000 18 398750 541000 20 379500 538875 20
404375 557250 22 381500 544000 18 398750 541375 21 386500 531250 18
361500 547500 12 383125 545000 21 395250 542250 23 388000 531375 20
364250 543000 11 385625 544500 20 395000 542375 23 388875 530875 20
364625 541750 12 386750 544375 20 394625 542375 23 385875 532000 20
370750 540000 13 388625 543625 20 390875 543000 21 385750 532500 20
378750 541875 18 389250 544250 20 390125 543250 22 385000 533375 8
375750 543000 19 387000 545125 20 394375 543500 20 384750 533500 11

Table 9.3 thickness of Great Limestone from isopach maps by Hodge (1965)
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Appendix A Table of measurements of Great Limestone from maps by Hodge (1965)

Limestone Limestone Limestone Limestone
Easting Northing thickness Easting Northing thickness Easting Northing thickness Easting Northing thickness
384875 533625 14 387000 539875 18 397250 537625 21 401375 537750 23
384750 533750 18 387750 539500 18 397750 537875 21 402875 537125 21
384375 534125 16 388750 539000 12 398000 538000 22 402375 537250 21
388125 534125 20 387500 539000 13 397500 539750 22 415000 536000 19
380125 536000 18 387875 539125 21 398625 538375 23 380750 524625 21
380250 535875 10 388750 538875 19 399000 538250 22 381875 524750 13
380375 536500 17 382500 537625 20 400000 536750 23 382000 524750 16
380500 536000 14 391375 530250 21 399375 537250 24 390000 521875 17
380750 536000 10 391000 530625 19 399250 537875 23 394250 522875 12
381000 535750 14 391375 531375 21 399875 539500 22 396750 523250 19
381375 535500 15 390875 531875 20 399750 539625 20 395000 526875 18
381500 535375 17 394750 530000 18 399250 540000 25 394625 527625 18
382000 535500 18 396375 530125 22 399500 535000 21 394375 527750 20
382500 536125 18 393500 530500 18 400250 532625 18 393875 528000 20
384250 535750 22 392500 534250 21 400750 535000 21 393750 528625 21
384125 536375 21 392875 534500 20 401625 535250 21 392000 529125 18
388000 536125 18 392000 534250 19 402125 535625 21 393500 529250 18
387000 536500 18 391375 534250 16 403250 535125 21 42520 523750 13
386000 536625 18 391500 534500 12 401625 536000 22 382375 512125 12
386000 537000 18 395125 535125 20 403000 536375 22 382500 513125 27
385000 537250 18 393750 537000 21 403125 536250 21 382250 516750 33
384125 537125 18 394625 537250 22 400375 536500 22 385875 513750 23
381000 536750 19 392375 539000 21 400125 537000 23 384750 515000 19
386625 539750 20 391000 539000 22 401000 538000 24 383625 519875 22
386875 539125 15 395500 539375 20 402125 537250 23 390375 512250 11
387375 539000 16 395875 539375 19 401625 537500 21 396250 512000 13

Table 9.3 thickness of Great Limestone from isopach maps by Hodge (1965) continued
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Appendix A Table of measurements of Great Limestone from maps by Hodge (1965)

()] ()] [ORN7} ()] ()] (O] ()] ()] [ORN%} ()] ()] [ORN7}
C C c 0 [ C c 0 C C c 0 C c 0
% e 9¢ 2 g 9¢ Z £ o % g 8¢
@© b= n < © b= n < © h = n < © € n <
pd E< pd EE pd EC pd €<
| | — —
398875 510750 18 377200 552000 19 394670 546610 0 397960 502570 22
397250 512875 14 384190 552400 22 395000 547220 17 398030 502430 22
396250 513125 11 384390 550670 20 395270 542390 0 398230 503000 20
397125 513375 14 385150 548760 18 396020 547810 22 398670 502550 22
401500 514125 26 382490 547510 20 396580 548240 0 402160 503230 18
403500 515250 17 386020 545340 0 396300 550900 0 404600 502400 22
409250 514625 25 385800 544560 20 392800 549500 17 414290 500550 14
412250 513500 17 386820 545290 20 380500 535500 17 424670 507050 9
414250 517750 11 382440 544490 20 391380 531260 19 386380 495510 21
370300 531700 18 381560 543310 18 393800 527900 20 387060 497080 23
371700 536700 20 383000 541800 19 393900 528100 20 389750 496430 23
373200 549100 18 386000 541100 18 396300 530100 22 393110 494700 16
373400 547400 18 388170 538900 18 394800 529400 18 396430 495160 20
375800 544500 19 389000 540500 18 393700 530300 0 400980 497020 18
375000 545600 17 389600 544100 20 415130 536350 19 404700 493000 23
376600 545000 19 392180 541750 0 414380 557430 21 406300 492900 22
377600 544600 20 392750 542170 0 377780 500310 24 407500 491900 19
378500 544700 20 394680 543480 20 383200 499100 29 378620 487710 23
375600 542500 19 395640 544230 21 388560 503620 22 384280 473460 29
377500 543000 19 396340 544580 0 389750 502020 27 387440 471240 10
378200 543500 19 393400 542900 0 391180 501180 24 346130 546600 18
380100 545100 19 386100 537120 18 393700 501500 22 386040 545390 20
380400 546600 18 386200 536800 18 394000 503000 22 406200 527300 16
380300 546900 19 388800 537900 18 394200 501420 21 386040 545390 19
377900 546610 19 400400 534900 18 395970 503640 20 398900 514200 11
377000 550000 18 403200 535300 20 396000 502000 24 386040 545390 21

Table 9.3 thickness of Great Limestone from isopach maps by Hodge (1965) continued
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Appendix A Table of measurements of Great Limestone from maps by Hodge (1965)

Easting

359360
393990
403170
341200
386000
341150
370560
369690
439663
413200
399860
390100
403280
392950
376200
452500
403170
396500

Northing

564393
567740
577040
544400
565700
544340
532580
533530
565629
567100
527500
526900
515080
570100
566700
525500
577040
522500

Limestone
thickness

N
~

12
14
17
15
18
18
18
22
14
18
14
15
14
11
20
14
18

Table 9.3 thickness of Great Limestone from isopach maps by Hodge (1965) continued
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Appendix A Table of measurements of Scar to Little Cyclothems

2 1 o 3 o ¢ o 3 o 9
¢ s 5 ¥ g 8 § ¢ 5 o, § ¢ i & > o >
5 - T : g 3 & 2 3z § § 3 & 5 3 3 I F ¢ o T 2 2 3 ¢
B Q % 5 < § & 3 § & ¢ & §8 3 ¢ 2 2 8 3 2 2 g2 5 7 & ¢ 2 ¢
: s ¢ i fE g iEPgoerocopEog P P8 Eoglogofogd
- = 8§ 2 ot § o 3 F oo 3 5 2 & 2 & 3 s 2 7 7 3
: 8 ° F g ° £ g 5 3 5 3
Silverband Mine 370300 531700 3 18 3 27 11 14 7 3 1M 0 3 6 18 13 14
Middle tongue Beck 370400 532400 12 9 3 18 3 27 11 14 7 3 M
East Cross Fell Mine 371700 536700 11 7 1 6 11 9 27 12 1 8 5 9 0 5 4 20 17 8 3 2 12 13 20
Holyfield Mine 373200 549100 7 5 13 1 3 5 18 4 15
Blagill Mines 373400 547400 1 2 4 18 9 13 2 5 1 9 14 26
Galligill Sike Mine 375800 544500 7 6 9 19 6 15 2 2 4 10 16 19
Hudgill Burn Mine 375000 545600 11 4 4 2 15 1 43 4 19 7 6 10 1 4 6 17 4 14
Nentsberrv)\//(l:se;ggs Mine 376600 545000 17 7 3 5 11 3 2.7 5 21 7 9 12 1 3 7 19 7 12 3 4 3 10 17 25
Brownley Hill Mine 377600 544600 7 9 M 0 5 3 20 12 10
Guddamgill Mine 378500 544700 1 3 5 20 9 12 2 4 4 13 21 30
Bentyfield Mine 375600 542500 5 7 6 43 10 22 19 9 10 2 2 1 2 5 28
Dowgang Mine 377500 543000 7 9 12 o0 3 7 19 9 10 4 1 4 4 30
Middlecleugh Mines 378900 542500 2 5 4 8 28
Rampgill mine 378200 543500 13 10 6 3 6 7 24 6 20 6 9 12 0 3 5 19 6 12 6 4 4 12 20 24
Coalcleugh 380100 545100 19 8 14 2 6 2 6 13 18
Barneycraig East 380400 546600 7 717 18 6 12
Scaithole Mine 380300 546900 1 2 3 19 6 12 3 4 3 5 12 24
Wellhope Shaft 377900 546610 19 7 12
Mohopehead Mine 377000 550000 1 2 4 18 4 13 2 6 2 6 14 29
Longcleugh Mine 377200 552000 17 6 5 6 0o 1 27 13 4 19 8 1N

Table 9.4 Thickness of Scar to Little Cyclothems from Memoir of the British Geologica Survey (Dunham 1990)
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Appendix A Table of measurements of Scar to Little Cyclothems

o o Z o ¢ o = o @
¢ s 5 £ g 8 £ 4§ 5 o § S s o2 o >
c - £ £ f 3§ % 3§ § 3% 5 3 ¢ T E ¢ o o 2 E 3 I 8% o
S 2 x s T ¢ = 8 § £ © ¢ 8 2 § ¢ §d ¢ 3z 2 8 § 5 % & & 2 8
= | o & § & 5 5 & § 2 &8 - z & 5 % & 5 & 5 % 53 8 5 g % &
3 z § & 3 & § o 3 & @ 2 5 o g > 2 2 s 2 = ° =z
- § s § v 5 & & 5 & 5 3 s g : ’
@ @ 5 3 5 3 o @ o a
Holmes Linn S 38419 55240 2 1 1
Esp's Plantation Shaft 384390 550670 20 12 14
St Peters Mine 385150 548760 3 7 18 7 719 18 6 15
Swinhopehead Shaft 382490 547510 20 6 17
Allenhead's 386020 545340 10 9 5 5 8 3 3 16 12 6 10 12 1 1 5 20 8 13 4 3 5 10 18 22
Plantation Shaft 385800 544560 20 7 20 3 4 9 10 23 12
Low UG Shaft 386820 545290 20 6 10 3 6 9 9 24 19
High UG Shaft 382440 544490 20 5 1 2 7 7 11 25 18
Killhopehead Mine 381560 543310 6 10 12 18 9 9 2 1 2 12 15 30
Burtree Pasture Mine 383000 541800 11 5 13 5 9 6 4.9 9 6 6 5 13 19 5 12 3 2 10 12 15
Sedling Mine West 386000 541100 11 11 9 5 12 2 3 2 10 6 712 18 6 12
Levelgate Mine 388170 538900 18 22 7
Middlehope Mines 389000 540500 18 24 8
Groverake Mine 389600 544100 6 10 1M 20 6 11 3 4 1 12 17 20
Boltsburn Mine West 392180 541750 10 9 2 2 1 14 17 21
Boltsburn Mine West 392750 542170 12 13
Boltsburn Mine East 394680 543480 20 23 4 3 4 2 12 17 20
Boltsburn Mine East 2 395640 544230 21 177 3 3 1 15 19 23
Boltsburn Mine East 3 396340 544580 3 1

