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Summary

This report details the stratigraphy and palaeogeography of Devonian and Carboniferous rocks of
the UK Central North Sea for the 21CXRM Palaeozoic project. The 21CXRM Palaeozoic project
results are delivered as a series of reports and digital datasets for each area.

This report describes the stratigraphical correlation of Devonian and Carboniferous strata south
of, and over, the Mid North Sea High (Quadrants 25-44) using both well and seismic data. It
builds on the work of Cameron (1993a) and others, and uses lithostratigraphy to understand how
facies vary across the area. A major outcome of this work is the detailed description of the
Cleveland Group, the basinal correlative of the Scremerston, Yoredale and Millstone Grit
formations within the offshore extension of the Cleveland Basin.
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1 Introduction

The aim of the 21CXRM Palaeozoic Project is to stimulate exploration of the Devonian and
Carboniferous plays of the Central North Sea — Mid North Sea High, Moray Firth — East Orkney
Basin and in the Irish Sea area. The objectives of the project include regional analysis of the
plays and building consistent digital datasets, and working collaboratively with the OGA, Oil
and Gas UK and industry.

This report describes the stratigraphy and palaeogeography of the Devonian and Carboniferous
strata in Quadrants 25-44 of the Mid North Sea High and adjacent areas, and integrates this with
the adjacent onshore areas of the Midland Valley of Scotland and Northern England. Nine
correlation panels (Section 4) were constructed across the region, tying in selected key wells in
order to erect a framework for the Devonian and Carboniferous strata and to provide regional-
scale seismic ties (Figure 1). The geological evolution of the offshore region has been interpreted
in a number of key papers. The Pennsylvanian and Early Permian tectonostratigraphy in
Quadrants 31 and 39 at the southern margin of the Central North Sea was described by Martin et
al. (2002) and the Flora Field in Blocks 31/26a and 31/26¢ by Hayward et al. (2003). South of
the Mid North Sea High, Collinson (2005) interpreted the depositional systems of the
Mississippian and lower Pennsylvanian strata in Quadrants 41-43. Offshore, the
lithostratigraphy of the Devonian to Permian rocks to the north of the Mid North Sea High is
described by Cameron (1993b) and that to the south by Cameron (1993b), Bruce and Stemmerik
(2003), and Kombrink et al. (2010). Cameron’s (1993a) scheme for the upper Pennsylvanian
rocks of Quadrants 41-44 was modified subsequently by Besly (2005). The Carboniferous
stratigraphy in all of these areas has been summarised by Waters et al. (2011).

The onshore geology of the Devonian and Carboniferous of the Midland Valley of Scotland and
Northern England has been studied extensively, with succinct modern summaries of the
lithostratigraphy, palaeogeography and tectonic evolution provided by Chadwick et al. (1994),
Browne et al. (1999), Read et al. (2002), Trewin and Thirlwall (2002), Waters and Davies (2006)
and Stone et al. (2010). The onshore Devonian and Carboniferous lithostratigraphies have been
revised recently on the basis of the distribution of the predominant lithofacies association
throughout the sequence thus unifying, as far as is practicable, the many regional schemes that
existed previously (Browne et al. 2003; Waters & Davies, 2006; Waters et al. 2007; Dean et al.
2011 and references therein).
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The stratigraphical scheme used in this report is summarised in Figures 2 and 3 and broadly
follows Waters et al. (2011) for the Carboniferous and Cameron et al. (1993a, b) for the
Devonian. Though there are differences between the nomenclature used onshore and offshore,
the formation names in the latter are used throughout this report. Figure 4 shows the correlation
with the Dutch and Danish stratigraphy.

A few important amendments to the offshore stratigraphy result from the present work. Most
significant is the recognition in Quadrants 4144 of the basinal equivalents of the Fell Sandstone,
Scremerston, and Yoredale formations within the offshore Cleveland Basin. The term Cleveland
Group is used for this sequence, extending its previous use in the lower part of the Seal Sands
Borehole (Johnson et al. 2011). The Cleveland Group is defined and described in Section 3.5.
The presence of high-gamma mudrocks in the upper part of the group suggests a correlation with
the Bowland Shale Formation of the Bowland — Hodder unit of the Craven Basin (Andrews
2013; Slowakiewicz et al. 2015).

12
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1.1 DATA AND WORKFLOW

More than 230 wells have penetrated Devonian and Carboniferous rocks in Quadrants 25-44,
However, the distribution is uneven, and many of the wells proved only a short succession of
these strata. In the Forth Approaches Basin only three wells recorded significant thickness of
rocks of this age, and none reached these strata in Quadrants 34—35 nor in the southern part of
Quads 25-28 over the Mid North Sea High. A greater density of wells is present to the east and
south of the region, particularly in the southern parts of Quadrants 43 and 44 containing the
Southern North Sea Westphalian gas fields. Nine correlation panels were constructed using 91
wells selected for the thick successions of Devonian and/ or Carboniferous strata that they
proved or as key ties to the seismic data (Figure 1).

A set of key onshore wells were selected to provide a link between the offshore and onshore
stratigraphy. In the Midland Valley of Scotland the wells selected are: Firth of Forth 1 and
Milton of Balgonie 1. In Northern England, three onshore wells were included: Seal Sands 1
(Johnson et al. 2011); Harton 1 (Ridd et al. 1970); and Kirby Misperton 1.

For each well, composite logs, wireline geophysical logs (mainly gamma, caliper, sonic, neutron
porosity and density) biostratigraphical and petrographical reports, and core photographs were
examined. Full suites of wireline logs and biostratigraphy were unavailable for some wells.
Previous interpretations of formation bases in completion reports and in published papers were
reassessed, for example Collinson (2005) in Quadrants 41-44, and modified where justified.
Seismic data were also used to aid well interpretation. The biostratigraphical reports vary in date
of completion, amount and quality of the data and the interpretation that they contain, resulting
in uncertainty in the precise biostratigraphical age of parts of the succession compared with what
is known onshore. A list of the biostratigraphical reports used can be found in the picks
spreadsheet (2LCXRM BGSWellTops reinterpreted biostrat v2.xlsx). For the Carboniferous
succession the biostratigraphic zonation scheme (ammonoids and palynology) contained in
Waters et al. (2011) was used (see Appendix 1). Wells that penetrated short lengths of
Carboniferous strata and those that lacked available digital wireline data were not re-interpreted
(Figure 1).

1.2 ACCOMPANYING DATA SETS

Along with the descriptions of the units in Section 2, the key wells are shown in a set of
correlation panels (Section 4); these are also available as A0 PDFs. The lithostratigraphic picks

described in this report are also available as an Excel™ spreadsheet.
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2 Devonian Strata

In Quadrants 30, 37 and 38, composite logs show wells that penetrate ‘Devonian’ strata.
However, these stratacommonly fail to provide biostratigraphical information and they are
difficult to differentiate from Permian (Rotliegend) strata in the wells. Identification in wells
typically relies on interpretation of the porosity and sonic properties from wireline logs and in
identifying the position of the Variscan unconformity from the seismic data.

2.1 KYLE GROUP
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Figure 5. Map showing the distribution of wells where the Kyle Group has been
interpreted, and selected logs from key wells that illustrate the principal variation in
wireline log signature (gamma and sonic logs) and lithology of the unit.

Name

The oldest Devonian strata proved in wells in Quadrants 30, 37 and 38 east of the Mid North Sea
High. These rocks are assigned to the Kyle Group, The name was introduced by Cameron
(1993a) .

Geographical extent

The Kyle Group is proved in wells on the Auk Ridge and on the Dogger Granite High. It
generates a distinct seismic reflector which can be correlated over large areas south and east of
the Mid North Sea High (Arsenikos et al. this study).

Lithology

The Kyle Group is characterised by limestone units separated by shale and sabkha facies. Two
limestone units are seen in well 30/16- 5. The limestone is dominantly bioclastic, containing
tabulate and rugose corals, ostracods, brachiopods, bivalves, gastropods and crinoids (Marshall
and Hewett 2003). In 38/03- 1 the group is at least 119 m thick, whereas in well 37/12- 1 it is at
least 183 m thick.
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Key Wells

The conformable top contacts of the Kyle Group are seen in wells 38/03- 1, 30/24- 3. The
successions are dated by miospores in those wells. The base of Kyle Group is proved only in
well 30/16-5.

Lower boundary

The base of the Kyle Group in well 30/16-5 rests unconformably on deformed Palaeozoic
basement (Marshall and Hewett, 2003; Trewin and Bramwell, 1991). Seismic and well evidence
suggests the Kyle Group is underlain by basement or granite on highs and Lower Devonian
sedimentary rocks within basins.

Upper boundary

The top of the Kyle Group is conformable with the base of the overlying Buchan Formation
(Marshall and Hewett, 2003; Cameron, 1993a). The boundary is taken at the top of the first
siltstone underneath the deepest sandstone of the Buchan Formation.

