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Abstract
The existence of an extensive, prospective Visean—Namurian Carboniferous petroleum system in and around the
hitherto under-explored Mid North Sea High is documented. Evidence is drawn from integrated analysis of over
50,000 line kilometres of seismic data and well data, together with regional source rock screening, reservoir analysis

and basin modelling.

Visean-Namurian marine and non-marine mudstones and coal source rocks are interbedded within fluvial and
marine reservoir sandstones within a stacked succession up to 5 km thick. Source rocks are dominantly gas-prone
with oil-prone intervals, and have reached oil to gas maturity levels dependent on location. Burial/thermal history
modelling indicates a kitchen area on the southern margin of the Mid North Sea High with northwest and
northeastwards migration of gas and oil during Mesozoic and Cenozoic times. A variety of structural and
stratigraphic traps are possible, including intraformational Carboniferous traps, with a regional seal at Permian
(Zechstein) level. Synthesis of many previously unpublished datasets demonstrates the Visean—Namurian play south
of the Mid North Sea High as part of an extensive petroleum system from the East Irish Sea, across onshore to
offshore UK and into The Netherlands sector of the North Sea. The purpose of this synthesis is to highlight future

exploration opportunities beneath and northwards of the productive Westphalian Southern North Sea gas basin, and
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to begin to de-risk the petroleum systems that are exemplified by the lower Carboniferous Breagh Field in a frontier

area of the mature North Sea province.

1 Introduction

For both maximum economic recovery and security of energy supply, the UK Government and Qil and Gas Authority
advocate extending the life of the mature North Sea province. This paper synthesises regional datasets in a
previously under-explored area to highlight a petroleum system beneath and northwards of the existing, world-class
Southern North Sea gas province, potentially extending the life of the mature UK North Sea province into a frontier

area.

The Breagh Field (blocks 42/12a, 42/13a; Figures 1, 2), with total recoverable reserves estimated at 19.8 billion cubic
metres (699 billion cubic feet) gas (DEA Group, 2015), proves a working petroleum system in older Visean—Namurian
age strata than in the highly productive Westphalian strata predominant in the Southern North Sea gas province
(Figures 1, 2; Cameron et al., 2005; Kombrink et al., 2010; Symonds, 2015; Symonds et al., 2015; Underhill, 2003).
The spatially extensive Visean—Namurian succession subcrops at the base Permian unconformity on the southern
margin of the ‘Mid North Sea High’ (Collinson, 2005) and has been seismically interpreted in Quadrants 29, 37, 38
and 39 of the UK Continental Shelf (UKCS) (Hay et al., 2005; Milton-Worssell et al., 2010), leading to suggestions of a
potentially prospective petroleum system in these lower—middle parts of the Carboniferous succession (e.g. Milton-
Worssell et al., 2010). Lessons learned from exploration and production within the Southern North Sea Westphalian—
Permian play, such as the challenges of seismic interpretation beneath Zechstein evaporites, complex structure and
correlation of sandstones lacking biostratigraphic control (Besly, 2005; Cameron et al., 2005), combined with sparse
datasets and lack of regional geological knowledge, had led to Visean—Namurian Carboniferous petroleum systems

being viewed as frontier and risky (e.g. Besly, in press).

Consultation following a major review of the UK oil and gas industry by Wood (2014) identified certain Devonian and
Carboniferous potential plays of the UKCS as of top significance for building regional digital datasets and stimulating
exploration, to maximise economic recovery. Together with the UK Government-funded seismic survey of the Mid

North Sea High (MNSH) released in 2016 and the UK Government 29™ Offshore Licensing Round, the 21% Century
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Exploration Roadmap (21CXRM) Palaeozoic Project (2014-2016) contributed to increased exploration activity of the
‘frontier’ MINSH region. This paper is a regional scale synthesis of the prospective Visean—Namurian petroleum
systems evidenced in detail in the 21CXRM Palaeozoic project datasets and explanatory reports released in 2017*.
This work incorporates released and unreleased data, including thousands of previously unpublished
biostratigraphic, geochemical and core sample analyses, to begin to challenge some of the ‘founding myths’ (Besly,

in press) of Carboniferous prospectivity.