Table 9.4 Thickness of Scar to Little Cyclothems from Memoir of the British Geologica Survey (Dunham 1990) continued
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Appendix A Table of measurements of Scar to Little Cyclothems

o o o 7 _, 2o ¢ o 3 o 9
3 g &8 2 3 8 &8 & 5 5 3 3 i & = 5 g =
C - z 2§ » § ¢ » 5§ 5§ 3z & 5 3 ¢ T 5 ¢ o ° £ 5 2 o
S 2 (% £ < § & 7 § 4 ¢« & 5 3 ¢ =2 4 8 5 3 2 2 C 2z = g 2 2
= < 4 I 2 c 3 ol C o] o I 9 C S o - Iy D 2 3 8 @ & 2 o
@ w o 2 & = 3 s § = g c© F g 3 s 5 & o = & 3 o S & o
o Z 5 o =< 2 T < 3 T < 3 x < 2 < 3 s § o = 0 S
(o] =1 (2] @ 2 [72) @ ) ) @ @ 2] =3 (2] n @ =] = @
- @ 3 3 > 3 & » 3 g 5 5 3 ¢ ° @ @
o @ > 3 o 3 ® @ B ]
Fulwood Mine 393400 542900 6 12 4 7 10 17 19
Carrick's Mine, Carr's 386100 537120 18 9 9
Blackdene Mine 386800 539000 9 16 3 2 6 127 7 18 6 11 8 0 3 4
Dawson's Shaft 386200 536800 18 6 10
Greenlaws Mine 388800 537900 712 7 701 5 34 10 18 6 4 9 1 9 3 18 9 11 2 3 9 12 25
Slitt Shaft 390580 539200 9 7 13 4 10 6 27 12 10
Rigg BH 391450 538950 9 15 6 3 2 9 27 11 20
Cammock Eals Mine 393500 538300 1 13 10 6 5 4 18 9 2
Rookhope 393340 524780 9 7 17 5 6 8 18 9 20 6 7 13 1 8 4
Bollihope 400400 534900 18 19 6
Ettersgill 389000 529000 7 9 8 4 12 2
Harehope Gill 403200 535300 20 18 4 6 9 5 14 10
Whiteheaps Engine Shaft 394670 546610 28 4 4 1 7 11 19 28
Ramshaw Shaft 395000 547220 17 27 6 2 5 1 16 28
Jemmy's Shaft 395270 542390 20 4 3 7 9 16 26
Jeffries Shaft 396020 547810 2 3 4 2 16 4 4 3 9 15 26 23
Taylor's Shaft 396580 548240 7 6 4 3 4 11 19 28
Shildon Mine 396300 550900 1 8 4 25 8 33 32
Beldon Mine 392800 549500 17 13 1 3 8 5 8 21 18
Ashgillhead Mine 380500 535500 27 4 22 7 4 13 17 13 8 1 1 12 13 13

Table 9.4 Thickness of Scar to Little Cyclothems from Memoir of the British Geologica Survey (Dunham 1990) continued
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Appendix A Table of measurements of Scar to Little Cyclothems

Q = o 3 o ¢ o = o o
» 5 e 3 3 g 3 S Z 3 g 8 > C >
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5 2 & 4§ 3 £ 5 25 528 2 3z 55 5§ 8802 g E Fo g o802
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- £ 5§ % ¢ B E e ;3 F oo 3 5 3 & o § 3 e ¢
s ° 8 5 ° 5 g I : 3
Flushiemere (No.2) Shaft 391380 531260 19 13 7
Skears D2 Vein 393800 527900 7 10 5 1 2 20 22 3 2 19 19 1
Skears F Vein 393900 528100 1 2 5 20 23 2
Manorgill North Sump 396300 530100 1 3 6 22 20 4 1 3 7 5 15 27
Pikestone Brow Mine 394800 529400 18 20 4
Parkin Hush Mine 393700 530300 11 9
Roddymoor BH 415130 536350 9 1 14 34 26 12 5 6 16 1 1 6 19 13 9 1 2 7 9 20
Chopwell BH 414380 557430 21 8 12 4 3 22 4 29 18
Woodlands Borehole 309080 527700
Deep Gill 377780 500310 24
Great Sleddale Beck 383200 499100 29
Starting Gill Shaft 388560 503620 22 9
East Gill 389750 502020 27 2
Swinner Gill 391180 501180 24 4
Lownathwaite Mine 393700 501500 22 5
Blakethwaite Mine 394000 503000 22 6
Friarfold Hush 394200 501420 21 4
LittlePunchard Gill 395970 503640 20 6
Brandy Bottle Incline 396000 502000 24 5
Surrender Mine 397960 502570 22 5
Wetshaw Fourth Whim 398030 502430 22 5
Stodart Hush 398230 503000 20 5

Table 9.4 Thickness of Scar to Little Cyclothems from Memoir of the British Geologica Survey (Dunham 1990) continued
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Appendix A Table of measurements of Scar to Little Cyclothems
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Blackside Vein at Danby 398670 502550 22 5

Slei (furn) Level 402160 503230 18 6

Hurst Mines 404600 502400 22 5

Church Gill 414290 500550 14 4
Chantry Borehole 424670 507050 9

Fossdale Gill 386380 495510 21 2

Greenseat Beck 389750 496430 23 2

Oxnop No 2 Borehole 393110 494700 16 3

Summer Lodge Beck 396430 495160 20 2

Browner Gill 400980 497020 18 2

Redmire Quarry 404700 493000 23 1
Preston Moor Shafts 406300 492900 22
Keld Heads Mine 407500 491900 19
Blea Grin Gill 378620 487710 23
Pen-y-ghent 384280 473460 29
Fountains Fell 387440 471240 10

Grainy Gill 387060 497080 23 1

Table 9.4 Thickness of Scar to Little Cyclothems from Memoir of the British Geologica Survey (Dunham 1990) continued
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Appendix B Section lines 1 to 28
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Appendix B Section lines 1 to 28
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Appendix B Section lines 1 to 28
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Appendix B Section lines 1 to 28
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Appendix B Section lines 1 to 28
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Appendix B Section lines 1 to 28
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Appendix B Section lines 1 to 28
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Appendix B Section lines 1 to 28
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Appendix B Section lines 1 to 28
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Appendix C Thickness variations within section lines 1 to 15

Appendix C

Thickness variations within section lines 1 to 15

C.0 Introduction
These statistics are to be read in conjunction with chapter 4.0, thickness

variations of Carboniferous Cyclothems and the Great limestone, and section lines
within Appendix B. The section line statistics illustrates how total and unit sectional
areas change throughout the block in both a west to east and a north to south

direction.

The following tables are colour enhanced showing the section line statistics.
The light grey cells are the calculated area in km?” of the individual lithological units
e.g. in the case of the Little Cyclothem, the calculated area of the limestone unit in
section line 1 is 0.07 kmz, the calculated area of the Mudstone unit in section line 1
is 0.60 km” and the calculated area of the Sandstone unit in section line 1 is 0.50

km?, giving a total area of the Little Cyclothem of 1.17 km®.

The light orange cells are the calculated percentage that the individual
lithological units are of each cyclothem e.g. in the case of the Little Cyclothem, the
limestone is 6.19 percent of the cyclothem, the mudstone is 51.45 percent of the

cyclothem and the sandstone is 42.35 percent of the cyclothem.

The blue cells are the percentage that the lithological unit in each cyclothem
is of all similar lithological units in the section line e.g. in the case of the Little
Cyclothem, the limestone is 5.21 percent of all limestones in section line 1, the
mudstone is 24.13 percent of all mudstones in section line 1 and the sandstone is

21.85 percent of all sandstones in section line 1.
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Appendix C Thickness variations within section lines 1 to 15

C.1 Section Line 1 Statistics
Section line 1 is 33.5 km long and commences at 371148 543460 and runs in

a south-east to north-west direction following the line of the Teesdale Faults,

Leehouse Well, Scar End and Sir John’s veins and finishes at 396687 523356.

Cyclothem Area of limestone Area of mudstone Area of sandstone Total Area of
in the cyclothem in the cyclothem in the cyclothem cyclothem
Percent of Percent of Percent of Percent of Percent of Percent of Percentage of All Beds
Cycloth Li Cycloth Cycloth d:
in section v in section in section
Little 0.07 0.60 0.50
1.17
6.19 ‘ 5.21 51.45 | 24.13 | 42.35 ‘ 21.85 19.01
Great 0.56 0.26 0.52
1.34
41.94 ‘ 40.31 19.30 | 10.34 | 38.76 ‘ 22.85 21.73
Iron Post 0.01 0.11 0.17 0.29
3.47 0.72 37.66 4.33 58.87 7.45
4.67
Four 0.21 0.38 0.17
Fathom 0.76
27.91 15.17 49.57 15.03 22.53 7.51
12.29
Three Yard 0.10 0.61 0.23
0.94
10.50 7.07 65.38 24.56 24.12 9.97
15.23
Five Y: .14 .17 .4
ive Yard 0 0) 0.45 0.76
18.95 10.27 21.88 6.62 59.17 19.68
12.26
Scar 0.30 0.38 0.24
0.91
32.41 21.25 41.00 14.99 26.60 10.69
14.82
Totals 1.40 2.50 2.28 6.17
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C.2 Section Line 2 Statistics
Section line 2 is 21 km long and commences at 380175 534354 and runs in a

south-west to north-east direction and finishes at 397898 545674.

Cyclothem Area of limestone in | Area of mudstone in | Area of sandstone in Total Area of
the cyclothem the cyclothem the cyclothem cyclothem
Percent of Percent of Percent of Percent of Percent of Percent of Percentage of All Beds
Cycloth e Cycioth A Cvcloth 5
v in section v in section ¢ in section
Little 0.06 0.37 0.28 0.71
7.83 | 7.28 52.48 ‘ 30.73 39.69 | 23.21 22.26
Great 0.33 0.14 0.31
0.78
42.02 | 42.83 18.44 ‘ 11.83 39.54 | 25.32 24.38
Iron Post 0.02 0.04 0.04 0.10
18.88 2.58 38.89 3.35 42.23 3.63 3.7
Four 0.11 0.18 0.11 0.40
Fathom !
28.18 | 14.61 44.52 ‘ 14.52 27.30 | 8.89 12.40
Three Yard 0.05 0.27 0.13 0.45
11.82 | 6.90 | 59.82 | 21.98 | 28.36 | 10.41 13.97
Five Yard 0.07 0.07 0.16 -
23.27 | 9.12 23.17 ‘ 5.71 53.56 | 13.19 9.37
Scar 0.13 0.14 0.19 0.46
27.81 16.68 31.46 11.88 40.73 15.35 14.35
Totals 0.76 1.21 1.21 3.19
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C.3 Section Line 3 Statistics
Section line 3 is 40 km long and commences at 370000 560000 and runs in a

south to north direction and finishes at 370000 520000.

Cyclothem Area of limestone in Area of mudstone | Area of sandstone Total Area of
the cyclothem in the cyclothem in the cyclothem cyclothem
Percent of Percent of Percent of Percent of Percent of Percent of Percentage of All Beds
Cyclothem Limestone in Cyclothem mudstone Cyclothe sandstone
section in section m in section
Little 0.1 0.95 0.52
1.57
6.79 ‘ 5.41 60.23 | 3139 | 3298 | 22.35 21.50
Great 0.75 0.48 0.44
1.67
44.77 ‘ 37.79 28.94 | 15.99 | 26.29 | 18.90 2280
Iron Post 0.09 0.10 0.15 033
26.77 ‘ 4.53 28.57 | 3.16 44.65 | 6.43 457
Four 0.28 0.44 0.27
Fathom - — s 11 1405 | 4471 | 1463 | 2718 [ 1157 >
. ‘ ! i | ! . | . 13.50
Three Yard 0.12 0.58 0.23
0.93
13.47 6.33 62.12 19.09 24.41 9.76
12.68
Five Yard 0.16 0.18 0.47 0.82
19.33 8.00 2263 | 613 | 58.04 [ 20.45 11.18
Scar 0.47 0.29 0.24 1.01
46.89 23.90 28.80 9.61 24.30 10.55
13.77
Totils 1.97 3.01 2.32 7.31
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C.4 Section Line 4 Statistics
Section line 4 is 40 km long and commences at 380000 560000 and runs in a

north to south direction and finishes at 380000 520000.