Age

The Kyle Group is dated as Middle Devonian (Givetian), based on palynology and macrofossils
(Bangal et al. 1978).

Correlation with onshore UK

The Kyle Group has no equivalent in the adjacent onshore area, as there the middle Devonian is
missing.
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2.2 BUCHAN FORMATION
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Figure 6 Map showing the distribution of wells where the Buchan Formation has been
interpreted, and profiles of the key wells that illustrate the principal variation in wireline
log signature (gamma and sonic logs) and lithology of the unit.

Name

The Buchan Formation was defined by Cameron (1993a) for a sandstone-dominated unit of Late
Devonian age that is thought to represent braid-plain and alluvial-plain environments (Marshall
and Hewett 2003).

Geographical extent

The formation is seen in wells on the Auk Ridge and in the Forth Approaches, on the northern
edge of the Mid North Sea High. It is known to extend north into the Orcadian Basin (Marshall
and Hewett 2003).

Lithology

The Buchan Formation is largely composed of reddish brown, fine- to medium-grained
sandstone, interbedded with thin beds of siltstone and mudstone (Cameron 1993a). The
succession shows an increased gamma response with depth (e.g. well 38/03- 1) related to an
increase in silt and mud content. The wireline log signatures lack the cyclicity seen in the
Carboniferous successions.
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Key Wells

The conformable basal contact of the Buchan Formation is seen in wells 38/03- 1, 30/24- 3,
where it overlies the Kyle Group. The conformable upper boundary is only seen in well 37/10- 1
in the Central North Sea.

Lower boundary

The base of the formation is conformable with the top of the Kyle Group (Marshall and Hewett
2003; Cameron 1993a). In well 38/03- 1 the boundary is taken at the abrupt change from silty
sandstone to limestone.

Upper boundary

The upper boundary of the formation grades into the Tayport Formation in well 37/10- 1. The
top of the formation is taken at the top of the succession beneath a low sonic velocity unit
corresponding to 36 m sandstone at the base of the Tayport Formation. In well 38/03- 1 there is a
marked change in the character of the sonic log signature (Figure 6).

Age

The Buchan Formation has often proved barren palynogically and there are few determinations
in Quadrants 25-44 (Cameron, 1993a). Frasnian and Famennian palynomorphs were reported
from samples from wells 38/03-1 and 38/29- 1 respectively (Marshall and Hewett 2003).
However, farther north, the Buchan Formation has been shown to span the uppermost Middle
Devonian and Lower Mississippian (Marshall and Hewett 2003).

Correlation with Onshore UK

The onshore equivalent of the Buchan Formation in southern Scotland is the Stratheden Group.
Correlation with the onshore succession in northern Scotland will be explored more fully in the
report on Quadrants 8-23.
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2.3 TAYPORT FORMATION
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Figure 7. Distribution map of the wells proving the Tayport Formation and a profile of the
key well that illustrates the principal variation in wireline log signature (gamma and sonic
logs) and lithology of the unit.

Name

The name Tayport Formation was introduced by Cameron (1993a) for a unit which is
widespread around the Outer Moray Firth, stratigraphically below the Firth Coal Formation.
Cameron (1993a) suggested that the Tayport Formation extends south and east of the Mid North
Sea High, beneath the Cementstone Formation.

Geographical extent

The Tayport Formation is proved in wells in quadrants 36, 37, 38, 42 and 44 (Figure 7) near the
Dogger Granite High. However, it is known to extend into the Dutch sector and may be present
underneath the Cementstone Formation.

Lithology

South of the Mid North Sea High, the Tayport Formation is defined in well E06-01 in the Dutch
sector, where it is described as ‘red to red-brown and grey claystone and siltstone, interspersed
with well developed sandstone beds’. The dominant lithology seen in the Tayport Formation is
brown and red shale, and mudstone with grey mica-rich siltstone. It also contains sandstone
bodies between 2-5 m in thickness which are interbedded with the shales and siltstones. The
presence of thin limestone beds has also been inferred from the wireline logs.
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Key wells

The key well is 44/02-1 which proves the upper contact of the Tayport Formation. It is also seen
in well E06-01 in the Dutch sector.

Lower boundary

The conformable lower boundary in well 37/10-1 is taken at the base of a 36 m thick unit with
low sonic velocity interpreted as sandstone.

Upper boundary

The top of the Tayport Formation in 44/02- 1 is taken at the base of a sonic-log spike
corresponding to the lowest dolostone bed of the overlying Cementstone Formation. This is the
only known proving of this boundary south of Mid North Sea high in UK waters. The upper
boundary of the Tayport Formation is also seen in the Dutch well E06-01, where it is taken
below the first occurrence of limestone beds (Van Adrichem Boogaert & Kouwe, 1993-1997).

Age

The Tayport Formation is inferred to be Strunian (uppermost Famennian) in age in well E06-01
in the Dutch sector (Van Adrichem Boogaert & Kouwe, 1993-1997). This is based on the
occurrence of the palynomorphs Spelaeotriletes lepidophytus and Raistrickia variabilis which
are considered to be Strunian (J E A Marshall pers. comms.). In 37/10-1 an earliest Tournaisian
age has been assigned on palynomorphs (McLean 2013).

In the Forth Approaches Basin, the Tayport Formation has been identified previously in well
26/7- 1 by Cameron (1993) and Bruce and Stemmerik (2003). This is now interpreted as the Fell
Sandstone Formation based on its mid Holkerian (V3a) to Chadian (V1a) age.

Correlation with Onshore UK

The Tayport Formation correlates directly with the Kinnesswood Formation onshore, though
none of the thick, hardpan calcrete horizons that are characteristic of the Kinnesswood
Formation adjacent to the Southern Uplands (Browne et al. 1999) is seen in the offshore wells.
The Kinnesswood Formation onshore is known to continue in to the Carboniferous in the
Midland Valley of Scotland (Browne et al. 1999). In Northumberland, however, it is believed
that the Kinnesswood Formation may be latest Devonian in age (Smithson et al. 2012).
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3 Carboniferous Strata

3.1 CEMENTSTONE FORMATION
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Figure 8 Map showing the distribution of the wells where the Cementstone Formation has
been interpreted, and the profile of a key well that illustrates the principal variation in
wireline log signature (gamma and sonic logs) and lithology of the unit.
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Name

The term Cementstone ‘group’ has been applied onshore in Northern England since the 19"
century to a succession of alternating mudstone, sandstone, and dolomitic micrite which are
referred to as cementstone. Cameron (1993a) applied this to a similar succession offshore that
lies beneath the Fell Sandstone Formation. Cameron’s definition and that of Bruce and
Stemmerik (2003) are followed in the current study.

Geographical extent

The formation is recorded in wells around southern margin of the Mid North Sea High (Figure
8). It is also found in the base of well 26/07- 1 in the Forth Approaches Basin.
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Lithology

The Cementstone Formation is composed of red/brown and green/grey siltstone and thin, fine- to
coarse-grained sandstones, with dolostone and limestone beds between 1 and 4 m thick. The
gamma log signature varies abruptly, alternating between low and high gamma values; bed
thickness rarely exceeds 5 m, reflecting the thinly interbedded character. The thickness of the
Cementstone Formation is from 100 to 500 m.

Key well

The conformable top and basal contacts of the Cementstone Formation occur in well 44/02- 1.

Lower boundary

The base of the Formation in well 44/02- 1 is taken at a sonic-log spike corresponding to the
lowest dolostone bed upon a succession dominated by sandstone. This is the only known
penetration of this boundary south of the Mid North Sea High in UK waters, but the formation is
also present in the Dutch well E06-01.

Upper boundary

The top of the formation is taken underneath the first thick sandstone of the Fell Sandstone
Formation. Onshore this contact is an erosion surface in part but conformable elsewhere (Dean et
al. 2011).

Age

The Cementstone Formation is the oldest wholly Carboniferous unit within the study area and
has been dated palynologically as Tournaisian to lower Visean in age. Its age has been proved
biostratigraphically in wells 38/22- 1, 41/01- 1, 43/02- 1 (Cater et al. 1967; Mahdi 1992).

Correlation with onshore UK

The onshore correlatives of the Cementstone Formation are the Ballagan and Lyne formations of
the Tweed and Northumberland basins (Waters, 2011). The Lyne Formation has the more marine
character with limestones 1-10 m thick, compared with the Ballagan Formation which typically
contains argillaceous dolostones generally less than 1 m thick. Offshore, the term Cementstone
Formation is used to refer to the aggregate of both onshore units.
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3.2 FELL SANDSTONE FORMATION
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Figure 9: Map showing the distribution of wells where the Fell Sandstone Formation has
been interpreted, and the profile of a key well that illustrates the principal character of the

wireline log signature (gamma and sonic logs) and lithology of the unit.