The study area covers Quadrants 25—-44 of the UKCS (Figures 2, 3), encompassing the geographical area termed the
‘Mid North Sea High’ that separates the Southern and Northern Permian basins. The ‘MNSH’ is loosely defined and
of varying extent within published maps and literature. The term is best applied at Permian level as the area includes
a number of underlying Devonian—Carboniferous basins. A Carboniferous relative high is present under the southern
part of Quadrant 26, Quadrants 27, 28 and northern parts of Quadrants 34, 35, 36 (e.g. Arsenikos et al., 2015, in
press; Figures 2, 4), though the paucity and quality of data makes definition of its full extent difficult. Within this
paper the term ‘Mid North Sea High’ is used in its loose geographical sense, with study sub-areas referred to as
shown on Figure 3. Western European stage and substage timescale names are used, with early/lower and

late/upper Carboniferous used informally.

*downloads available from http://www.bgs.ac.uk/research/energy/petroleumGeoscience/explorationRoadmap.html
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Figure 1 Summary of upper Devonian, Carboniferous and Permian stratigraphy with potential source,
reservoir and seal rocks indicated along with existing hydrocarbon fields. Note that the Cleveland Group
includes the Upper Bowland Shale. The stratigraphy found in the north and east of the study area is
broadly on the right hand side, the stratigraphy in the south and west of the study area is broadly on the
left hand side.

1.1 REGIONAL EVIDENCE FOR A VISEAN-NAMURIAN PETROLEUM SYSTEM AND SYSTEM ELEMENTS

Visean and Namurian oil and gas fields, discoveries and shows in Quadrants 25-44 of the UKCS are dominantly
located on the southern margin of the MNSH and are part of an extensive, connected swathe of hydrocarbon-related
finds of a similar age (Figures 2, 3). They link up eastwards into the Netherlands sector, and extend westwards
across the UK (incorporating onshore oil and gas fields of the East Midlands and Cleveland Basin and prospective
onshore UK shale gas resources) and into the Carboniferous-sourced, Triassic-reservoired fields of the East Irish Sea

(Figure 2). Situated north of the Westphalian gas basin, the data collation from offshore well reports (Vane et al.,



2015) summarised in Figure 2 presents evidence for a Visean—Namurian petroleum system and/or Visean-Namurian

petroleum system elements.

The East Midlands oil fields (Figures 1 and 2) are largely sourced from Namurian basinal shales (DECC, 2013;
Kombrink et al., 2010; Pharaoh et al., 2011; Pletsch et al., 2010), with Namurian and Westphalian channel-sandstone
reservoirs, and have been producing for many years. Several Namurian-sourced gas fields occur in the Cleveland
Basin in Permian reservoirs (DECC, 2013; Pletsch et al., 2010), onshore from Quadrant 41 (Figure 2). Significant
onshore shale gas resources have been estimated within the Namurian basinal shales (Andrews, 2014) and these
rocks also form the source for the East Irish Sea oil and gas fields (Armstrong et al., 1997). Gerling et al. (1999)
highlighted the likely contribution of a mature Namurian basinal source rock in addition to Westphalian Coal

Measures to gas fields of the Southern North Sea.

A working petroleum system also exists to the north of the Mid North Sea High as evidenced by Carboniferous oil
and gas shows in the Forth Approaches (Quadrant 26), together with shows and the previous Midlothian, D’Arcy-
Cousland fields in the Midland Valley of Scotland (Figure 2). Qil and gas production in the Midland Valley of Scotland
was sourced from, and trapped in, lower Carboniferous strata (Hallett et al., 1985; Underhill et al., 2008).
Prospective shale gas and shale oil resources have also been mapped within the Visean and Namurian succession

(Monaghan, 2014).