Cyclothem Area of limestone in Area of mudstone Area of sandstone Total Area of
the cyclothem in the cyclothem in the cyclothem cyclothem
Percent of Percent of Percent of Percent of Percent of Percent of Percentage of All Beds
Cyclothem Limestone in Cyclothem mudstone Cyclothem sandstone
section in section in section

Little 0.09 0.83 0.59 151
5.75 | 4.64 55.30 ‘ 20.62 38.95 | 25.39 20.62

Great 0.73 0.41 0.43 158
46.59 | 39.34 25.92 ‘ 21.59 27.49 | 18.76 21.59

Iron Post 0.03 0.19 0.13 035
9.12 | 1.73 53.19 ‘ 4.84 37.69 | 5.77 4.84

Four 0.25 0.54 0.20 BES

Fathom .

25.59 | 13.55 54.22 ‘ T 20.19 | 8.64 13.53

Three 0.11 0.69 0.18 098

Yard :

ar 1089 | 569 7035 | 55 | 1876 | 792 13.36
Five Yard 0.17 0.21 0.44 0.81
21.30 | 9.29 25.29 ‘ 1115 53.41 | 18.83 11.15

Scar 0.48 0.27 0.34 1.09
4417 | 2576 24.65 | 4499 | 3118 | 1470 7.31

Totils 1.87 3.13 &31 7.31
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C.5 Section Line 5 Statistics
Section line 5 is 40 km long and commences at 385000 560000 and runs in a

north to south direction and finishes at 385000 520000.

Cyclothem Area of limestone in Area of mudstone Area of sandstone Total Area of
the cyclothem in the cyclothem in the cyclothem cyclothem
Percent of Percent of Percent of Percent of Percent of Percent of Percentage of All Beds
Cyclothem Limestone in Cyclothem mudstone Cyclothem sandstone
section in section in section
Little 0.09 0.79 0.69 157
5.46 ‘ 4.90 50.45 | 27.16 44.10 ‘ 25.44 21.25
Great 0.71 0.49 0.45 165
43.18 ‘ 40.68 29.67 | 16.78 27.15 ‘ 16.45 2232
Iron Post 0.02 0.14 0.12 0.29
7.92 ‘ 1.31 50.04 | 4.95 42.04 ‘ 4.45 3.90
Four 0.25 0.49 0.24 098
Fathom :
25.24 ‘ 14.11 49.80 | 16.71 24.96 ‘ 8.98 13.25
Three Yard 0.13 0.61 0.38 112
11.25 ‘ 718 54.79 | 20.98 33.96 ‘ 13.94 15.12
Five Yard 0.19 0.09 0.46 0.74
25.08 ‘ 10.68 12.71 | 3.25 62.21 ‘ 17.04 10.09
Scar 0.37 0.30 0.37 1.04
3561 [ 2145 28.56 | 10.18 | 3584 [ 13.69 14.07
Totals 1.75 2.92 2.72 7.38
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C.6 Section Line 6 Statistics
Section line 6 is 40 km long and commences at 390000 560000 and runs in a

north to south direction and finishes at 390000 520000.

Cyclothem Area of limestone in Area of mudstone Area of sandstone Total Area of
the cyclothem in the cyclothem in the cyclothem cyclothem
Percent of Percent of Percent of Percent of Percent of Percent of Percentage of All Beds
Cyclothem Limestone in Cyclothem mudstone Cyclothem sandstone
section in section in section
Little 0.08 0.84 0.71
1.64
5.16 | 4.96 51.44 ‘ 28.97 43.40 | 26.21 2237
Great 0.74 0.41 0.51
1.67
44.60 | 43.69 24.70 ‘ 14.17 30.70 | 18.88 22.77
Iron Post 0.02 0.09 0.08
0.18
107 [ 120 47.78 | 3.03 | 4116 [ 2.80 252
Four 0.25 0.43 0.27
Fathom 0.95
26.60 14.86 45.31 14.82 28.08 9.85
12.99
Three Yard 0.12 0.62 0.41 115
10.03 6.77 53.83 21.27 36.14 15.31 15.69
Five Yard 0.18 0.17 0.36 0.71
24.86 10.32 24.61 5.98 50.53 13.17
9.65
Scar 0.31 0.34 0.37 1.02
30.22 18.20 33.34 11.75 36.44 13.78
14.00
Totals 1.70 2.90 2.71 7.31
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C.7 Section Line 7 Statistics

Section line 7 is 40 km long and commences at 395000 560000 and runs in a

north to south direction and finishes at 395000 520000.

Cyclothem Area of limestone in Area of mudstone Area of sandstone Total Area of
the cyclothem in the cyclothem in the cyclothem cyclothem
Percent of Percent of Percent of Percent of Percent of Percent of Percentage of All
Cyclothem Limestone in Cyclothem mudstone Cyclothem sandstone Beds
section in section in section
Little 0.10 0.95 0.74 1.79
573 | 557 53.02 | 3252 | 4124 | 26.78 23.81
Great 0.73 0.19 0.72 1.63
4448 | 3935 1167 | 652 | 4385 | 2592 21.68
Iron Post 0.02 0.14 0.15 0.31
537 | 089 4484 | 471 49.79 | 5.54 4.08
Four 0.28 0.39 0.19 0.86
Faihom 73283 | 1532 | 4558 | 1343 | 21.59 | 6.3 11.44
Three Yard 0.10 0.64 0.30 1.04
9.64 ‘ 5.46 61.23 | 21.87 29.12 ‘ 11.01 13.87
Five Yard 0.19 0.24 0.26 0.69
27.05 ‘ 10.15 34.98 | 8.28 37.97 ‘ 9.52 9.19
35.76 ‘ 23.26 30.86 | 12.67 33.38 ‘ 14.50 15.94
Totils 1.84 2.92 &76 7.53
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C.8 Section Line 8 Statistics

Section line 8 is 40 km long and commences at 400000 560000 and runs in a

north to south direction and finishes at 400000 520000.

Cyclothem Area of limestone in Area of mudstone Area of sandstone Total Area of
the cyclothem in the cyclothem in the cyclothem cyclothem
Percent of Percent of Percent of Percent of Percent of Percent of Percentage of All
Cyclothem Limestone in Cyclothem mudstonet Cyclothem sandstone Beds
section in section in section

Little 0.14 0.69 0.94 176
7.96 | 7.72 38.91 ‘ 23.70 53.13 | 34.79 23.81

Great 0.75 0.42 0.49 1.66
45.18 | 41.32 25.08 ‘ 14.41 29.74 | 18.37 22,46

Iron Post 0.06 0.13 0.08 027
23.38 | 3.54 48.75 ‘ 4.63 27.87 | 2.85 371

Four 0.24 0.45 0.15 0.83

Fath :

alhom 5882 [ 132 5345 | 1542 | 17.74 | 550 1128
Three Yard 0.11 0.63 0.33 1.08
10.05 | 5.94 58.85 ‘ 21.87 31.10 | 12.43 14.53

Five Yard 0.16 0.20 0.34 0.70
22.67 | 8.76 28.80 ‘ 6.99 48.53 | 12.66 9.49

Scar 0.35 0.38 0.36 1.09
32.49 19.48 34.45 12.98 33.06 13.39 14.73

Totals 1.82 2.89 2.69 7.40
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C.9 Section Line 9 Statistics

Section line 9 is 40 km long and commences at 370000 555000 and runs in a

west to east south direction and finishes at 410000 555000.

Cyclothem Area of limestone in Area of mudstone Area of sandstone Total Area of
the cyclothem in the cyclothem in the cyclothem cyclothem
Percent of Percent of Percent of Percent of Percent of Percent of Percentage of All
Cyclothem Limestone in Cyclothem mudstonet Cyclothem sandstone Beds
section in section in section

Little 0.12 0.97 0.67 176
6.73 ‘ 7.07 55.09 | 31.73 38.17 ‘ 30.19 25.99

Great 0.76 0.48 0.23 148
51.62 ‘ 45.37 32.59 | 15.72 15.80 ‘ 10.46 21.18

Iron Post 0.02 0.09 0.07 0.19
11.29 ‘ 1.25 48.74 | 2.97 39.97 ‘ 3.34 267

Four 0.03 0.52 0.31 0.85
Fathom 305 | 155 6067 | 1693 | 3628 | 1391 12.26
Three Yard 0.12 0.52 0.32 0.96
12.03 ‘ 6.87 54.49 | 17.06 33.48 ‘ 14.40 13.75

Five Yard 0.19 0.20 0.31 0.70
26.68 ‘ 11.05 29.17 | 6.63 44.15 ‘ 13.78 9.98

Scar 0.45 0.27 0.31 103
43.55 ‘ 26.84 26.50 | 8.96 29.95 ‘ 13.91 14.85

Totals 1.68 3.06 2.23 6.96
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C.10 Section Line 10 Statistics
Section line 10 is 40 km long and commences at 370000 550000 and runs in

a west to east direction and finishes at 410000 550000.

Cyclothem Area of limestone in Area of mudstone Area of sandstone Total Area of
the cyclothem in the cyclothem in the cyclothem cyclothem
Percent of Percent of Percent of Percent of Percent of Percent of Percentage of All
Cyclothem Limestone in Cyclothem mudstone Cyclothe sandstone Beds
section in section m in section
Little 0.12 0.91 0.79 182
6.36 ‘ 6.32 50.05 ‘ 28.75 43.59 | 33.29 24.65
Great 0.69 0.56 0.26 152
45.63 ‘ 37.80 37.14 ‘ 17.80 17.23 | 10.97 20.56
Iron Post 0.04 0.15 0.11 0.30
14.79 ‘ 2.46 47.80 ‘ 4.59 37.41 | 4.78 412
Four 0.24 0.52 0.28 104
Fathom 5321 [ 1319 5015 | 1648 | 2664 | 11.64 14.10
Three 0.12 0.58 0.29 100
Yard -
12.16 ‘ 6.64 58.34 ‘ 18.41 29.49 | 12.37 13.54
Five Yard 0.18 0.18 0.32 0.67
26.25 ‘ 9.65 26.07 ‘ 5.54 47.68 | 13.47 9.12
Scar 0.44 0.27 0.32 1.03
42.74 ‘ 23.95 26.00 ‘ 8.43 31.26 | 13.47 13.91
Tota_ls 1.83 3.16 2.38 7.38
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C.11 Section Line 11 Statistics
Section line 11 is 40 km long and commences at 370000 545000 and runs in

a west to east direction and finishes at 410000 545000.

Cyclothem Area of limestone in Area of mudstone Area of sandstone Total Area of
the cyclothem in the cyclothem in the cyclothem cyclothem
Percent of Percent of Percent of Percent of Percent of Percent of Percentage of All
Cyclothem Limestone in Cyclothem mudstone Cyclothem sandstone Beds
section in section in section

Little 0.14 0.89 0.74 177
8.00 ‘ 8.90 50.03 | 29.00 41.97 ‘ 34.82 26.11

Great 0.73 0.54 0.27 155
47.15 ‘ 45.79 35.20 | 17.82 17.64 ‘ 12.78 22.80

Iron Post 0.04 0.15 0.15 0.34
11.43 ‘ 2.43 42.98 | 4.76 45.59 ‘ 7.22 4.99

Four 0.00 0.45 0.27 0.72
Fathom 559 [ 000 6193 | 1462 | 38.07 | 1286 10.63
Three Yard 0.13 0.57 0.00 0.70
18.61 ‘ 8.23 81.39 | 18.76 0.00 ‘ 0.00 10.38

Five Yard 0.15 0.17 0.36 0.69
22.45 ‘ 9.71 25.04 | 5.64 52.51 ‘ 16.94 10.15

Scar .40 0.29 0.33 1.01
39.23 ‘ 24.94 28.36 | 9.40 32.41 ‘ 15.37 14.93

Totils 1.59 3.06 2.1 6.79
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C.12 Section Line 12 Statistics
Section line 12 is 40 km long and commences at 370000 540000 and runs in

a west to east direction and finishes at 410000 540000.