Name

The Fell Sandstone Formation has been applied in Northumberland (north-east England) and
Berwickshire (south-east Scotland) since the 19™ century to a thick unit of predominantly cross-
stratified coarse-grained sandstone overlying the Cementstone Formation. The definition of the
Fell Sandstone in the current study has not changed in from that of Cameron (1993a), and Bruce

and Stemmerik (2003).

Geographical extent
The formation is recorded across Quadrants 26, 37, 38, 40, 41, 42, 43, and 44.

Lithology

The Fell Sandstone Formation is typically characterised by massive sandstone units up to 50 m
thick, interbedded with units up to 20 m thick of siltstone and mudstone. In some wells (e.g.
26/07- 1) the succession comprises clean sandstone with only thin intercalations of siltstone and
mudstone, elsewhere (42/10b- 2) the succession is more heterogeneous. Across the study area,

the formation thickness varies from ¢. 418 m in 42/10b- 2 to about 60 m in 41/10- 1.
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Key Well

The conformable top and basal contacts of the Fell Sandstone Formation have been observed in
well 42/10b- 2.

Lower boundary

The base of the Fell Sandstone Formation is taken at the abrupt change from thick sandstone
units to interbedded sandstone, mudstone and limestone of the underlying Cementstone
Formation. There is a distinct change in wireline log character.

Upper boundary

The top of the formation is taken at the top of the highest thick sandstone unit below a
succession dominated by alternations of mudstone, sandstone and coal of the Scremerston
Formation.

Age

Palynological evidence from wells 41/01- 1, 43/02-1 and 42/15a- 2 indicates that the Fell
Sandstone Formation is Chadian (Pu Biozone) to earliest Asbian (TS Biozone). Onshore, the
base of the Fell Sandstone Formation is diachronous, becoming generally younger toward the
southwest (Stone et al. 2010).

Correlation with onshore UK
The Fell Sandstone Formation is equivalent to its onshore namesake.

Remarks

The Fell Sandstone Formation is interpreted to be the deposit of a major sandy braided-river
system (Turner and Munro 1987), formed of stacked multi-storey channel fills and separated by
mudstone intervals. The source of the braided river system is from the north-east (Robson, 1956)
(see Section 5.2).

A sandstone body of Holkerian age beneath the Cleveland Group at the base of the Kirby
Misperton 1 well has been interpreted in the current study as possibly the Ashfell Sandstone,
rather than the Fell Sandstone. The Ashfell Sandstone crops out across much of northern
England and is regarded as the distal equivalent of the Fell Sandstone and is of a different facies.
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3.3 SCREMERSTON AND FIRTH COAL FORMATIONS
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Figure 10: Map showing the distribution of the wells where the Scremerston Formation has
been interpreted, and the profile of key wells that illustrate the principal character of the
wireline log signature (gamma and sonic logs) and lithology of the unit.

Name

The historical onshore term Scremerston Coal Group was used offshore by Leeder and Hardman
(1990) for Lower Carboniferous ‘coal measures’ encountered in the Southern North Sea. The
unit was renamed the Scremerston Formation south of the Mid North Sea High by Cameron
(1993a). Equivalent facies in the Forth Approaches Basin are known as the Firth Coal Formation
(Cameron, 1993b).

Geographical extent

The Scremerston Formation is recorded from Quadrants 37, 38, 39, 40, 41, 42, 43, and 44. It is
likely to be continuous in extent from the Northumberland coast across the Mid North Sea High
and along its south-eastern margin (Cameron, 1993a). The Firth Coal Formation also occurs in
the Forth Approaches Basin and has been proved in wells 26/07- 1 and 26/08- 1.

Lithology

The Scremerston Formation is identified by the presence of coal-rich intervals within a
mudstone-dominated sequence, with alternations of sandstone, siltstone and some thin limestone
or dolostone beds. Upward coarsening sequences are sometimes present within the upper parts of
the formation, but are less cyclic in nature than the overlying Yoredale Formation. The sandstone
units probably include both single and stacked channel fills. Homogeneous dark grey and black
mudstones generate a uniformly high gamma-log response. Coals are up to 3 m thick in
exceptional cases (Cameron, 1993b).
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South of the Mid North Sea High the thickness of the Scremerston Formation varies across the
study area, from about 90 m in 44/02- 1 to approximatelyl km in 41/10- 1. The average is about
300 m. In the Forth Approaches the formation is 551 m thick in well 26/7- 1 and 688 m thick in
26/8- 1.

Key Wells

The conformable top and basal contacts of the Scremerston Formation have been observed in
wells 41/01- 1 and 42/10b- 2.

Lower boundary

The base of the Scremerston Formation is taken at the change from the mudstone- and coal-
dominated succession to the dominantly sandstone unit of the underlying Fell Sandstone
Formation. Near the base of well 26/8- 1 there are several thick sandstones which may, along
with the palynological age zonation, indicate downward transition to the Tayport Formation,
equivalent to the Fell Sandstone in this area.

Upper boundary

The top of the Scremerston Formation is picked at the top of clastic sedimentary succession
beneath the base of the lowest significant marine limestone bed in the overlying Yoredale
Formation. In most of the wells the formation is overlain by the Yoredale Formation. However,
in Harton 1 and in near-shore wells such as 41/01- 1, the Scremerston Formation is overlain by a
thin development of limestones with subordinate siltstone and sandstone which are equated with
the onshore Great Scar Limestone Group.

Age

A late Holkerian to Asbian age for the Scremerston Formation is proved palynologically in well
41/01- 1, but elsewhere south of the Mid North Sea High it is Ashian. The two wells in the Forth
Approaches which penetrate the Scremerston/Firth Coal Formation have yielded palynomorphs
of Upper Arundian and Holkerian to upper Asbian age (Mclean and Neves, 1988).

Correlation with onshore UK

The Scremerston Formation is equivalent to the onshore Scremerston Coal Member of the Tyne
Limestone Formation (Waters, 2011). The Firth Coal Formation in the Forth Approaches is
equivalent in age to the lower part of the Strathclyde Group in the Midland Valley of Scotland. It
equates with the fluvio-deltaic to marine Sandy Craig, Pittenweem, Anstruther, Fife Ness,
Aberlady and Gullane formations of Fife and the Lothians, and to the dominantly lacustrine and
organic-rich West Lothian Oil-Shale Formation. The coals and mudstones within this formation
represent an important source rock.

Remarks

The Scremerston Formation is interpreted to represent a range of depositional environments
including fluvio-deltaic, lacustrine, wetland and marine-influenced bay deposits associated with
a major deltaic system (Leeder and Boldy, 1990; Leeder et al., 1989).

The onshore wells Seal Sands 1 and Harton 1, along with the nearby offshore wells 41/08- 2 and
41/01- 1 contain a thick succession of upper Asbian limestone and mudstone units that represent
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the eastern extent of the carbonate platform deposits of the Great Scar Limestone that developed

over the Alston and Lake District blocks during the Asbian. The palaeogeography of the
Scremerston Formation is described further in Section 5.3.
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Figure 11: Map showing the distribution of the wells where the Yoredale Formation
been proved within the study area, and profiles of the key wells that illustrate the principal
character of the wireline log signature (gamma and sonic logs) and lithology of the unit.

Name

The term Yoredale Formation was introduced by Cameron (1993a) for an upper Asbian to
Brigantian and lower Namurian fluvio-deltaic succession with significant limestone beds.

Geographical extent

The Yoredale Formation is recorded across Quadrants 36, 38, 39, 40, 41, 42, 43, and 44. Its

depositional extent is likely to have been continuous from northern England across the Mid
North Sea High.
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Lithology

The Yoredale Formation comprises a repeated succession of ‘Yoredale cycles’, commencing
with a basal marine limestone, overlain by an upward coarsening succession of marine mudstone
and sandstone, and capped by a seatearth palaeosol (a grey or whitish clay rock containing
fossilized plant roots and occurring beneath coal seams) and coal. Individual limestones are
widespread in occurrence and can be correlated across the study area. Some fining upward cycles
are also present. The lower part of the Yoredale Formation locally contains thick multi-storey
channel sandstones interpreted to be infilled palaeovalleys (Collinson, 2005). Such distinctive
sandstone units are encountered in wells 41/10- 1, 42/10b- 2 and 43/02- 1, and referred to as the
Whitby Sandstone Member. This unit is distinguished on wireline logs by two thick units of
sandstone separated by a mudstone interval. The geometry of these sandstone bodies is not
known: they may represent a very wide, single fluvial channel system, or separate, narrow
channel fills.

Key Wells

The conformable top and basal contacts of the Yoredale Formation have been proved in the
Harton 1 well. Wells 41/01- 1 and 41/10- 1 display the basal conformable contact with the
Scremerston Formation. Harton 1 is the only well to prove the full thickness of 875 m for the
Yoredale Formation, but across northern England the thickness is known to vary significantly
between the Alston Block and Northumberland Basin (Stone et al., 2010). Offshore, the
preserved thickness is from 150 m to at least 950 m thick.