The hydrocarbon shows and fields within thick Visean and Namurian lacustrine, fluvio-deltaic and marine successions
(Figure 2; Monaghan et al., 2015; Vane et al., 2015) highlight that source, reservoir and seal rocks exist within both
structural and stratigraphic traps, as well as being potential source rocks for younger Westphalian and Permian
reservoirs. Data summarised in this paper provides further evidence for both a prospective Visean—Namurian

petroleum system and for Visean-Namurian petroleum system elements across Quadrants 25-44.
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Figure 2 Map of Visean—Namurian shows, discoveries and fields across Quadrants 25-44 from a review

of well reports (Vane et al., 2015). Also includes Visean-Namurian gas shows in The Netherlands sector

from ter Borgh et al. (in press a), onshore oil and gas fields of the East Midlands and Yorkshire (Pletsch et

al., 2010), Namurian shale gas resources (Andrews, 2013), Irish Sea fields, and Midland Valley of Scotland

oil and gas shows and shale resources (Monaghan, 2014).



2 Datasets and methodology

This paper synthesizes information from a set of nine detailed, evidence-based reports that were
peer-reviewed by industry and Oil and Gas Authority experts during the 21CXRM Palaeozoic Project.
An interpretation of key stratigraphic boundaries and faults from over 50,000 kilometres of regional
2D long-offset seismic data and selected 3D surveys (Figure 3) was presented by Arsenikos et al.
(2015, in press). These were tied to re-interpreted well data in order to map an extensive Visean—
Namurian aged basin fill of fluvio-deltaic, lacustrine and marine mudstones, siltstones, sandstones,
limestones and coals (Kearsey et al.,, 2015, in press). Well data are sparse, with many wells
terminating just into the Carboniferous succession. Gravity and magnetic studies constrained basin
geometries further in areas of wide seismic data spacing, and delineated areas of granitic and other

igneous intrusions (Arsenikos et al., in press; Kimbell and Williamson, 2015).

Rock-Eval and vitrinite reflectance source rock data from variable vintage legacy well reports, papers
and donated datasets were tabulated, and combined with 150 new BGS analyses, to result in more
than 2500 rows of data for upper Palaeozoic samples from 76 wells (Figure 4; Vane et al., 2015).
Regional screening was undertaken on a well by well basis to examine source rock quality, remaining
hydrocarbon generation potential, maturity etc. and linked to text descriptions of kerogen type and
geochemical typing studies (Vane et al., 2015). However, given the spatial and downhole sparsity of
sample data, 31 well logs were also petrophysically analysed to offer a more continuous depth range
output than the geochemical sample analyses (Gent, 2015). This provided an indication of the
percentage of shale and total organic content with depth (Figure 3). Source rock, seismic and well
interpretations were combined in a thermal and burial basin history modelling study using

BasinMod™ 1D and 3D (Vincent, 2015).



Porosity and permeability data were tabulated from legacy well reports of tests on core samples
from over 100 wells (Hannis, 2015). To further characterise Carboniferous and Devonian reservoir
intervals, the core data were used to calibrate continuous (along borehole) petrophysical well log
analyses to calculate net to gross (porosity>5%, clay volume <50% cut off), porosity and permeability
(permeability transforms were calculated on a well-by- well and formation-by-formation basis using
the Robust Fit regression method in IP™) of potential reservoir intervals (Hannis, 2015; Figure 3).
The various datasets were integrated and synthesised to a petroleum system analysis (Monaghan et
al.,, 2015), which is summarised in this paper. The methodology focussed on gathering of basic
geological datasets and regionally-consistent interpretations to enable future block-scale studies,

rather than a play fairway or common risk segment mapping approach.
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Figure 3 Data coverage of 2D seismic datasets and wells penetrating pre-Permian strata,

together with the study areas discussed in the text. 3D seismic data used in Quadrants 28,



29, 30, northern 37-39, 42 is not shown. Note that the study used released and
unreleased seismic data prior to the completion of the 2016 Government seismic data
(not shown) over the Mid North Sea High. Wells used in petrophysical studies of Total

Organic Carbon (Gent, 2015) and porosity and permeability (Hannis, 2015) are highlighted.
The interpretational confidence is extremely variable, relating to both data density and data vintage
and quality. Seismic data were chosen for their penetration and reflectivity of Palaeozoic intervals,
however variable data quality impacts confidence e.g. beneath areas of complex halokinesis
(Arsenikos et al. 2015, in press). The most sparse data coverage and lowest confidence is over the
dashed area of the MNSH, whereas the densest data coverage and highest confidence is for the

southern MNSH margin (Figure 3).