Cyclothem Area of limestone in Area of mudstone Area of sandstone Total Area of
the cyclothem in the cyclothem in the cyclothem cyclothem
Percent of Percent of Percent of Percent of Percent of Percent of Percentage of All
Cyclothem Limestone in Cyclothem mudstone Cyclothem sandstone Beds
section in section in section
Little 0.12 0.88 0.60 1.60
7.71 ‘ 6.89 54.67 ‘ 29.61 37.62 | 23.23 21.81
Great 0.75 0.41 0.49 164
45.45 ‘ 41.56 24.94 ‘ 13.83 29.61 | 18.72 2233
Iron Post 0.01 0.12 0.10 0.22
4.02 ‘ 0.50 51.43 ‘ 3.89 44.54 | 3.84 3.05
Four 0.26 0.43 0.28 0.97
Fathom =675 [ aar 4427 | 1451 | 2898 | 1083 13.20
Three Yard 0.11 0.59 0.34 1.04
10.78 ‘ 6.24 56.27 ‘ 19.76 32.95 | 13.20 14.14
Five Yard 0.16 0.20 0.41 0.77
21.18 ‘ 9.12 25.37 ‘ 6.62 53.46 | 15.91 10.51
Scar 0.38 0.35 0.37 110
34.63 ‘ 21.23 31.72 ‘ 11.79 33.65 | 14.26 14.97
Totils 1.79 2.96 &60 7.35
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C.13 Section Line 13 Statistics
Section line 13 is 40 km long and commences at 370000 535000 and runs in

a west to east direction and finishes at 410000 535000.

Cyclothem Area of limestone in Area of mudstone | Area of sandstone in Total Area of
the cyclothem in the cyclothem the cyclothem cyclothem
Percent of Percent of Percent of Percent of Percent of Percent of Percentage of All
Cyclothem Limestone in Cyclothem mudstone Cyclothem sandstone in Beds
section in section section
Little 0.15 0.68 0.57 1.40
10.63 | 8.35 48.67 ‘ 24.66 | 40.70 | 20.15 18.99
Great 0.72 0.32 0.65 1.69
42.82 | 40.75 18.67 ‘ 11.45 38.51 | 23.08 22.99
Iron Post 0.01 0.16 0.14 0.30
2.84 | 0.48 52.33 ‘ 5.72 44.83 | 4.79 4.10
Four 0.25 0.41 0.25 0.91
Fathom =57 26 [ 1443 | 4469 | 1483 | 2785 | 9.08 12.43
Three 0.10 0.65 0.40 115
Yard -
9.11 | 5.91 56.36 ‘ 23.56 | 34.53 | 14.11 15.67
Five Yard 0.19 0.21 0.45 0.85
22.51 | 10.79 24.32 ‘ 7.52 53.17 | 16.06 11.58
Scar 0.35 0.34 0.36 1.05
33.23 | 19.58 32.30 ‘ 12.27 | 34.47 | 12.80 14.24
Tota_ls 1.78 &76 2.82 7.35
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Appendix C Thickness variations within section lines 1 to 15

C.14 Section Line 14 Statistics
Section line 14 is 40 km long and commences at 370000 530000 and runs in

a west to east direction and finishes at 410000 530000.

Cyclothem Area of limestone in Area of Area of sandstone in Total Area of
the cyclothem mudstone in the the cyclothem cyclothem
cyclothem
Percent of Percent of Percent Percent of Percent of Percent of Percentage of All Beds
Cyclothem Limestone in of mudstone Cyclothem sandstone in
section Cycloth in section section
em
Little 0.09 0.81 0.58 1.49
6.17 | 4.90 54.56 | 29.40 39.27 ‘ 20.44 19.86
Great 0.72 0.29 0.71 1.71
41.93 | 38.25 16.79 | 10.38 41.28 ‘ 24.65 22.79
Iron Post 0.18 0.16 0.15 0.49
36.31 | 9.50 32.49 | 5.76 31.20 ‘ 5.34 6.54
Four 0.24 0.32 0.22 0.78
Fathom =59 99 [ 1255 | 4141 | 1175 | 2860 | 7.84 10.46
Three Yard 0.11 0.66 0.41 118
9.58 | 6.04 55.48 | 23.72 34.94 ‘ 14.43 15.76
Five Yard 0.17 0.18 0.46 0.81
21.45 | 9.33 22.53 | 6.64 56.02 ‘ 15.95 10.87
Scar 0.36 0.34 0.32 1.03
35.35 | 19.43 33.12 | 12.34 31.53 ‘ 11.35 13.73
Totals 1.87 2.76 2.86 7.50
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Appendix C Thickness variations within section lines 1 to 15

C.15 Section Line 15 Statistics
Section line 15 is 40 km long and commences at 370000 525000 and runs in

a west to east direction and finishes at 410000 525000.

Cyclothem Area of limestone in Area of Area of sandstone in Total Area of
the cyclothem mudstone in the the cyclothem cyclothem
cyclothem
Percent of Percent of Percent Percent of Percent of Percent of Percentage of All Beds
Cyclothem Limestone in of mudstone Cyclothem sandstone in
section Cycloth in section section
Little 0.10 0.76 0.60 146
688 | 542 5213 | 2546 | 4099 | 2274 19.53
Great 0.78 0.29 0.72 1.78
43.52 ‘ 41.76 16.07 ‘ 9.57 40.42 ‘ 27.33 23.81
Iron Post 0.02 0.14 0.07 0.22
803 | 097 60.60 | 4.52 3137 | 266 2.98
Four 0.25 0.44 0.25 0.94
Fathom 172641 | 1332 | 46.88 | 1468 | 2671 | 9.50 12.52
Three Yard 0.15 0.69 0.38 1.22
1242 | 813 56.49 | 2295 | 31.09 | 1434 16.24
Five Yard 0.22 0.23 0.34 0.78
27.54 | 11.61 29.06 | 7.60 4341 | 12.90 10.46
Scar 0.35 0.46 0.28 1.08
3227 | 18.80 4207 | 1521 | 2566 | 10.54 14.46
Totals 1.86 3.00 2.64 7.50
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Appendix D Abundance matrices of results of the thin-section analysis

o g
a [ ‘g 2 2 o 5 g.. Py
o 9 = =3 3 ) o s S
o 3 o = ) P N o o
a3 3 3 a & 2 3 3
z= & g F : B
8 Post 1 2 36 48 0 5 2 67
9 Post 1 2 32 31 0 7 1 80
10 Post 1 15 50 108 0 50 1 98
11 Post 1 2 25 26 0 8 4 124
12 Post 1 3 23 56 0 21 1 90
13 Post 1 1 39 60 1 4 1 76
14 Post 1 1 27 62 0 11 2 94
1 Post 2 3 57 50 3 8 7 86
2 Post 2 1 55 69 0 13 3 84
3 Post 2 1 46 43 0 9 4 70
4 Post 2 4 67 42 1 9 1 79
5 Post 2 6 45 53 0 6 1 46
6 Post 2 1 55 54 0 12 1 53
7 Post 2 2 18 38 0 28 1 91
15 Post 3 0 31 52 0 35 1 121
16 Post 3 1 22 53 0 20 9 133
18 Post 3 7 9 87 0 31 5 85
20 Post 3 0 9 42 0 41 0 135
22 Post 4 2 14 43 0 37 1 112
23 Post 4 2 16 72 0 50 0 98
24 Post 5 3 24 81 1 58 1 73
27 Post 5 0 48 109 0 38 0 68
31 Post 6 0 22 98 4 36 0 88
36 Post 7 0 26 79 0 40 2 76
39 Post 8 1 6 43 0 17 2 52
43 Post 8 1 11 103 1 63 0 41
45 Post 8 0 24 56 1 48 4 66
48 Post 9 1 31 39 8 85 1 66
50 Post 9 1 39 116 1 55 1 57
51 Post 9 0 37 148 0 35 0 51
56 Post 10 0 56 81 3 42 2 60
63Post 11 1 31 144 0 44 1 45
67Post 12 3 14 73 6 88 0 83
72Post 12 0 47 52 0 18 1 56
73Post 13 1 20 85 0 60 0 46
74Post 13 2 27 97 0 51 4 27
75Post 13 3 3 89 0 40 1 36
76Post 13 0 73 84 0 51 1 23
77Post 14 2 76 21 0 17 7 21
78Post 14 0 68 38 0 46 5 47
79Post 15 0 93 38 4 28 1 22
80Post 15 1 62 45 3 24 2 42
81Post 15 10 37 75 0 32 0 64
82 Post 15 0 41 83 0 46 0 61
83 Post 15 0 75 94 0 51 0 29
86 Post 16 1 101 69 5 36 4 45
91 Post 17 0 56 98 3 36 0 52
94 Post 17 1 35 71 0 49 0 90
96 Post 17 1 35 66 0 45 5 95
100Post 17 3 36 66 5 61 0 54
106Post 18 1 40 121 2 59 0 40
110Post 18 0 64 143 3 30 0 27
114Post 18 0 42 42 0 38 0 145
117Post 19 0 25 62 0 49 0 130
121Post 20 1 51 25 0 63 5 130
125Post 20 1 22 50 0 50 4 141
128Post 21 0 5 77 0 51 0 135
138Post 23 2 10 84 0 48 0 126
140Post 23 0 6 77 0 52 0 135
143Post 23 0 12 83 0 48 0 118
144Post 23 0 20 90 0 63 0 95
149Post 25 0 31 160 0 79 0 22

Table 5.1 initial results of point counting 62 thin sections from Hudeshope Beck
near Middleton in Teesdale. (O. S. 394784, 527610 and O. S. 394916, 527276)
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Appendix D Abundance matrices of results of the thin-section analysis

Total forams

Tetrataxis

Palaeotextularia

Eostaffella

Endothyranopsis

Endothyra

Foraminifera

Earlandia

Calcispheres

Archaediscus

Girvanella

Fasciella

Calcifolium

Algae

Palaeoberesellids

Thin Section No.