Lower boundary

The base of the Yoredale Formation is picked at the base of the lowest substantial marine
limestone (equivalent onshore to the Dun Limestone) above the coal-rich Scremerston
Formation.

Upper boundary

The top of the Yoredale Formation is picked at the top of the highest marine limestone bed at the
base of the Millstone Grit Formation. However, in most wells, the Yoredale Formation is
overlain unconformably by Permian strata. In wells that penetrate the formation in Quadrant 39,
the Yoredale Formation is overlain by the Grensen Formation (wells 39/02- 1 and 39/07- 1).

Age

The Yoredale Formation is late Asbian, and Brigantian to early Namurian in age, based on
palynological data from wells 38/25- 1, 39/07- 1, 41/01- 1, 42/09- 1, 43/02- 1 and 44/06- 1.

Correlation with onshore UK

The Yoredale Formation is equivalent to sedimentary rocks in northern England comprising
stacked sequences of Yoredale cycles (Cameron 1993a). This includes the upper part of the Tyne
Limestone Formation (above the Scremerston Coal Member), and the Alston and Stainmore
formations (Waters et al. 2007). The Stainmore Formation differs from the Alston Formation by
containing generally thinner limestones than those in the Alston Formation and an increasing
proportion of fining-upward parasequences. The base of the Stainmore Formation is taken at the
base of a siliciclastic sedimentary unit immediately overlying the Great Limestone. At about
20 m, the Great Limestone is the thickest of the Alston Formation limestones. A comparably
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thick limestone is seen in some wells offshore (e.g. 44/06- 1) and is equated with the Great
Limestone in Figure 22. Older northern England terminology of Lower, Middle and Upper
Limestone Groups is used in Collinson’s (2005) interpretation of this succession in Quadrants
42-44. Comparison of these names with those used in this report is provided by Figure 38 of
Stone et al. (2010).

Remarks

Compared with the Scremerston Formation, the Yoredale Formation contains thicker limestones
and the common presence of coarsening-upwards parasequences. Though present at outcrop,
typically beneath the limestones, the thin coals within the Yoredale Formation are mostly below
wireline logging resolution.

The Yoredale Formation is a continuation of the deltaic conditions that became established in
Asbian times with the Scremerston Formation. Both formations comprise Yoredale facies, with
the Scremerston Formation representing more landward environments. The cyclic character of
the Yoredale Formation resulted from fluctuations in sea level forming an extensive carbonate
shelf during high-stands with deposition of the limestones with subsequent filling of the
accommodation space as the delta system re-exerted its influence. It is thought that the sea level
changes were the far-field effect of continental glaciation (Stone et al, 2010 and references
therein).

3.5 CLEVELAND GROUP

The stratigraphical term Cleveland Group was introduced by Johnson et al. (2011) for the thick
middle Visean shale-rich succession proved in Seal Sands No. 1 well. The use of the term is
expanded in this report to describe the succession of rocks that are equivalent in age to the
Scremerston and Yoredale formations, but which differ from them in lithofacies (Figure 2 and
Figure 3). Geographically, the Cleveland Group strata occur within the Cleveland Basin. The
Group is distributed across the southern half of Quadrants 41 to 44, and Cameron (1993a)
thought it likely that these strata extend south into Quadrants 48, 49, 53 and 54. These rocks are
interpreted to have been deposited in a basin beyond the southern margin of the Yoredale delta
front and represent the distal deposits shed off the delta front; the sandstone and limestone units
may be turbiditic.

The Cleveland Group is typified by thick successions of fine-grained lithologies of siltstone and
mudstone, interbedded with thin units of sandstone and limestone. The succession lacks the thick
limestones and characteristic upward-coarsening parasequences of the Yoredale Formation, and
the many coals that are typical of the Scremerston Formation. In the upper part of the group a
high-gamma shale unit has been termed the Bowland Shale Formation by Cameron (1993a). The
wireline log characteristics are similar to the Upper Bowland Shales seen within the Bowland—
Hodder unit of the onshore Craven Basin, providing a critical link with that basin (Andrews,
2013).

Onshore, Upper Bowland Shales is a long-used term for dark grey mudstone of Pendleian age in
the Craven Basin, but is now subsumed within the Bowland Shale Formation of longer duration.
The Upper Bowland Shales name is used in the Cleveland Basin informally to emphasise the
similarity of lithology in the two basins. Cameron’s (1993a) usage is discontinued to avoid
confusion with the wider definition of the same term in the Craven Basin.

Though Johnson et al. (2011) divided the Cleveland Group in the Seal Sands No. 1 well, the
succession there is incomplete and located close to the margin of the basin. By contrast, Kirby
Misperton 1 is located towards the centre of the basin and proved a total thickness of around
1400 m for the Cleveland Group; it is used in this report as the key well for the Cleveland Group.
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There is significant lateral lithofacies variation in the group and in the informal divisions
proposed in this report are based on gross characteristics of the units. These may require
adjustment if more data become available.
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Figure 12: Map showing the distribution of wells where the Cleveland Group has been
identified, and the key well profile that illustrates the principal variation in wireline log
signature (gamma and sonic logs) and lithology of the unit in support of further unit
subdivision.
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Figure 13: Map showing the distribution of the wells where the Upper Bowland Shales has
been identified within this study, and the profile of the key well that illustrates the
principal variation in wireline log signature (gamma and sonic logs) and lithology of the
unit.

3.5.1 Cleveland Group A

Lithology

Cleveland Group A is characterised by sandstone and siltstone with thin mudstone and limestone
units. Some upward-coarsening cycles are present (e.g. well 42/16- 1).

Lower boundary

The base of Cleveland Group A is encountered in Kirby Misperton 1, where its base is taken at
base of the shale above the sandstone at the base of the well which has been previously assigned
to the Fell Sandstone Formation, but more likely with its more distal correlative, the Ashfell
Sandstone.

Upper boundary

The top of the Cleveland Group A is taken at the top of the first sandstone unit encountered
beneath the homogenous mudstone/siltstone succession of the Cleveland Group B.

Age

Palynomorphs from wells 41/14- 1, and Kirby Misperton 1 indicate that Cleveland Group A lies
within the Arundian to Brigantian interval.
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3.5.2 Cleveland Group B
Lithology

Cleveland Group B comprises mudstone and siltstone with sporadic thin units of limestone and
sandstone. The unit is characteristically homogeneous, except in Kirby Misperton 1 which
includes significant sandstone and limestone; furthermore there are thin intervals of high-gamma
mudstone.

Lower boundary

The base of the Cleveland Group B is taken at the base of siltstone overlying the uppermost
sandstone unit of Cleveland Group A.

Upper boundary

The top of the Cleveland Group B is taken below the base of the lowermost sandstone unit in the
overlying Cleveland Group C.

Age

Palynomorph assemblages from wells 41/14- 1, and Kirby Misperton 1 indicate an Arundian to
Brigantian age for the Cleveland Group B.

3.5.3 Cleveland Group C
Lithology

In general, Cleveland Group C is composed of mudstone and sandstone, with units of the latter
typically less than 50 m thick. By contrast, in Kirby Misperton 1, Cleveland Group C is
dominated by a continuous mudstone succession, intercalated with thin beds of limestone and
sandstone. In Quadrant 41 the succession superficially resembles the Yoredale Formation, but
there are fewer limestones and upward-coarsening parasequences. These wells may have
penetrated the transition zone from the Yoredale delta front into the Cleveland Basin.

Lower boundary

The base of the Cleveland Group C is taken at the base of a sandstone/siltstone unit above the
mudstone-dominated Cleveland Group B.

Upper boundary

The top of Cleveland Group C is taken below the base of the most significant sandstone body
within the overlying Cleveland Group D group.

Age

Palynomorphs from Cleveland Group C in wells 41/14- 1, 41/24a- 2 and Kirby Misperton 1
indicate an Arundian to Brigantian age for the unit.
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3.5.4 Cleveland Group D
Lithology

Cleveland Group D is characterised by thick units of sandstone with subordinate interbedded
mudstone, siltstone and some limestone. It is the most sandstone-rich of all the Cleveland Group
units. At the top of the unit is a distinctive, thin unit comprising sandstone capped by limestone
or calcareous sandstone. The thickness of the unit varies from 59 m in well 41/24a- 2 to 615 m in
well 43/17- 2.

Lower boundary

The base of Cleveland Group D is taken at the base of the most significant sandstone body
within the group, above the siltstone/mudstone-dominated Cleveland Group C.

Upper boundary

The top of Cleveland Group D is taken at the top of a limestone/calcareous sandstone unit, below
the high-gamma mudstone of the Upper Bowland Shales. In the absence of the upper marker,
particularly in the eastern wells, the formation top is picked at the base of the high-gamma
mudstone of the Upper Bowland Shales.

Age

Palynomorphs from Cleveland Group D in wells 41/14- 1, 41/24a- 2, 43/17- 2, 43/21- 2 and
Kirby Misperton 1 indicate a wide age interval from Brigantian to Arnsbergian.