3 Overview of Palaeozoic petroleum systems in and

around the Mid North Sea High

3.1 OVERVIEW OF CARBONIFEROUS BASINS

A range of Carboniferous basin orientations, depths and thicknesses have been mapped in and
around the MNSH, strongly influencing basin fill, basin history and potential prospectivity (Figure 4;
Arsenikos et al., 2015, in press; Vincent, 2015). In southern parts of Quadrants 37 and 38,
Carboniferous units onlap the southwestern margin of the Dogger Granite High and pass westwards
and southwards to a series of basins and local highs (Figure 4). The Breagh Field and Crosgan
discovery are located on one of these highs (Figure 4). In Quadrants 43—44 the mapped top
Scremerston Formation dips steeply to 5 km depth, beneath the younger Carboniferous strata of the
Silverpit basin (Figure 4). Recent studies by Rodriguez et al. (2014), Parsons (2015) and Patruno et al.
(2017) have also considered the hydrocarbon potential of the lower Carboniferous play around parts

of this southern margin of the Mid North Sea High. Farther to the south and west towards the



onshore Cleveland Basin (Quadrants 41 and 42) insufficient resolution of seismic data at
Carboniferous levels precluded interpretation. Seismic interpretation further to the north in
Quadrants 34—-36 delineated the offshore extension of the Northumberland Trough and a series of

NW-trending faults (Figure 4), although this area is very poorly constrained by well ties (see

Arsenikos et al., 2015, in press).
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Figure 4 Summary structural overview of the Devonian and Carboniferous basins and
highs discussed in the text. The location of wells studied for source rock geochemistry

(Vane et al., 2015) and basin modelling (Vincent, 2015) are highlighted.
A lower Carboniferous ‘Quadrant 29’ basin, unproved by well penetrations, was mapped from

seismic data in the southern part of Quadrant 29 by Hay et al. (2005). Seismic and gravity data
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interpretations by Milton-Worssell et al. (2010) illustrated the continuation of this basin to the
south-east into Quadrants 37, 38 and 39, south-west of the Auk-Flora ridge. Situated outside the
area of Jurassic source rock, Hay et al. (2005) noted the correlation between the occurrence of gas
chimneys and shallow gas in southern Quadrant 29 within the mapped basin, and suggested a deep
thermogenic, Carboniferous source for the gas. Using independent well log and stratigraphic re-
interpretations and an extensive seismic dataset, the extent of the Quadrant 29 and North Dogger
Devonian and Carboniferous basins have been further delineated as significant Palaeozoic structural
elements (Figure 4: Arsenikos et al., 2015, in press). The structural configuration continues in The
Netherlands sector where Carboniferous basins have been mapped to the north-east and south-

west of the Elbow Spit High (EBN 2015 a,b; ter Borgh et al., in press a,b).

To the north of the Mid North Sea High, the Forth Approaches Basin is mapped as a complex half-
graben structure with Carboniferous strata reaching depths of around 3 — 4 km. Together with a
Carboniferous basin in Quadrant 25, these structures form an en-echelon continuation of the

onshore Midland Valley of Scotland (Figure 4; Arsenikos et al., 2015, in press).

A key finding of the regional seismic mapping is the extent of Visean (Holkerian—Asbian) coal and
mudstone source rocks of the laterally equivalent of the Scremerston, Firth Coal formations and
Cleveland Group, at depths of around 3— 5 km. They were found to extend from the southern Mid
North Sea High and Silverpit Basin, to the North Dogger and Quadrant 29 basins, and within the
Forth Approaches Basin (grey shaded extent of Visean-Namurian succession on Figure 2; Arsenikos

et al., 2015, in press.