98
124

20 12 41
25

21

18
24

10
12

16
11

37
24
39
44
67

86
79
121
133

38
26
17

13

18

24
49

15
16
18
20
22
23
24
27
31

14
11

85
135
112

35

21

10

10
11

24
36
24
12

77
45

11
14

30

98
73

11

39
45

68
88
76
52
41

55
61

10

10

21

17

18

19
21

51

36
39
43

150
35

30
30
23

15

66
66
57
51

21
12

70

45

12

10
17

15

18

48
50

51

27

29

60
45

11

10

13

13

23

16

30

56
63

83

19

24
15

11
21

23

67

56
27

11

101 10
75 12

72

74
76
81

23
64
29
45

56

27

21

22

24

83

20

10

16
15
13

13

86
91

52

21

90
95

21

28
35

12
11
11

27
29

10

94
96

14
18

54

40

27
145
130
130
141
135
126
135
118

17

42

13

100
106
110
114
117
121
125

27
19

11

71

44
38
23
12
50
45

56
70
54
55
75
74
48

13

11

17
47

10

16

15

128

138

46

140
143

63

95
22

31

61

144

15

149

Table 5.2 results of point counting 45 thin sections from Hudeshope Beck near

Middleton in Teesdale. (O. S. 394784, 527610 and O. S. 394916, 527276)
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Appendix E "°C and §"0 analysis

Sample Sample Sample Sample Sample Sample

No Height o°C 80 No Height o°C 80 No Heigt &°C 80
8 000 03 94 52 6.08 10 102 100 1220 17 104
9 010 03 78 53 6.24 16 9. 101 1230 13 125
10 0.22 01 83 54 6.34 09 111 102 1244 19 105
11 0.30 00 -85 55 6.35 08  -123 103 1260 12 116
12 0.40 03 -84 56 6.51 17 99 104 1264 18 115
13 0.45 08 -89 57 6.60 14 105 105 1265 17 120
1 0.51 08  -102 58 6.68 08  -122 106 12.81 14 119
2 0.61 09 97 59 6.70 08  -122 107 1285 02 114
3 0.71 09 93 60 6.83 19 88 108 1297 16 114
4 0.81 10 -85 61 697  -03  -10.0 109 1300 114 118
5 0.89 05 98 62 7.03 01 99 110 1340 14 118
6 0.96 04  -91 63 7.25 04 122 113 13.61 16 80
7 1.06 07  -10.1 64 7.34 09 114 114 13.81 11 79
15 1.07 06  -109 65 7.49 13 114 115 1392 13 -104
16 1.27 10 114 66 7.61 16 9. 116 1397 02 -134
17 1.34 08  -11.0 67 7.62 14 94 117 1449 13 -84

18 1.52 06  -91 68 7.75 16  -83 118 1452 13 99
19 167 00  -103 69 7.84 17 92 120 1460 15 116
20 1.82 08  -11.8 70 804  -03 -105 121 1475 13 -89
22 1.95 01 122 71 8.05 14 94 122 1500 14  -86
23 2.05 08 90 72 8.25 18 92 123 1510 15 103
24 2.03 08 94 73 8.26 16 103 124 1545 13 -96
25 2.24 09  -102 74 8.41 14 110 125 1530 12  -82

26 2.44 12 93 75 8.66 14 98 126 1545 08  -12.
27 2.51 05 125 76 8.76 12 102 127 1557 06 127
28 2.66 08  -12.0 77 8.99 12 106 128 15.71 16 8.1

30 3.02 07  -11.8 78 9.00 12 107 129 1584 114 -9

31 3.21 09 124 79 9.20 12 106 130 1594 10  -94
32 3.36 08  -12.8 80 9.45 14 109 131 1640 04 -11.0
33 3.56 15 -10.1 81 9.80 15 110 132 1644 10  -9.0
34 357 15 115 82 1000 1.3 -103 133 1624 09  -95
35 3.77 16 94 83 10.01 13 114 134 1634 08  -11.4
36 3.92 16 107 84 10.21 18 99 136 1664 03 125
37 3.98 16 102 85 10.31 16 104 137 1679 11 -96
38 4.15 17 106 86 1046 16  -104 138 1692 09  -9.0
39 4.39 18 -105 87 1047 15 122 139 1699 02  -12.0
40 457 18 87 88 1067 16  -10.0 140 1746 15 90
1 462 15 95 89 1077 04  -10.0 141 1722 10 97
42 4.70 16 -9 90 1095 12 -116 142 1732 07 123
43 473 10 116 91 1107 12 112 143 1736 04 119
44 5.02 09 122 92 11.21 17 87 144 1744 08 104
45 5.17 10 119 93 1142 09 123 145 1750 06  -10.9
46 5.27 13 108 04 1143 16 -104 146 1780 10  -10.
47 5.47 13 102 95 1158 16 7.8 147 1785 09  -109
48 5.77 14 103 9 1179 10  -105 148 1809 09  -83
49 5.87 15 105 97 1194 11 -100 149 1895  -07  -136
50 5.97 08  -122 98 1199 12 -105

51 6.07 12 112 99 1200 16 -12.1

Table 7.1 Table of results 5'°C and §'°0 analysis
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Appendix F Trace element and CSN analysis results

% = - o
S |Z| = | e | 2 |s|o ||| & || «|s|8|8]|35]|F%
£ g R T - B -
=) 3 5 S
° 7] %) 2
0.0 8 257.8 6097.7 19148.6 671.5 30.2 1776.1 744 6.6 81.0 19.0
0.1 9 149.0 2970.5 14960.4 413.4 205.5 16.6 916.0 791 52 84.3 15.7
0.2 10 103.6 2973.2 19384.4 362.2 103.2 37.0 5.0 12.0 1163.4 3784.0 166.5 922 6.7 99.0 1.0
0.3 1" 150.8 2642.6 17820.2 341.7 1727 44.5 4.5 15.7 1220.0 3768.9 174.4 927 6.2 98.9 11
0.4 12 57.0 1671.4 112511 305.2 16.9 1301.6 81.9 3.9 85.8 14.3
0.5 13 66.0 592.0 5703.4 145.4 15.6 1711.3 83.6 20 85.6 14.4
0.5 14 917 535.8 5234.9 144.5 19.3 2353.4 75.1 1.8 76.9 231
0.5 1 360.5 1230.6 12465.8 215.2 522.9 49.0 126 35.0 2123.2 3913.8 1414 98.0 4.3 107.3

0.6 2 2821 775.5 3116.9 210.4 403.0 41.5 46.0 1027.8 796 3.4 83.0 17.0
0.7 3 360.8 835.4 7868.0 188.4 502.0 443 123 16.4 1424.9 3698.2 97.6 98.3 27 101.0

0.8 4 346.9 1339.7 8037.4 246.4 522.2 57.2 77 27.0 1270.3 3495.6 116.5 97.8 2.8 100.6

0.9 5 2821 775.5 3116.9 210.4 403.0 41.5 46.0 1027.8 81.8 11 82.9 171
1.0 6 243.3 595.4 3413.9 206.9 341.9 20.7 274 1136.7 82.2 12 83.4 16.6
11 7 162.3 524.2 4392.2 187.3 15.5 1416.2 81.2 15 82.8 17.3
11 15 627.5 992.8 7540.5 258.8 807.7 180.6 8.0 19.6 1465.3 3974.8 203.5 97.0 26 99.6 0.4
13 16 168.3 708.0 3562.7 325.9 230.2 40.3 213 1278.3 1530.2 58.9 94.4 12 95.6 4.4
13 17 271.3 1402.5 9933.8 316.0 383.3 411 3.9 1.8 1391.3 3153.4 109.3 88.8 35 922 7.8
1.5 18 150.4 2383.5 14419.5 436.9 192.4 65.7 77 4.9 1091.7 3308.9 148.9 93.2 5.0 98.2 18
17 19 192.3 2089.1 12408.0 440.8 319.6 43.8 0.9 7.5 1261.3 3429.9 103.3 98.4 4.3 102.7

1.8 20 194.3 1119.8 20270.7 269.2 251.9 40.0 6.1 9.6 1379.9 2608.3 62.5 86.5 7.0 935 6.5
1.9 21

2.0 22 314.2 1711.2 38818.3 342.7 460.0 40.1 5.4 20.9 2092.2 1276.1 76.0 796 13.5 93.1 6.9
2.0 23 136.4 412.7 10539.6 206.0 171.8 255.5 12.7 1589.1 1554.9 318.4 92.2 3.7 95.8 4.2
21 24 231.3 398.7 4279.4 215.7 315.5 46.6 3.5 9.1 1199.3 3204.8 91.4 98.0 15 103.1

22 25 263.5 984.7 6715.1 350.4 402.6 49.6 1.4 1309.1 3138.5 103.6 98.0 23 104.5

24 26 117.3 702.8 3946.4 263.6 194.6 37.3 1.3 1239.5 1514.5 334 94.8 14 96.1 3.9
25 27 175.8 908.3 3760.9 297.3 2541 61.1 12.2 1404.0 3055.5 97.0 97.8 13 99.1 0.9
2.7 28 362.8 1664.6 4992.4 385.4 538.9 97.3 4.2 229 1238.5 2932.3 1326 93.6 17 95.4 4.6
2.8 29

3.0 30 137.5 1344.7 4544.1 394.2 218.8 75.5 12.8 1206.8 1501.3 87.6 90.5 16 921 7.9
3.2 31 242.9 838.7 7561.8 284.2 308.6 48.2 1.3 81.9 1619.3 2955.6 107.0 94.2 26 96.8 3.2
3.4 32 198.5 1211.9 4769.0 4334 288.8 38.9 3.9 51.9 1315.5 1517.6 279 91.3 17 92.9 71
3.6 33 92.8 295.5 3916.7 142.2 122.0 335 17 13171 1571.9 55.2 94.0 14 95.3 4.7
3.6 34 1247 252.2 3418.3 157.0 147.5 43.5 10.3 1362.5 3019.7 76.8 974 12 98.6 14
3.8 35 146.9 4721 6182.9 194.0 223.9 359 10.7 1395.0 1537.0 66.8 937 21 95.8 4.2
3.9 36 146.7 284.1 2980.5 140.8 196.6 31.0 9.2 1089.8 1500.0 29.0 91.0 1.0 92.0 8.0
4.0 37 91.0 345.3 3673.2 182.5 1227 44.9 8.2 12751 3078.4 103.0 98.2 13 99.5 0.5
4.2 38 96.3 356.8 3020.4 198.0 123.6 385 126 1115.0 1579.3 43.6 94.5 1.1 95.5 4.5
44 39 315.4 351.0 4198.9 181.0 437.3 40.8 14.6 1428.8 2179.9 92.8 98.0 15 123.7
4.6 40 155.4 368.8 3537.6 2371 233.6 87.5 9.6 1265.0 1582.6 111.9 943 12 95.6 4.5
4.6 41 1422 402.8 3451.5 135.4 201.5 352 11.6 12422 1676.8 815 96.2 12 97.4 26
4.7 42 313.0 581.6 3435.4 165.5 4426 41.8 0.5 2238 1318.5 3048.7 123.9 96.4 12 97.6 24
4.7 43 197.1 547.4 3201.9 247.2 274.8 322 13.5 1135.5 1616.8 35.0 954 11 96.5 3.5
5.0 44 162.6 837.2 5906.6 264.2 220.2 441 9.1 1163.8 2927.8 78.5 95.5 21 97.5 25
5.2 45 216.9 1125.6 7735.6 338.0 301.5 40.5 9.1 1189.6 2983.6 69.1 96.4 27 99.1 0.9
5.3 46 107.4 1343.3 13530.5 2781 158.3 45.5 7.8 9.4 1216.1 2965.4 94.7 94.6 4.7 99.3 0.7
55 47 94.7 1510.5 7598.0 303.7 169.9 30.1 8.0 11127 1563.7 36.9 94.2 26 96.9 3.1
5.8 48 135.4 520.8 2798.2 207.2 180.3 45.8 7.9 1126.5 3092.4 117.0 98.0 1.0 102.0

5.9 49 64.0 276.7 2799.9 165.8 87.0 36.5 13.7 1067.5 1814.1 45.6 98.0 1.0 102.1

6.0 50 163.9 577.4 2364.6 209.8 227.0 335 13.8 1612.3 1630.4 297 93.0 0.8 93.8 6.2
6.1 51 3446 530.0 3330.6 164.5 446.2 M7 283 1204.8 3025.3 99.9 95.5 12 96.7 3.3
6.1 52 415.4 1177.6 3194.3 281.4 590.8 376 142.8 1351.5 1724.9 44.2 90.7 1.1 91.8 8.2
6.2 53 212.9 518.7 4239.8 146.7 312.6 40.3 282 1517.4 3128.9 99.0 98.1 15 99.6 0.4
6.3 54 206.3 348.5 3753.9 152.0 271.4 39.7 214 1237.7 3217.3 76.9 98.0 13 102.8