Correlation with onshore UK

The limestone or calcareous sandstone at the top of the unit is known locally onshore as the
Harrogate Roadstone (Andrews, 2013).

3.5.5 Upper Bowland Shales
Name

The term Upper Bowland Shales is used informally in the Cleveland Basin for lower Namurian,
basinal, black mudstones and silty mudstones with high gamma values.

Lithology

The Upper Bowland Shales are characterised by at least one interval of a very high gamma
values (representing black shales), in an otherwise thick, homogeneous sequence of mudstones
with a sparse interbeds of siltstone, sandstone and dolomitic limestone. The thickness of the unit
varies from 17 m in well 41/15- 1 to 136 m in Kirby Misperton 1.

Lower boundary

The base of the Upper Bowland Shales is taken above the top of the first limestone or calcareous
sandstone beneath the high-gamma mudstone.
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Upper boundary

The top of the Upper Bowland Shales is picked at the base of the lowermost sandstone unit in
Cleveland Group E.

Age

The Upper Bowland Shales are late Brigantian and Pendleian in age, proved palynologically in
wells 41/14- 1, 41/24a- 2, 43/17- 2 and Kirby Misperton 1.

Correlation with onshore UK

The Upper Bowland Shales are equivalent to the upper part of the Bowland Shale Formation in
the Craven Basin. The high-gamma character is seen in the Bowland — Hodder unit of Andrews
(2013) and suggests that a link between the Cleveland and Craven Basins was established for the
first time in the Pendleian.

3.5.6 Cleveland Group E
Lithology

Cleveland Group E is defined as a relatively continuous succession of siltstones to fine-grained
sandstones, with sporadic thin sandstone and limestone beds that lies stratigraphically beneath
the Millstone Grit Formation and above the underlying Upper Bowland Shales. The unit is
105 m thick in Kirby Misperton 1 but varies from 88 m in well 42/16- 1 to 663 m in well 43/21-
2 and 1265 m in well 43/17- 2.

Lower boundary

The base is taken at the base of the most significant siltstone or sandy siltstone above the high-
gamma mudstone of the Upper Bowland Shales.

Upper boundary

The top is taken below the base of the most significant sandstone body in the Millstone Grit
Formation.

Age

The Cleveland Group E contains palynomorphs in wells 41/14- 1, 43/17- 2 and Kirby Misperton
1 that indicate a Pendleian to Alportian age and appears to be diachronous. Palynological
zonations in Quadrant 41 and in Kirby Misperton 1 indicate it is Pendleian to Arnsbergian in age.
whilst in Quadrant 43 it continues into the Alportian.
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3.6 MILLSTONE GRIT FORMATION
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Figure 14: Map showing the distribution of wells proving the Millstone Grit Formation,
and the key well profile that illustrates the principal variation in wireline log signature
(gamma and sonic logs) and lithology of the unit.

Name

Historically, the term Millstone Grit was introduced by Whitehurst (1778) for the Carboniferous
sandstones and shales in Derbyshire, whilst later, Phillips (1836) expanded the name to Millstone
Grit Series to encompass all strata overlying the Bowland Shales, and overlain by Coal Measures
(Cameron 1993a). More recently, BGS replaced the term with Millstone Grit Group (Aitkenhead
et al. 1992). The presence of the Millstone Grit Group in the Alston Block and Northumberland
Basin area has been reviewed recently by Waters et al. (2014). Cameron (1993a) proposed the
term Millstone Grit Formation for the equivalent unit in the North Sea. Cameron’s terminology
is retailed herein as we have not divided the succession the offshore.

Geographical extent

The Millstone Grit Formation is widespread south of the Mid North Sea High to the London-
Brabant Massif (Cameron, 1993a). It is recorded from wells in Quadrants 40, 41, 43, 44, and
Cameron (1993a) referred to an outlier in the north of Quadrant 39. A 126 m thick sandstone unit
with a blocky gamma-ray trace in well 26/08- 1 is tentatively correlated with the Midland Valley
Passage Formation.
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Lithology

The Millstone Grit Formation comprises cycles of sandstone, interbedded mudstone and
siltstone, thin marine bands and sporadic thin coals. The sandstone is typically coarse and very
coarse grained with some units containing common floating quartz pebbles. It lacks the upward
coarsening cycles with limestones of the Yoredale Formation. The Millstone Grit Formation has
been interpreted as a sequence of prograding fluvial and turbidite-fronted delta sequences
accumulating in basinal areas (Collinson, 1988). It is at least 930 m thick across the study area.

Key Well

The conformable top and basal contacts of the Millstone Grit Formation have been observed in
wells 44/17- 1, where it overlies Cleveland Group E, and is overlain by the Caister Formation. In
Harton 1, the formation overlies the Yoredale Formation and is overlain by the Pennine Lower
Coal Measures Formation.

Lower boundary

The base of the Millstone Grit Formation has been picked at the base of the lowermost
significant sandstone unit where it rests on basinal mudstone of the Cleveland Group or on
limestone-sandstone-mudstone cycles of the Yoredale Formation.

Upper boundary

The top of the Millstone Grit Formation is taken at the base of the lowest cluster of coal seams in
the overlying Coal Measures (Caister Coal Formation). However, in most wells, the Millstone
Grit is overlain unconformably by Permian strata.

Age

The Millstone Grit Formation is Pendleian to Yeadonian in age. However, the base of the
formation is diachronous. In the Craven Basin onshore the lowest Millstone Grit units are
Pendleian, whereas in Northumberland the lowest unit is Kinderscoutian (Waters et al. 2014).

Correlation with onshore UK

The Millstone Grit Formation is equivalent to its onshore namesake. In the Midland Valley of
Scotland rocks of this age and facies form the Passage Formation.
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3.7 CONYBEARE (COAL MEASURES) GROUP

The rocks that onshore comprise the Coal Measures Group were included as the lower part of the
Conybeare Group in the North Sea by Cameron (1993a).The Coal Measure facies of that group
was subdivided by Besly (2005), into the Caister Formation at the base, overlain successively by
the Westoe and Cleaver Formations (Figure 2). The succession has been studied extensively

across the Southern North Sea gas fields (e.g. Cole et al. 2005 and references therein) and the
account here is brief.

3.7.1 Caister Formation
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Figure 15 Map showing the distribution of studied wells where the Caister Formation has
been proved, and the key well profile that illustrates the principal variation in wireline log
signature (gamma and sonic logs) and lithology of the unit.

Name
The Caister Formation was introduced as the Caister Coal Formation by Cameron (1993a) for
the basal division of the Conybeare Group in the Southern North Sea. The term “Coal” was

omitted from the name by Besly (2005), as coal is not the dominant lithology of this unit. The
unit includes the reservoir sandstones of the Caister and Murdoch Fields (Cameron 1993a).
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Geographical extent

The Caister Formation has been proved in wells in Quadrants 41, 43 and 44. Its distribution and
preservation below the base-Permian unconformity is controlled by Variscan folding and
subsequent erosion (Cameron, 1993a).

Lithology

The Caister Formation succession is sandstone dominated, and interbedded with mudstone,
siltstone and coal seams. The coals seams are up to 5 m thick, and constitute up to 5% of the
formation (Cameron, 1993a). Major channel sandstone bodies are locally up to 50 m thick
(Cowan, 1989). The Subcrenatum Marine Band is reported from the base of the formation in
Quadrant 43 (Waters et al. 2011).

Key Wells

The conformable top and basal contacts of the Caister Formation have been proved in wells
41/18- 1, 41/20- 1 and 44/28- 3. All of these wells show a basal contact on the Millstone Grit
Formation.

Lower boundary

The lower boundary is defined at the base of the lowest cluster of coal seams marked by low-
velocity spike on sonic logs overlying the Millstone Grit Formation (Cameron, 1993a). The
lower boundary can be defined on palynological evidence within the top of the FR Zone, below
the Subcrenatum marine band (P. Osterloff, pers. comm.).

Upper boundary

The Caister Formation is overlain by the Westoe Formation, with the transitional boundary taken
at the change from sandstone-rich, to siltstone-rich coal bearing strata. However, in many wells
in the Southern North Sea, the Caister Formation is overlain unconformably by the Ketch
Formation or by Permian strata (Cameron, 1993a).

Age

The Caister Formation is the oldest unit in the Conybeare Group. Most palynomorph
determinations are indicative of a Langsettian to earliest Duckmantian age (McLean et al. 2005).
The lower part of the formation in wells 44/28- 3 and 41/18- 1 has yielded palynomorphs of
latest Namurian age (Yeadonian).

Correlation with onshore UK

The unit is equivalent to the onshore Langsettian Pennine Lower Coal Measures Formation, the
base of which is taken at the Subcrenatum marine band.
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3.7.2 Westoe Formation
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Figure 16 Map showing the distribution of the studied wells where the Westoe Formation
has been proved, and the key well profiles that illustrate the principal variations in wireline
log signature (gamma and sonic logs) and lithology of the unit.