6.4 55 500.6 3168.5 18960.4 559.6 780.4 332 41.6 1162.9 1529.3 74.5 83.2 6.6 89.8 10.2
6.5 56 326.2 601.5 7659.3 173.5 459.4 30.1 127 1398.8 1679.0 43.5 92.9 27 95.6 4.4
6.6 57 169.6 1003.6 13559.4 2255 240.6 30.4 13.3 1503.0 1561.5 454 88.3 4.7 93.0 71
6.7 58 188.2 812.6 44371 420.9 2476 44.0 3.4 233 1283.1 3035.9 79.2 96.6 15 98.2 1.8
6.7 59 204.0 0.2

6.8 60 251.2 58.8 564.2

Table 8.1 Trace element analysis results
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Appendix F Trace element and CSN analysis results

@

s | 2| 2 ° > < - sl e | g 5 s | 88| 2 &
2 ° < w s s @ N o @ 2] @ z 9 S ° 2
= g o = 5 El
3|3 3
2 £
7.0 61 190.1 559.8 4179.7 207.9 278.9 31.7 9.3 13079 | 17825 29.9 95.8 15 97.3 2.7
7.0 62 179.0 1196.1 8683.7 518.3 257.7 35.6 128 1668.5 | 2324.1 67.6 980 | 30 1263

7.3 63 467.0 12236 5258.4 258.6 653.9 48.3 45.6 12454 | 17383 61.8 92.1 18 94.0 6.1
7.3 64 402.8 733.9 2658.3 251.5 556.4 52.9 7.3 26.2 1565.7 | 30835 75.8 97.1 0.9 98.0 2.0
75 65 146.9 402.7 3443.0 134.4 213.7 35.4 17 12354 | 18214 62.9 96.4 12 97.6 24
7.6 66 351.5 732.9 4129.3 169.2 473.9 38.9 1943 | 14142 | 32563 | 1315 | 991 14 100.6

7.6 67 684.5 710.6 3570.3 1733 | 10007 30.9 73.2 1374.1 1811.6 36.8 924 12 937 6.3
7.8 68 237.2 490.7 4158.0 163.9 3425 41.0 55.3 15300 | 32665 | 1658 | 98.0 14 102.1

7.8 69 353.8 655.4 4247.2 140.4 510.0 41.3 75.2 16188 | 31802 | 1307 | 97.3 15 98.7 13
8.0 70 178.1 392.8 5755.2 140.4 228.7 33.7 12.0 1581.1 19155 55.7 942 | 20 96.2 3.8
8.1 71 235.1 417.6 4178.2 163.2 327.1 58.4 69.5 16089 | 18053 | 1003 | 94.6 15 96.0 4.0
8.3 72 153.1 307.5 5563.1 132.2 190.7 52.8 144 16612 | 40514 | 2028 19 126.6

8.3 73 557.5 612.4 2289.7 123.9 766.4 46.7 225 1239.1 2932.1 1013 | 926 | 08 93.4 6.6
8.4 74 236.0 629.3 2325.9 152.8 330.4 33.5 22,6 954.6 17405 10.1 9.6 | 08 95.4 4.6
8.7 75 160.5 507.2 4050.4 221.3 2225 38.8 0.8 16.3 10837 | 30968 | 1246 | 99.1 14 100.5

8.8 76 1322 495.3 2693.4 221.1 189.1 33.3 128 10146 | 17896 56.2 97.1 0.9 98.1 1.9
9.0 77 17.9 480.4 2801.2 1776 156.6 37.6 12.9 953.3 30822 | 1083 | 973 1.0 98.3 1.8
9.0 78 126.0 734.0 8510.8 170.8 1815 39.2 9.6 11543 | 17602 66.0 959 | 3.0 98.8 12
9.2 79 1108 331.9 3546.0 1714 1304 40.1 10.1 10930 | 31608 | 1005 | 96.6 12 97.9 2.1
9.5 80 99.4 663.2 7861.5 221.8 1237 50.1 175 10922 | 31744 | 1337 | 96.1 2.7 98.8 12
9.8 81 10682 | 1065.7 3363.8 200.7 | 1555.2 39.9 171 12019 | 18247 72,0 90.1 12 91.2 8.8
10.0 82 825.1 1045.8 3146.2 1467 | 11505 36.2 81.6 14476 | 19307 56.4 89.4 1.1 90.5 9.5
10.0 83 494.1 1087.5 2941.4 156.5 731.0 35.9 24.9 13133 | 1887.9 56.7 92.2 1.0 93.3 6.8
102 84 154.9 477.6 2650.5 125.2 245.0 323 138 1404.1 1856.3 326 940 | 09 95.0 5.1
103 85 230.9 420.6 2892.7 120.4 322.9 39.3 8.4 12157 | 31993 | 1094 | 984 1.0 99.5 0.6
105 86 97.6 388.8 4097.2 110.0 1216 412 7.4 12408 | 3187.6 88.9 97.3 14 98.7 13
105 87 167.3 661.5 8683.0 121.0 220.0 41.0 124 12743 | 17433 48.8 916 | 3.0 94.6 5.4
107 88 229.2 414.9 3871.5 113.0 369.0 437 7.6 1196.0 | 32080 | 1130 | 98.0 13 99.3 0.7
10.8 89 160.1 999.8 8384.8 193.1 243.7 44.6 20.8 1241.1 1668.7 65.6 858 | 29 88.7 13
1.0 90 146.6 628.4 7364.8 175.9 195.3 36.8 14.9 1289.9 | 18426 34.3 93.1 2.6 95.7 43
1.1 91 144.3 486.6 2850.7 134.7 183.2 44.2 15 12813 | 31102 84.8 94.5 1.0 95.4 4.6
1.2 92 184.9 365.9 3466.5 128.1 267.0 34.2 17.9 13050 | 1868.9 67.7 94.6 12 95.8 42
14 93 626.2 1470.8 7765.0 180.2 912.4 472 37.9 13932 | 19026 88.9 926 | 27 95.3 4.7
1.4 94 1515 357.0 3547.2 1116 205.4 39.3 12.7 12579 | 33566 | 111.8 | 98.0 12 1015

116 95 200.7 412.0 4456.7 85.5 308.1 62.6 17.9 15854 | 2008.0 91.6 94.2 16 95.8 42
1.8 96 1000.3 | 1605.5 6688.3 570.3 | 1349.9 75.8 0.5 1285 | 1507.3 | 18348 | 1121 857 | 23 88.1 12.0
1.9 97 154.7 424.9 4754.1 103.2 217.3 64.5 137 16002 | 32123 | 1224 | 96.9 17 98.5 15
12.0 98 214.9 766.4 8331.6 129.8 315.7 50.3 5.7 66.0 15435 | 31999 | 1207 | 96.1 29 99.0 1.0
121 99 301.3 654.6 122107 | 1086 397.3 128.9 21.6 14583 | 1803.1 1523 | 89.1 4.2 93.3 6.7
123 | 100 1216 426.0 3607.1 79.8 163.5 30.6 138 1379.9 | 19429 126 96.0 13 97.3 2.8
123 | 101 428.6 938.5 125469 | 1925 644.0 39.4 30.1 11427 | 13474 52.0 652 | 44 69.5 30.5
124 | 102 294.5 617.0 121247 93.4 439.8 31.6 13.1 16925 | 19256 15.6 91.7 | 42 95.9 4.1
126 | 103 1102 403.8 9125.2 1137 144.4 45.7 14.4 17308 | 31266 89.0 945 | 32 97.7 2.3
126 | 104 192.6 661.5 9732.7 80.7 243.8 61.8 11 153 1389.9 | 31734 | 1176 | 930 | 34 96.4 3.6
127 | 105 261.6 400.4 2893.7 109.9 321.5 41.2 18.5 14538 | 20217 45.6 95.5 1.0 96.5 3.5
128 | 106 383.3 627.3 3135.6 193.4 533.0 50.4 46.1 16526 | 32690 | 1027 | 965 1.1 97.6 24
129 | 107 443.5 712.6 2981.8 89.1 620.8 45.6 15.9 15735 | 33288 | 1422 | 96.9 1.0 97.9 2.1
130 | 108 182.2 625.5 4718.0 1237 248.4 421 12 26.7 13430 | 33084 | 1028 | 97.8 16 99.5 0.5
131 109 351.6 620.8 6021.3 116.5 451.3 49.0 27.5 15642 | 33635 | 109.0 | 97.9 | 21 100.0 0.0
131 110 272.6 441.0 6414.9 135.0 331.5 33.3 21.1 1295.1 2055.3 50.3 9.6 | 22 96.8 3.2
133 | 111

135 | 112

136 | 113 187.8 291.7 4391.1 76.1 257.4 38.0 148 12180 | 33644 | 1141 97.5 15 99.0 1.0
138 | 114 340.7 416.5 5516.6 118.8 487.6 40.4 19.6 13896 | 35927 | 1343 | 98.0 19 105.0

139 | 115 | 18609 762.1 4216.1 189.8 | 28086 51.5 0.1 68.2 2157.2 | 33255 | 1866 | 94.0 15 95.5 45
140 | 116 | 30632 | 30004 18928.1 92,6 4662.8 66.9 18.9 69.5 2045.1 3350.1 3153 | 820 | 66 88.6 14
142 | 117 | 10036 | 1156.1 9003.3 1516 | 15733 47.9 46.9 18002 | 34243 | 1580 | 942 | 341 97.3 2.7
145 | 118 | 14544 | 19301 3480.8 97.2 2354.3 68.1 3752 | 21348 | 3489.0 | 2207 | 914 12 92.6 74
146 | 119

146 | 120 | 52958 | 22604 9492.2 82.8 8168.2 34.1 1240 | 20404 | 32679 | 2685 | 836 | 33 86.9 13.1

Table 8.1 Trace element analysis results continued
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Appendix F Trace element and CSN analysis results

[ - — o

g | 2 2] s

e | 5 g | 8|z | &

8 s z id 2 £ @ S 8 & o 2 el e | 3 °

2 2 S = 3 E]

= £ = 2

g | 3 3 g

T £
14.8 121 708.9 938.8 5795.7 75.4 1103.9 38.3 100.2 21721 4204.5 223.4 95.0 20 97.0 3.0
15.0 122 820.8 1357.5 5760.1 124.4 1294.2 32.2 146.6 1932.0 2870.2 68.6 95.3 20 97.3 27
15.1 123 2475.5 5452.1 23211.0 102.8 3807.6 285 20 61.3 1493.2 6760.7 128.0 71.6 8.1 79.7 20.3
15.2 124 2404.5 2278.9 3320.6 102.3 3836.8 40.6 6.6 521 17971 3254.9 175.9 88.5 12 89.6 104
15.3 125 462.9 903.8 4973.2 92.0 732.0 31.0 166.8 1872.1 21226 56.3 91.7 1.7 93.4 6.6
15.5 126 4060.3 2510.8 3228.3 83.1 6079.0 43.0 12.0 94.4 2199.0 3469.8 340.0 84.7 11 85.8 14.2
15.6 127 3380.9 21221 2619.4 69.4 5139.7 35.6 32.7 1907.7 2080.9 96.7 83.2 0.9 84.1 15.9
15.7 128 547.1 894.4 5154.4 85.6 893.4 31.5 40.3 1743.0 2113.5 33.5 93.3 1.8 95.0 5.0
15.8 129 582.2 1657.2 4263.5 104.9 904.5 38.0 56.9 2213.4 3450.5 120.6 95.0 15 96.5 3.5

15.9 130 1203.7 2619.5 6799.3 132.4 1915.4 38.7 7.9 53.1 1919.2 3361.7 114.9 92.0 24 94.4 56

16.1 131 3061.0 117301 27536.9 130.2 4786.6 37.2 62.1 53.7 1374.8 5858.2 242.2 53.2 9.6 62.7 37.3