Name

The Westoe Formation was introduced as the Westoe Coal Formation by Cameron (1993a) for
the grey mudstone- and siltstone-dominated unit of the coal-bearing succession in the Southern
North Sea. the term “Coal” was omitted from the name by Besly (2005) as coal is not the
dominant lithology of this unit.

Geographical extent

The Westoe Formation has been proved in wells in Quadrants 41 and 44. Its distribution and
preservation below the base-Permian unconformity is controlled by the Variscan folding
(Cameron, 1993a).

Lithology

The dominant lithologies within the Westoe Formation are grey mudstone and siltstone with
varying small proportions of seatearths, coal seams, and sandstone beds (Cameron, 1993a). Coal
seams are common in all wells studied and can be up to 5 m thick. Cycles are less than 20 m
thick and typically coarsen upward.

Key Wells

The conformable top and basal contacts of the Westoe Formation have been observed in wells
41/20-1 and 44/27-1. In some areas the Westoe Formation is overlain unconformably by the
Ketch Formation as illustrated in well 44/21- 3.
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Lower boundary

The Westoe Formation overlies the Caister Formation. The boundary is marked by the change
from sandstone-rich Caister Formation, to siltstone-rich coal measures facies. The boundary is
defined at the base of mudstone above the highest sandstone bed in the Caister Formation
(Cameron, 1993a).

Upper boundary

The Westoe Formation is conformably overlain by the Cleaver Formation. The upper boundary
of the Westoe Formation is marked by an increase in sand units in the succession. The top of the
Westoe Formation is taken beneath the base of the first prominent sand body.

Age
The Westoe Formation is Duckmantian in age (McLean et al. 2005).

Correlation with onshore UK

The Westoe Formation is thought to be partly equivalent to the Pennine Middle Coal Measures
Formation of England and Wales (Cameron, 1993a).
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3.7.3 Cleaver Formation
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Figure 17 Map showing the distribution of studied wells where the Cleaver Formation has
been proved, and the key well profile that illustrates the principal variation in wireline log
signature (gamma and sonic logs) and lithology of the unit.

Name

The Cleaver Formation was introduced by Besly (2005) to distinguish an upper sand-rich, coal-
bearing succession within the Schooner Formation of Cameron (1993a). The Cleaver Formation
is included in the Conybeare Group.

Geographical extent

The Cleaver Formation is only present where it has not been eroded beneath the onlapping Ketch
Formation. It has been identified in wells in Quadrants 41 and 44.

Lithology

The dominant lithologies within the Cleaver Formation are interbedded sandstone, mudstone,
siltstone and coal seams. The sandstone units are up to 10 m thick and locally form viable
reservoirs as seen in well 44/28- 2 (Besly, 2005). Substantial numbers of coal seams are present,
particularly in the lower part of the formation.

Key Wells
The upper and lower contacts of the Cleaver Formation are observed in well 44/28- 2.
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Lower boundary

The lower boundary of the Cleaver Formation is conformable with the Westoe Formation. The
boundary is marked by an increase in sandstone in the coal measures succession. The base of the
Cleaver Formation is taken at the base of the first prominent sand body.

Upper boundary

The Cleaver Formation is unconformably overlain by the Ketch Formation (Besly, 2005). The
top of the Cleaver Formation is taken above the last significant coal.

Age
The Cleaver Formation is upper Duckmantian to middle Bolsovian (Waters et al. 2011).

Correlation with onshore UK

The Cleaver Formation is thought to be partly equivalent to the upper part of the Pennine Middle
Coal Measures.
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3.8 KETCHFORMATION
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Figure 18 Map showing the distribution of the wells where the Ketch Formation has been
proved, and the key well profile that illustrates the principal variation in wireline log
signature (gamma and sonic logs) and lithology of the unit.

Name

A‘JL MMMNNL‘MW‘W%M’M“MM’ WFWMMW,*%‘JMMM

The Ketch Formation was introduced as the Ketch Member of the Schooner Formation by
Cameron (1993a). Subsequently it was shown that these rocks lie above an intra-Westphalian
unconformity and that the Ketch Formation oversteps the Cleaver Formation northwards to

overlie the Westoe Formation. The Ketch Formation (Besly, 2005), remains as part of the
Conybeare Group.

Geographical extent

In this study, the Ketch Formation has only been identified in Quadrant 44, although Cameron,
(1993a) described it from Quadrant 42.

Lithology

The Ketch Formation is a reddened succession containing sandstone beds up to 10 m thick
interbedded with mudstone and siltstone. It also contains distinctive grey and ferruginous

palaeosols and has a distinctive degraded kaolinite component in the clay mineralogy (Besly,
2005).

Key Wells

The upper and lower contacts of the Ketch Formation are observed in well 44/27- 1.
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Lower boundary

The Ketch Formation unconformably overlies the Cleaver and Westoe formations (Besly, 2005).
The base is taken above the top of the highest significant coal in the Cleaver or Westoe
formation.

Upper boundary
In this are the Ketch Formation is overlain unconformably by Permian strata.

Age

The Ketch Formation is typically barren of palynomorphs, but has yielded taxa from the part of
the SL Biozone of late Bolsovian age in well 44/21- 3 (Pearce et al. 2005). Palynomorphs
assigned to the OT palynozone of Asturian age have been recorded in some Southern North Sea
wells, from Ketch Formation equivalent strata (P. Osterloff, pers. comm.).

Correlation with onshore UK

The Ketch Formation is the offshore equivalent to the Keele Formation (Warwickshire Group) of
central England Cameron (1993a).
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3.9 UPPER CARBONIFEROUS TO LOWER PERMIAN STRATA OF THE FLORA
FIELD

Upper Carboniferous to Lower Permian strata have been proved in wells in the Flora Field
located off the Grensen Nose in Quadrants 31 and 39. The succession has been described by
Martin et al. (2002) and Bruce and Stemmerik (2003). They recognised two sandstone dominated
units, the Lower and Upper Flora sandstones, overlain by a mudstone—sandstone unit, referred to
as the Grensen Formation. Basaltic volcanic rocks separate the Lower from the Upper Flora
sandstone in some of the wells and overlie the Grensen Formation in others. Seismic data
indicate that the area is structurally complex, though no significant faults that affect the
stratigraphy have been interpreted by Martin et al. (2002). Furthermore, the seismic data suggest
that there is also stratigraphic complexity. The correlation proposed by Martin et al. (2002) is
shown in Figure 20.

3.9.1 Lower and Upper Flora sandstones
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Figure 19 Map showing the distribution of wells where the Flora Sandstones have been
interpreted, and the key well profile that illustrates the principal variations in wireline log
signature (gamma and sonic logs) and lithology of the unit.

Name

The terms Upper and Lower Flora Sandstone were proposed by Martin et al. (2002) for
sandstone-rich units separated by volcanic rocks in well 31/26a-12, the only well where both
sedimentary units are seen.

The Lower Flora Sandstone is proved in well 31/26a- 12 and has a characteristic spiky gamma-
ray signature with blocky sandstone intervals interbedded with generally thin mudstone units,
and quite distinct from the cyclicity seen in the Upper Flora Sandstone (Martin et al., 2002). The
sandstone units in the Lower Flora Sandstone have sharp bases, but the units neither fine nor
coarsen upward. The base of the formation has not been proved.

The sedimentology of the Upper Flora Sandstone has been described in detail using wireline log
data and cored sections from well 31/26¢-13 (Martin et al. 2002). The succession in that well is
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divided in a basal braided/anastomosing channel sandstone unit, overlain by braided sand-
dominated channel deposits and capped by a braided gravel and sand channel unit. Inflections in
the wireline log curves from wells 31/26- 1, 31/26¢- 13 and 31/26a-12 can be correlated clearly
with the succession displaying some cyclicity. The thin succession of sandstone and mudstone at
the base of well 39/02- 4, is inferred also to belong to the Upper Flora Sandstone. The sandstone-
dominated succession is thought to have been deposited in well-drained or dry continental
environments (Martin et al., 2002).

Palynomorphs indicative of a Bolsovian to Asturian age have been reported from the Upper
Flora Sandstone in well 31/26¢- 13 and 39/02- 4, and from the Lower Flora Sandstone in well
31/26a- 12 by Martin et al. (2002), but we have been unable to assess the original report
independently.

The Upper and Lower Flora sandstones were deposited contemporaneously with the
Warwickshire Group onshore and the Ketch Formation in the Silverpit Basin, but direct
correlation is not implied with the data currently available.

Martin et al. 2002 Correlation
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Figure 20 Correlation between the Upper Carboniferous to Lower Permian succession in
the Flora Field, after Martin et al. (2002).
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3.9.2 Grensen Formation
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Figure 21: Map showing the location of wells where the Grensen Formation has been
interpreted, and the key well profiles that illustrate the principal variation in wireline log
signature (gamma and sonic logs) and lithology of the unit.

Name
The Grensen Formation was recognised informally by Bruce and Stemmerik (2003).

Geographical extent and key wells

The Grensen Formation is interpreted to be present in wells 39/02- 1, 4 and 39/07- 1 in the
southern part of the Flora Field. The formation unconformably overlies the Upper Flora
Sandstone in well 39/02- 4 and the Yoredale Formation in wells 39/02- 1 and 39/07- 1. In all of
the wells the Grensen Formation is overlain by volcanic rocks of the Inge Volcanic Formation
(see below).

Lithology

The Grensen Formation is a succession of interbedded mudstone and sandstone, the latter in
units up to 3 metres thick. It has been interpreted as being deposited in a fluvial or alluvial
setting. The formation appears to thicken to the south and west. Bruce and Stemmerik (2003)
have suggested that the heavy mineral assemblage has more affinity to Permian than to other
Carboniferous sandstones.

Age

The Grensen Formation has proved to be barren of organic material (Bruce and Stemmerik,
2003). Heeremans et al. (2004) determined an Ar-Ar date of 299 £3 Ma on the volcanic rocks
above the Grensen Formation in well 39/02- 4, implying that the Grensen Formation has a late
Carboniferous age.
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3.9.3 Volcanic rocks
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Figure 22 Map showing the distribution of wells where volcanic rocks have been
interpreted, and the key well profile that illustrates the principal variations in wireline log
signature (gamma and sonic logs) and lithology of the unit.
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The Inge Volcanics Formation was introduced by Cameron (1993a) for volcanic rocks proved in
wells 31/26a- 12, 31/26¢c- 13, 39/02- 1, 4, and 39/07- 1 in Quadrants 31 and 39. The volcanic
rocks comprise basalt, volcaniclastic rocks and interbedded claystone and sandstone and have
distinctive wireline log responses (Cameron, 1993a; Heeremans et al., 2004).

Martin et al. (2002) recognised that there are two volcanic units, the first separating the Upper
and Lower Flora sandstones and the second overlying the Grensen Formation (Figures 22, 29).
Martin et al. (2002) determined a whole rock K-Ar radiometric age of 299+9 Ma for the lower
unit in well 31/26a-12. The substantial error means that this date is permissible with the
Westphalian biostratigraphical determinations on the enveloping Flora sandstones. Interpretation
of the seismic data by Martin et al. (2002) shows that in the Quadrant 39 wells there is only a
single volcanic unit, referred by them to the “upper volcanic unit (Inge Volcanics)”. In this area
the lower volcanic unit is apparently not preserved. Later, Heeremans et al. (2004) obtained a
more precise Ar-Ar age of 299+ 3 Ma for the upper volcanic unit proved in well 39/02- 4 and
this unit is equated with the Inge Volcanics Formation. Thus, two volcanic events are
represented in the Flora Field, an earlier, Westphalian event, and a later one near to the
Carboniferous — Permian boundary.

The two volcanic units are considered to be associated with the widespread late Carboniferous —
early Permian tholeiitic magmatism stretching from Scotland and Northumberland to the Oslo
Graben (Heeremans et al., 2004; Stephenson et al. 2003).

3.10 INTRUSIVE IGNEOUS ROCKS

The Whin Sill Swarm was intruded into the Visean, Namurian and Westphalian rocks throughout
much of northern England in earliest Permian times (Stone et al. 2010 and references therein). In
the coastal region it was recorded within the Yoredale Formation in Seal Sands and Harton 1
wells and offshore in well 41/01- 1. Within Harton 1, there are three individual sheets with a
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combined thickness of around 90 m. One 16 m thick sheet was encountered within Seal Sands
No. 1 well and a 27 m thick single sheet within well 41/01- 1. The Whin Sill has not been
encountered in any other well examined during this study, suggesting the swarm terminates east
from well 41/01- 1.
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4 Correlation Panels

To illustrate the stratigraphic relationships and lithofacies variations of the Carboniferous and
Devonian rocks of the Central North Sea and Mid North Sea High, nine correlation panels have
been constructed across the area (Figure 1). The panels were also used to aid seismic
interpretation. Portions where biostratigraphic constraints were available in wells are marked
with a plus (+) symbol in the biostratigraphy column.
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Tournaisian to Westphalian strata from the Dogger Granite High to the
Silverpit Basin
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Figure 23 North-South correlation panel from the Dogger Granite High in Quadrant 38 south into Quadrant 44 showing how Lower Carboniferous stratigraphy is related to Namurian and Westphalian stratigraphy in
the Silverpit Basin. This panel shows the most southerly occurrence of the Tayport Formation in this study. It also shows a dramatic stratigraphic jump between the wells 44/06- 1 to 44/12- 1, due to faulting south of the
Dogger Granite High.
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Devonian and Carboniferous strata from the Mid North Sea High to south of the

Auk-Flora ridge
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Figure 24 West-East correlation panel from the Mid North Sea High into the North Dogger Basin and on to the Auk-Flora ridge, showing wells proving the Kyle Group and Buchan Formation. The Tournaisian to
Namurian Carboniferous strata in the North Dogger basin and in Quadrant 39 are also shown.
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Tournaisian and Visean Carboniferous strata from the Mid North
Sea High to south of the Auk ridge
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Figure 25 West-East correlation panel from the Mid North Sea High to south of the Auk Ridge highlighting the variability in Tournaisian and Visean strata east of the Dogger Granite High and into the North Dogger
Basin in Quadrant 38.
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Yoredale, Scremerston, Fell and Cementstone formations, from the
onshore to the north of the Silverpit Basin
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Figure 26: A broadly west to east profile across the Yoredale, Scremerston, Fell and Cementstone formations, from the onshore Harton 1 well in the west (Alston Block) to 43/02-1 (north of the Silverpit Basin) to the
east. The character of each formation varies little across the panel, with the Yoredale Formation exhibiting typical upward coarsening sequences with limestones. The Whitby Sandstone Member, identified by two
distinct leaves of sandstone separated by a mudstone in the gamma log, is found in the lower part of the Yoredale Formation in 41/10- 1, 42/10b- 2 and 43/02- 1.
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North-east to south-west line from the Yoredale type facies to Cleveland

Group facies
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Figure 27: Comparison of Yoredale type facies from north of Quadrant 42 to Cleveland Group facies, in a line running from north-east to south-west, terminating in the onshore Kirby Misperton 1 well. The panel
crosses the northern margin of the offshore Cleveland Basin, between deltaic upward coarsening Yoredale-type sequences and the time equivalent Cleveland Group mudstone and shale-dominated sequences.
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Cleveland Group and Bowland Shale Formation distribution from
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Figure 28 Cleveland Group and Bowland Shale Formation distribution, west to east across Quadrants 41, 42 and 43. The transition from the Cleveland Group ‘E’ and the Millstone Grit Formation is diachronous and
both were being deposited in different parts of the basin from Arnsbergian to Alportian stages. The amount of sandstone in the Millstone Grit Formation is also variable across the Quadrants, and is typically more

sandstone-rich in the east.
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Devonian and Carboniferous strata of the Auk-Flora ridge
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Figure 29 Devonian and Carboniferous strata of the Auk-Flora ridge from Quadrant 31 to 39,.
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Devonian and Carboniferous strata of the Forth
Approaches basin from West to East
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Figure 30 Devonian and Carboniferous strata of the Forth Approaches basin from West to East. Note that palynomorphs in the base of 26/07- 1
indicate the top Cementstone Formation and this matches with characteristic seismic reflectors just below the well TD.
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5 Palaeogeography

Six time-slices are presented from the Mississippian and early Pennsylvanian. They were
constructed using the lithostratigraphy and lithofacies seen in wells and in seismic correlations
arranged in time-slices based predominantly on palynology from the well samples.

These maps attempt to portray not only where the major lithofacies were deposited during the
given time-slices, but also incorporates subcrop data to show where these rocks have been
removed during late Carboniferous and Early Permian uplift and erosion. Thus, perhaps the most
widespread Carboniferous rocks at subcrop across the Mid North Sea High are the Tournaisian
formations.