16.1 132 1276.4 3307.5 3436.9 116.6 2039.0 39.5 18.5 1538.3 2021.4 43.7 87.9 1.2 89.1 11.0

16.2 133 1908.5 4162.5 3794.0 144.5 3130.9 50.9 18.7 69.4 1780.7 3381.9 119.3 91.4 1.3 92.7 7.3

16.3 134 5038.8 6883.8 3070.1 103.6 7996.4 47.4 241 60.5 1667.3 2994.4 214.2 74.6 11 75.6 24.4

135
16.6 136 3283.5 7222.0 2285.4 110.0 5018.2 46.8 1.1 43.9 1418.3 1699.7 81.3 67.6 0.8 68.3 31.7
16.8 137 1470.4 3808.5 6437.5 172.3 2304.6 47.9 21.2 34.8 1474.4 3228.0 139.2 89.2 22 91.5 8.5
16.9 138 635.4 1080.8 43121 121.6 973.0 30.8 70.2 1797.2 2166.7 35.5 92.0 1.5 93.5 6.5
17.0 139 1120.5 2815.2 5479.7 135.2 1647.3 28.7 66.0 1329.6 2150.8 43.0 86.2 1.9 88.1 1.9
17.2 140 568.7 1267.6 5053.6 1211 820.9 28.4 46.6 1510.4 3278.5 25.3 91.7 1.8 93.5 6.5

17.2 141 1750.6 4014.3 23379.7 254.3 2602.3 412 24.4 86.6 1624.4 3059.4 149.9 83.6 8.1 91.7 8.3

17.3 142 1924.5 7613.4 39414.6 171.9 2923.7 26.6 6.5 61.9 1378.6 1926.0 52.0 64.7 13.7 78.3 217

17.4 143 2973.4 8962.0 13157.8 186.0 4490.5 413 435 340.6 1664.0 5189.8 271.8 83.3 46 87.8 122

17.4 144 3003.0 6470.4 3081.9 158.8 4532.0 35.0 279 1486.7 3363.7 218.5 "7 11 72.7 27.3
17.5 145 1907.8 5915.7 22893.3 194.8 2824.8 34.9 4.8 79.9 1585.5 1934.7 921 70.8 7.9 78.7 21.3
17.8 146 1214.3 2168.0 3440.2 155.8 1720.7 296 104.7 1702.0 2193.6 44.4 88.3 1.2 89.5 10.5
17.9 147 1367.8 2805.4 2566.1 256.7 1980.8 29.8 38.2 1414.9 2031.9 31.6 86.2 0.9 87.1 129
18.1 148 310.6 1261.2 4570.6 743.0 4447 31.3 27.2 1102.6 2289.3 63.0 95.1 1.6 96.7 3.4
19.1 149 3906.8 22566.2 21130.3 982.4 5902.9 30.8 171 1923.5 6614.9 54.6 75.5 7.3 82.8 17.2

Table 8.1 Trace element analysis results continued
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Appendix F Trace element and CSN analysis results

> g g i
g 3 £ is g g
z . g .S o B ¥ Z
2 = 2 s £2 K g H
o S S, £e &g H g :
: 3 A 25 i £
i g E g £
= S
JGIB 0.3002 11.52 11.14 0.38 0.01282 0.03478 10.9258
JG2B 0.3009 11.65 11.58 0.07 0.0152 0.01973 3.5479
JG3B 0.3005 11.71 11.64 0.07 0.00769 0.01842 3.8002
JG4B 0.2999 11.55 11.44 0.11 0.00766 0.02043 5.3842
JG5B 0.3004 11.65 11.56 0.09 0.00872 0.01972 4.5639
JG6B 0.2999 11.44 11.29 0.15 0.00344 0.02141 7.0061
JG7B 0.3008 11.57 11.53 0.04 0.00664 0.01641 2.4375
JG8B 0.3 11.15 11.61 0.00555 0.02264
JG9B 0.3005 11.64 11.5 0.14 0.01838 7.617
JG10B 0.3004 11.43 11.23 0.2 0.00658 0.02326 8.5985
JG11B 0.3002 11.41 11.16 0.25 0.00661 0.02418 10.3391
JGI2B 0.3004 11.37 11.31 0.06 0.00663 0.02055 29197
JG13B 0.3005 11.64 11.58 0.06 0.00555 0.01692 3.5461
JG14B 0.3 11.7 11.62 0.08 0.00871 0.01781 4.4919
JGI5B 0.3002 11.79 11.64 0.15 0.00766 0.01791 8.3752
JG16B 0.2995 11.63 11.38 0.25 0.00661 0.02369 10.553
JG17B 0.3018 11.65 11.35 03 0.00871 0.02149 13.96
JG18B 0.3007 11.77 11.57 0.2 0.00662 0.01742 11.4811
JGI9B 0.3012 11.83 11.73 0.1 0.00451 0.0196 5.102
JG20B 0.3011 11.65 11.3 0.35 0.00555 0.03052 11.4679
JG21B 0.3017 11.67 11.35 0.32 0.00556 0.02476 12.9241
JG22B 0.2998 11.8 11.68 0.12 0.00555 0.02086 5.7526
JG23B 0.3008 11.81 11.66 0.15 0.00763 0.01837 8.1655
JG24B 0.3016 11.78 11.62 0.16 0.0045 0.01852 8.6393
JG25B 0.3004 11.69 11.37 0.32 0.00874
JG26B 0.3 11.57 10.85 0.72 0.00974
JG27B 0.3004 11.69 11.58 0.11 0.00662 0.01876 5.8635
JG28B 0.3002 11.51 11.17 0.34 0.00872 0.02705 12.5693
JG29B 0.3019 11.79 11.68 0.11 0.00769 0.01957 5.6208
JG30B 0.2998 11.86 11.75 0.11 0.00656 0.01728 6.3657
JG31B 0.2998 11.72 11.52 0.2 0.00132 0.0216 9.2593
JG32B 0.3 11.85 11.56 0.29 0.00662 0.02249 12.8946
JG33B 0.3015 11.91 11.72 0.19 0.00554 0.01941 9.7888
JG34B 0.3013 11.89 11.7 0.19 0.00765 0.0189 10.0529
JG35B 0.3001 11.88 11.69 0.19 0.00449 0.01891 10.0476
JG36B 0.3001 11.75 11.68 0.07 0.00448 0.01632 4.2892
JG37B 0.3009 11.81 11.63 0.18 0.00451 0.01818 9.901
JG38B 0.2996 11.88 11.68 0.2 0.00026 0.01678 11.919
JG39B 0.3013 11.86 11.94 0.00345
JG40B 0.3 11.96 11.77 0.19 0.00554
JG41B 0.3008 11.9 11.86 0.04 0.02883 1.3874
JG42B 0.3007 11.65 11.28 0.37 0.0268 13.806
JG43B 0.3003 12.03 11.85 0.18 0.02714 6.6323
JG44B 0.3011 11.85 11.89 0.02828
JG45B 0.3008 11.85 11.76 0.09 0.02728 3.2991
JG46B 0.3008 12.07 11.87 0.2 0.02805 7.1301
JG47B 0.2998 12.57 11.34 1.23 0.00131 0.05095 24.1413
JG48B 0.2998 11.93 11.78 0.15 0.00027 0.02657 5.6455
JG49B 0.301 11.86 11.64 0.22 0.02671 8.2366
JG50B 0.301 11.83 11.72 0.11 0.02536 4.3375
JG51B 0.3012 11.81 11.73 0.08 0.00026 0.02671 2.9951
JG52B 0.301 11.84 11.69 0.15 0.00131 0.02767 5.421
JG53B 0.3008 11.97 11.22 0.75 0.00027 0.04053 18.5048
JG54B 0.2993 11.63 11.51 0.12 0.0288 4.1667
JG55B 0.3013 11.66 11.66 0.00452 0.02954
JG56B 0.2999 11.49 11.31 0.18 0.00344 0.03113 5.7822
JG57B 0.3009 11.46 11.38 0.08 0.00452 0.03182 2.5141
JG58B 0.3012 11.61 11.39 0.22 0.03011 7.3065
JG59B 0.3007 11.68 11.08 0.6 0.0056 0.03911 15.3413
JG60B 0.3012 11.8 11.77 0.03 0.02502 1.199
JG61B 0.3004 11.73 11.49 0.24 0.00025 0.02771 8.6611
JG62B 0.3019 11.56 11.35 0.21 0.00131 0.02646 7.9365
JG63B 0.3008 11.77 11.72 0.05 0.02493 2.0056
JG64B 0.3018 11.75 11.67 0.08 0.02564 3.1201
JG65B 0.3018 11.77 11.63 0.14 0.03086 4.5366

Table 8.2 CSN analysis results
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Appendix F Trace element and CSN analysis results

2 0 H £ i
£ = g 23 i z z K
H 3 ig SE z £ Z
2 Z E E ’ - i
= S
1G66B 0.3001 11.78 11.69 0.09 0.02789 3227
JG67B 0.3004 11.78 11.73 0.05 0.02613 1.9135
JG68B 0.3014 11.81 11.82 0.03003
1G69B 03015 1193 1169 024 0.03584 6.6964
JG70B 0.2998 11.55 11.25 0.3 0.00237 0.03693 8.1235
1G71B 0.3004 1192 15 042 0.00025 0.03607 11.644
JG72B 0.3011 11.93 11.79 0.14 0.00237 0.02809 4.984
1G73B 03012 1146 14 0.06 0.02648 22659
JG74B 0.3008 11.37 11.32 0.05 0.0257 1.9455
1G75B 0.2996 11,57 1141 0.16 0.03115 51364
JG76B 0.3016 11.5 11.25 0.25 0.00132 0.0257 9.7276
JG77B 0.3004 11.68 11.55 0.13 0.02783 4.6712
JG78B 0.3006 11.8 11.7 0.1 0.02634 3.7965
1G79B 0.3008 1.7 1171 0.06 0.02621 22892
1GSO0B 0.3005 177 1169 0.08 0.02783 28746
JG81B 0.3008 11.56 11.68 0.02788
1G82B 0.2996 1182 171 0.11 0.02784 39511
JG83B 0.3009 11.81 11.69 0.12 0.02884 4.1609
JG84B 0.3 11.76 11.57 0.19 0.02754 6.8991
JG85B 0.3012 11.71 11.32 0.39 0.00107 0.03353 11.6314
1G86B 0.3014 11.84 11.63 021 0.02984 70375
JG87B 0.3014 11.86 11.7 0.16 0.02777 5.7616
1G8sB 0.2995 118 .72 0.08 0.02697 2.9663
JG89B 0.3014 11.82 11.75 0.07 0.02821 2.4814
1G90B 0.3008 11.82 171 0.11 0.03257 33773
JG91B 0.3013 11.72 11.16 0.56 0.04822 11.6134
JG92B 0.2999 11.94 11.73 0.21 0.02905 7.2289
1G93B 02997 1189 1176 013 0.02863 45407
JG94B 0.3016 11.68 11.59 0.09 0.02769 3.2503
1G95B 03 1179 1154 025 0.03073 81354
JG96B 0.3001 11.89 11.68 0.21 0.02723 7.7121
1G97B 02997 1194 177 017 0.00106 0.03029 56124
JG98B 0.3002 11.55 11.27 0.28 0.03046 9.1924
1G99B 0299 12,03 1171 032 0.03178 10,0692
JG100B 0.3012 11.94 11.44 0.5 0.00212 0.04117 12.1448
JG101B 0.301 12.08 11.65 0.43 0.03475 12.3741
JG102B 0.3009 12.02 11.74 0.28 0.00211 0.03254 8.6048
1G103B 0.2996 12.03 11.68 0.35 0.00106 0.03059 114416
JG104B 0.3014 12 11.73 0.27 0.03171 8.5147
JG105B 0.2992 10.72 10.38 0.34 0.00212 0.03347 10.1584
1G106B 0.3006 1232 11.06 126 0.00212 0.05904 213415
JG107B 0.3009 11.92 11.77 0.15 0.03101 4.8371
1G108B 0.2996 1193 1163 03 0.03512 85421
JG109B 0.3004 11.96 11.69 0.27 0.00107 0.03751 7.1981
1G110B 0.3009 11.99 1.7 0.29 0.04119 7.0405
JG111B 0.3007 11.94 11.77 0.17 0.00317 0.03648 4.6601
IG112B 03018 11.63 1138 0.25 0.00424 0.03545 7.0522
JG113B 0.3004 11.33 10.9 0.43 0.00107 0.03804 11.3039
JG114B 0.3014 11.81 11.75 0.06 0.03288 1.8248
JG115B 0.3007 11.84 11.75 0.09 0.00106 0.03653 2.4637
JG116B 0.3014 11.79 11.54 0.25 0.03569 7.0048
JGI117B 0.3008 11.81 11.65 0.16 0.03368 4.7506
JG118B 0.3001 11.84 11.74 0.1 0.03222 3.1037
1G119B 02994 1186 173 013 0.00106 0.03434 3.7857
JG120B 0.3003 11.87 11.72 0.15 0.03164 4.7408
1GI121B 0.2999 1189 1175 0.14 0.00343 0.02585 54159
JG122B 0.2999 11.84 11.73 0.11 0.00344 0.027 4.0741
JGI123B 0.301 11.72 11.55 0.17 0.02527 6.7273
JG124B 0.3019 11.69 11.62 0.07 0.02822 2.4805
1G125B 03012 1.7 11.78 0.0254
JG126B 0.3014 11.74 11.8 0.02705
1G127B 0.3001 11.79 11.83 0.00025 0.02692
1G128B 03014 1179 1181 0.02537
JG129B 0.3015 11.77 11.8 0.00025 0.02447