Some general features of the geological evolution of the region are evident from these maps.
Onshore in northern England, sediment accumulation through the Mississippian is controlled by
the marked granite-cored blocks and basin structure which became established in Tournaisian
times. The markedly thicker succession in the onshore Northumberland Basin relative to the
blocks does not appear to be repeated offshore where thickening of sedimentary successions in
the hanging wall of faults is nowhere proved as a typical syn-rift wedge of divergent reflectors.
This onshore basin had little or no topographical expression (Brand 2011).
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Tournaisian — Chadian (CM-Pu (early) Palynozone)
Offshore: Cementstone Formation.
Onshore: Ballagan and Lyne formations

During this interval, coastal plain to marginal marine conditions were widespread across the region. In the Midland Valley of Scotland, Forth Approaches
Basin and around Berwick upon Tweed, coastal-plain siltstones are interbedded with lacustrine siltstones and cementstones; the latter, typically in beds
up to 1 m thick were probably deposited in saline lagoons (Anderton 1985; Scott 1986; Andrews et al. 1991). Abundant palaeosols testify to terrestrial
conditions including the development of forests. Fluvial sandstone bodies make up about 30% of the succession in the northern parts of Quadrant 33,
adjacent to the Southern Uplands, but are sporadic elsewhere. Evaporite deposits (anhydrite and gypsum) are a significant constituent of the sequence in
boreholes onshore, representing supra-tidal sabkha deposits, but many of these occurrences are less than 1 m thick. Marine incursions in this area are
typically cryptic. Thicker, probably marine, anhydrite deposits have been reported from the Northumberland Basin (Ward, 1998). The more marine
character of the Northumberland Basin and of the succession in the wells in the northern sector of Quadrants 41-44 is also shown by the presence of
limestones up to 10 m thick, containing a marine invertebrate fauna and representing more sustained marine conditions, typical of the Lyne Formation in
Northumberland (formerly Lower Border Group, sensu Day, 1970).

Interpretation of the seismic data across Quadrants 34 to 38 suggests that the Cementstone Formation pinches out adjacent to ‘highs’ which may
represent emergent, possibly upland areas, just as is seen onshore with the Southern Uplands, Cheviot, Lake District and Alston blocks. The emerging
picture is of a “barrier island’ type of coastline, with restricted marine conditions to the south and coastal plain to the north.

Onshore, the Ballagan Formation mudstones have low TOC values and probably do not have significant source-rock potential (Monaghan, 2014). The
channel sandbodies present are typically less than 20 m thick, but any substantial lateral continuity has not been proved.
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Arundian (Late Pu —early TS Palynozones)
Offshore: Fell Sandstone Formation and Cleveland Group.
Onshore: Fell Sandstone Formation, Lyne Formation (part), Ashfell Sandstone Formation, Great Scar Limestone and Craven groups.

Arundian times saw the first establishment of a major delta system across the region. A major, braided fluvial system, probably originating in the
Caledonide Mountains far to the north-east spread coarse-grained sandstone in stacked, multi-storey sheets southward (Turner & Munro 1987; Morton et
al., 2001). In north Northumberland the sand sheets probably fill an incised channel, but in the Northumberland Basin sandstone sheets are intercalated
with marine siltstones and the Fell Sandstone Formation progrades south-westwards (Turner et al. 1997). The depositional extent of the sandstones across
the Mid North Sea High is thought to be greater than that of the Tournaisian rocks, but nevertheless it is possible that ‘emergent’ areas existed.

In the Cleveland Basin, the time-equivalent rocks are the interbedded sandstone and mudstone of Cleveland Group A, and possibly the mudstone-
dominated Cleveland Group B. The sandstone units probably represent the distal facies of the Fell Sandstone. The eastern extension of the Fell Sandstone
“delta front” is inferred approximately from structural considerations. The sandstone present at the base of Kirby Misperton 1 well is inferred to be akin
to the Ashfell Sandstone which is seen widely in northern England.

The Fell Sandstone has the potential as a reservoir rock. The mudstones of the Cleveland Group in the Cleveland Basin may be potential source rocks.
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Late Asbian (NM Palynozone)
Offshore: Scremerston and Firth Coal formations, and Cleveland Group.
Onshore: Tyne Limestone Formation (Scremerston Member), West Lothian Oil Shale Formation, and Great Scar Limestone and Craven groups.

Late Asbian times saw the first development of the fluvio-deltaic Yoredale facies across the region. Glacio-eustatic fluctuations in sea level affected the
delta top and delta plain environments by episodic rises in sea-level establishing shallow carbonate platform conditions, followed by clastic sediment
infilling accommodation space, resulting in terrestrialisation and development of coal mires (e.g. Wright & Vanstone, 2001). In the Scremerston
Formation the limestone part of the cycle is generally short lived and in north Northumberland and the Forth Approaches limestones may be very thin or
absent from some cycles. In contrast, towards the south, limestones are thicker and more consistent. A large lake was established in the eastern part of the
Midland Valley accumulating organic-rich muds that formed the West Lothian Oil Shale Formation. Though deposition was thought to be over the whole
area, end Carboniferous to early Permian erosion has removed large parts of this formation from the Mid North Sea High region.

The previously emergent Lake District, Alston and Askrigg blocks onshore finally became submerged during Asbian time with the establishment of
carbonate platforms. Abundant palaeokarstic surfaces in the upper Asbian Malham Formation (Great Scar Limestone Group) represent the emergent parts
of the Yoredale cycles of the Scremerston Formation. Offshore, wells show the eastward extension of the platform across Quadrant 41, where limestone
units interdigitate with Scremerston Formation to the north, and with mudstone-dominated succession of Cleveland Group C to the south.

With the abundance of coals in both the Firth Coal and Scremerston formations, and of oil shales in the Midland Valley, the rocks of this interval have
the potential as hydrocarbon source rocks. Additionally, multistorey fluvial sandstone bodies with a ribbon-shaped geometry of up to 30 m thick and up
to several kilometres wide and tens of kilometres long within the onshore Scremerston Member are potential reservoir rocks (Jones, 2008).
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Figure 35 Brigantian palaeogeography (VF Palynozone)
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Brigantian (VF Palynozone)
Offshore: Yoredale Formation and Cleveland Group.
Onshore: Lawmuir, Lower Limestone and Alston formations, Bathgate, Craven and Cleveland groups.

At the onset of Brigantian times, the carbonate platforms of northern England were overstepped by the Yoredale fluvio-deltaic clastic sediments and
shallow carbonate seas. During this interval the marine limestones are at their thickest development. The thickest of these onshore is the Great Limestone,
typically about 20 m thick which occurs at the top of the Alston Formation (Waters et al., 2011). A limestone of similar thickness seen in wells offshore
in Quadrants 41-42 may be its correlative (Collinson, 2005). Onshore, the siliciclastic intervals within the cycles are thickened in the basins, whilst the
limestones maintain fairly constant thickness across the area.

As with the Scremerston Formation, the Yoredale Formation has the potential for both source and reservoir rocks, though coals are typically less well
developed. However, the limestones are characteristically dark and bituminous. Incised fluvial channel systems are of the same order of magnitude as
those seen in the Scremerston Formation. In general, both the limestone and sandstone beds are typically sub-seismic resolution, except with the highest
quality data.
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Figure 36 Pendleian palaeogeography (NC Palynozone).
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Pendleian (NC Palynozone pars)
Offshore: Yoredale Formation, Cleveland Group (Upper Bowland Shales)
Onshore: Limestone Coal, Upper Limestone, Alston, Stainmore and Pendleton formations; Craven Group (Bowland Shale Formation)

The Yoredale facies established earlier continued through Pendleian and Arnsbergian times, though here above the horizon of the lower Pendleian Great
Limestone, the limestones are thinner and more difficult to recognise in the wells. Substantial areas of these rocks across the North Sea High were eroded
away in Late Pennsylvanian and Early Permian times. Fluvial, fine to medium-grained sandstones become progressively more significant within the
succession. Onshore, incised channels filled with coarse-grained sandstone are inferred to feed the sandstone deltas seen to the south in the Craven Basin
(Waters et al. 2014). Similar spreads of sand are inferred to the east in the Cleveland Basin. Wells in the southern part of Quadrants 41-44 record high-
gamma mudstones that may be correlated with the Upper Bowland Shales of the Craven Basin; this shows, perhaps for the first time, a link between the
two basins.

The high gamma values for the Upper Bowland Shales offshore suggest that these rocks have the potential as source rocks.
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Kinderscoutian (early KV Palynozone)
Offshore: Millstone Grit Formation.
Onshore: Millstone Grit Group, Passage and Stainmore formations.

With renewed uplift in the Caledonide source region to the north-east, sheets of coarse deltaic sandstone spread across the entire region, though most of
these rocks have been eroded from the Mid North Sea High region during Late Pennsylvanian and Early Permian times (Hallsworth & Chisholm 2003).
The thick sand bodies are intercalated with increasing thicknesses southwards of siltstone and claystone, seat-earths and coals. In contrast, Yoredale
facies rocks (Stainmore Formation) continued to dominate in the Northumberland basin (Waters et al. 2014).

The sandstones of the Millstone Grit Formation are potentially reservoir rocks in the southern parts of Quadrants 41-44.
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Appendix 1

Biostratigraphic correlations used in this project.

These are all taken from C.N.WATERS, I. D. SOMERVILLE, M. H. STEPHENSON, C. J. CLEAL &
S. L. LONG, ‘Chapter 3 Biostratigraphy, in "A revised correlation of Carboniferous rocks in the

British Isles.” Geological Society of London, 2011,
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