Table 8.2 CSN analysis results continued
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Appendix F Trace element and CSN analysis results
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JG130B 0.2996 11.64 11.69 0.02693
JGI31B 0.3007 11.72 117 0.02 0.00131 0.02767 0.7228
JG132B 0.3005 1171 11.72 0.00239 0.02943
JG133B 0.3011 11.73 11.74 0.02459
JG134B 0.3005 11.82 11.78 0.04 0.02694 1.4848
JG135B 0.2997 11.74 11.8 0.0235
JG136B 0.3012 11.79 11.77 0.02 0.00026 0.02489 0.8035
JG137B 0.2995 11.77 11.77 0.02489
JG138B 0.3008 11.73 11.65 0.08 0.02862 2.7952
JG139B 0.3013 11.68 11.7 0.02604
JG140B 0.2998 1175 11.72 0.03 0.02656 1.1295
JG141B 0.3004 11.67 11.74 0.00131 0.02823
JG142B 0.3006 1131 11.55 0.02762
JG143B 0.3 11.59 11.46 0.13 0.03395 3.8292
JG144B 0.3001 11.63 11.52 0.11 0.0013 0.03117 3.529
JG145B 0.3007 11.64 11.53 0.11 0.00554 0.03182 3.4569
JG146B 0.3 11.6 11.52 0.08 0.00342 0.05477 1.4607
JG147B 0.2997 1127 11.14 0.13 0.00341 0.03002 4.3304
JG148B 0.3012 11.7 11.46 0.24 0.00238 0.03242 7.4028
JG149B 0.3002 11.56 1141 0.15 0.00549 0.03667 4.0905
JG150B 0.2997 11.46 11.37 0.09 0.02718 3.3113
JGI51B 0.3006 1145 113 0.15 0.00238 0.0342 4.386
JG152B 0.301 11.26 11.11 0.15 0.00237 0.02794 5.3686
JG153B 0.2999 11.52 1141 0.11 0.00132 0.02634 4.1762
JG154B 0.2995 10.75 10.24 0.51 0.01497 0.04553 11.2014
JG155B 0.3008 1132 1091 041 0.00557 0.02846 14.4062
JG156B 11.58 0.00555 0.01838
JG157B 0.2993 11.63 11.42 0.21 0.0013 0.01593 13.1827
JG158B 0.3006 11.54 1141 0.13 0.02278 5.7068
JG159B 0.3016 11.4 11.42 0.04718
JG160B 0.2997 11.55 1139 0.16 0.00025 0.08569 1.8672

Table 8.2 CSN analysis results continued
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Appendix G Distance between stylolites/beds

2 L g 3¢ g ZE
E 3 g 2 3 g 2 Py
z 25 z 5 z :5
= a = a = =

0 0 5.17 0.12 10.95 0.13
0.4 0.38 5.4 0.23 11.21 0.25
0.51 0.17 5.47 0.1 11.42 0.23
0.81 0.22 5.6 0.1 11.43 0.1
1.06 031 5.7 0.1 11.53 0.06
1.27 0.18 5.77 0.1 11.58 0.02
1.34 0.14 5.87 0.05 11.79 0.2
1.82 0.48 6.07 0.17 11.94 0.14
1.95 0.1 6.15 0.13 11.99 0.13
2.05 0.1 6.24 0.12 12.29 0.25
224 0.12 6.35 0.11 12.44 0.23
2.25 0.05 6.51 0.15 12.72 0.22
2.44 0.19 6.7 0.22 12.81 0.1
2.51 0.07 6.83 0.05 12.97 0.13
2.56 0.05 7.03 0.24 13.09 0.05
2.66 0.07 7.14 0.1 13.1 0.12
2.68 0.05 7.34 0.18 13.19 0.07
2.82 0.16 7.49 0.19 13.25 0.05
2.96 0.12 7.75 0.19 13.5 0.23
3.02 0.12 7.84 0.15 13.61 0.14
3.13 0.05 8.04 0.1 13.67 0.06
321 0.1 8.18 0.23 13.81 0.07
3.36 0.1 8.36 0.18 13.97 0.3
341 0.08 8.66 0.27 14.19 0.15
345 0.04 8.76 0.07 14.52 035
3.56 0.05 9 0.4 15 0.4
3.57 0.1 9.2 0.15 15.45 0.5
3.68 0.08 9.45 0.2 16.24 0.8
3.77 0.1 9.6 0.15 16.79 0.5
3.92 0.17 9.68 0.08 17.5 0.8
3.98 0.11 9.8 0.15 17.8 0.2
4.15 0.19 10 0.15 18.1 0.28
4.39 0.07 10.21 0.26 18.22 0.2
4.52 0.2 10.31 0.1 18.62 0.4
4.57 0.03 10.46 0.06 18.74 0.12
4.73 0.2 10.47 0.02 19.09 0.35
4.95 0.2 10.67 0.2 19.56 1.1
5.02 0.1 10.77 0.14
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Appendix H Fischer Plots and RUNS analysis

Fischer Plots

Fischer Plots have been used in this study for a comparison of bed
thickness data between outcrops in the search for any bed patterns through the
Great limestone. Following Fischer’s 1964 paper, bed thickness analysis has been
carried out by way of a simple graphical method of showing cumulative deviation
of bed thickness relative to the average bed thickness. Fischer Plots of metre-scale
shallowing-upward cycles have been used to interpret long-term changes in
accommodation space and for interpreting relative sea-level changes through time.
However, such interpretations can only be made for cycles that shallow up to sea
level with subaerial exposure. Fischer Plots track the cumulative departure from
mean cycle thickness and therefore, the plot shape is sensitive to the mean

thickness.

Fischer Plots have been widely used in sequence stratigraphic studies to
identify long-term cycle thickness patterns, which reflect particular systems tracts.
However, there has been much discussion and even controversy with regard to
their use (Drummond and Wilkinson, 1993: Saddler ef al., 1993; Boss and
Rasmussen, 1995: Burgess ef al., 2001: Murray et al., 1996: Burgess, 2006;
Bosence et al., 2009). If several different sections are analysed and similar
patterns are found in the plots which can be correlated then this goes a long way
to confirm their validity. The Fischer Plot of bed thickness for Middleton in
Teesdale Chapter 3 (Fig. 3.26) has been compared with Fischer Plots from other
sections in Weardale (Fairbairn, 1978) in Chapter 3 (Fig. 3.27), and similarly
shaped plots were found. Even though the beds of the Great Limestone are not
thought to have filled the available accommodation space (there is little indication
of subaerial exposure, however, see Chapter 3, section 3.6.8), the principle behind
Fischer plots as a means of displaying patterns and trends is still thought to be

useful.

Apart from providing a visual display of data, Fischer Plots can be
analysed statistically (Sadler et al. 1993). In this regard it has been suggested that
50 is the minimum number of cycles/beds that can give a meaningful plot.

Statistical analysis involves determining whether the Fischer Plot is showing a
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random or ordered arrangement of the beds/cycles through the succession. Plots
which are too short may not have any interpretive value (Day, 1997: Husinec et

al., 2008).

The number of beds in the Great Limestone at the Middleton in Teesdale
locality is only 25; since this is less than 50, a Fischer Plot may not be very
meaningful and it may not be possible to confirm statistically that the pattern is
non-random. Nevertheless, as discussed above, the Middleton in Teesdale Fischer
Plot is extremely similar to plots from several other locations in Weardale,

suggesting that the pattern itself extends over the Alston Block.

Runs Analysis

As discussed, to assess the Fischer Plot further, Runs Analysis can be used
to test the data for randomness. Runs analysis is used to assess whether the pattern
in the plot has arisen by pure chance, i.e. it assesses whether there are signs of
randomness in the length of the run and frequency of the runs. The most
commonly used methods for Runs Analysis of bed thickness patterns are the
assessment of runs about the median (RAM) and runs up and down (RUD)
(Murray et al., 1996). RAM can be used to examine groupings of thick and thin
beds and codes beds thinner than the median as zero and those thicker as one; the
numbers of ones and zeros are then counted to give the number of runs. RUD
highlights any local trends in upward-thickening and upward-thinning beds.
Considering one data point (bed), the thickness of the next point/bed is assessed
and if it is thicker than the first it is coded as one, otherwise it is coded as zero; the
number of runs of ones and of zeros is then counted, to give the number of runs.
The total number of runs and the distance from the mean value of runs is then
calculated as a z-score which can be looked up in tables of area under the tails of

the standard normal distribution (Sadler et al., 1993).
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0.8
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Thickness

Up-section through the Great Limestone

Figure 1 Plot of bed thickness throughout the Great Limestone

RAM RUD

N1 (number of thick

13 12
cycles)
N2 (Number of thin

12 13
cycles)
Number of Runs 16 18
Z-Score +1.03 +1.85

Table 1 Results of RUNS analysis for Middleton in Teesdale beds

Figure 1 is a plot of bed thickness changes up through the Great Limestone
at Middleton in Teesdale and is used for the calculation of RAM and RUD. The
results of the RUNS analysis in Table 1 shows z-values of 1.03 (RAM) and 1.85

(RUD), both of which suggest that the pattern is due to chance and is not from an

ordered periodic forcing. Sadler ef al. (1993) showed that z-scores between -2.1

and +2.1 are within the random field; Bosence ef al. (2009) regarded the range as

-1.8to +1.8.
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Conclusion

Fischer Plots are used in this research for comparison of bed thickness
patterns from many localities. The use of Fischer Plots for the Great Limestone
beds can be questioned since there are generally around 25 data points used, when
a minimum of 50 points is recommended. However, the patterns in all Fischer
Plots of the Great Limestone from Weardale are similar, but the z scores indicate
a random pattern. Overall then, this shows that the factors controlling deposition
of the beds in the Great Limestone are operating over a large area in a uniform
way, to give individual beds of a similar thickness, but the time-frame of bed

deposition through the limestone is quite random.
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