3.2 PALAEOZOIC PETROLEUM SYSTEM ELEMENTS

A number of Palaeozoic petroleum systems or system elements can be defined around the Mid
North Sea High (Quadrants 25-44) including the productive Westphalian and Permian plays of the

Southern North Sea (Figure 5). This paper highlights interpretations of a Visean—Namurian ‘clastic
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play’ and a coeval, siltstone-mudstone, marine-dominated ‘basinal play’ (Figures 1, 5, 6). The clastic
play comprises fluvio-deltaic, lacustrine and periodic shallow marine environments within the Fell
Sandstone, Scremerston, Yoredale and Millstone Grit formations (proved in Quadrants 26, 29, 36—39
and northern parts of blocks of Quadrants 41-44), and the basinal play the Cleveland Group
including the Upper Bowland Shale (southern parts of Quadrants 41-44; Figures 1, 5, 6). The spatial
extents of the kilometres-thick successions are controlled by both depositional facies, as highlighted
in palaeogeographic reconstructions from the Arundian to Pendleian (Kearsey et al., 2015, in press),

and erosion at the latest Carboniferous—early Permian Variscan Unconformity (Figure 5).

Similar to the Westphalian Coal Measures, Visean—Namurian strata (Fell, Scremerston, Yoredale,
Millstone Grit formations and the basinal Cleveland Group units) are commonly heterolithic and the
younger units are cyclical, responding to variations in sea level, tectonics and sediment supply.
Mudstone, carbonaceous mudstone, coal, oil shale and bituminous limestone source rocks occur in
close proximity to reservoir rocks - mainly coarse channel sandstones or estuarine and coastal

sandstones. Intraformational seals could be provided by extensive mudstones.

An overview schematic cross-section from the south to the east of the Mid North Sea High (Figure 5)
highlights the vertically stacked and laterally equivalent Palaeozoic petroleum system elements.
Intraformational Carboniferous traps and seals could be extremely important within the Visean-
Namurian clastic and basinal plays. Structural and dip traps of faulted/folded Carboniferous strata
against the base Permian unconformity and seal (Zechstein evaporites) are the primary trap/seal
mechanism envisaged. High quality Permian reservoirs (e.g. the Auk and Leman sandstones) are also

located beneath the Zechstein seal in some parts of the study area.
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Figure 5 Overview schematic cross-section of Visean-Namurian plays and other Palaeozoic
petroleum system elements from Quadrants 38-43, the approximate line location is

shown on Figure 4.
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Figure 6 3D schematic block diagram of the generalised structure and lowstand
depositional environments in the Scremerston/Yoredale formations across Quadrants 35—
44. The topography in the diagram is exaggerated to highlight the features. In reality,
sedimentation is interpreted to have kept pace with tectonism such that fault scarps
would not likely have been exposed.. During highstands, marine incursions occurred

across the fluvio-deltaic plain.
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The lower Carboniferous clastic play is also a key part of the structurally-controlled Palaeozoic
petroleum system in the Forth Approaches, north of the MNSH. Coal, mudstone and thin oil-shale
source rocks are present within the Visean Firth Coal/Scremerston Formation (Figure 7; see also
Bruce and Stemmerik, 2003). Clastic reservoirs of mid—late Carboniferous or Rotliegend age and
possible Zechstein carbonate reservoirs are capped by Zechstein evaporites, often strongly affected
by halokinesis, which likely form an effective seal (Figure 7). Local intraformational mudstone seals
within the Carboniferous are possible and were effective onshore in trapping hydrocarbons and

form the Midlothian Field in the faulted D’Arcy-Cousland anticline (Hallett et al., 1985).

NW SE

Triassic

Rotliegend

Zechstein

Siluro-Devonian

3.5 km—|

<S> Source rock

® Reservoir rock

Cap rock

approximately 25 kilometres

Figure 7 Summary schematic cross section of the Forth Approaches Carboniferous—

Permian petroleum system, the approximate line location is shown on Figure 4.
The evidence for prospective petroleum system elements sourced by, and within the Visean—
Namurian succession follows a summary of the overlying Carboniferous (Westphalian) and Permian

petroleum systems.

3.2.1 Westphalian petroleum system of the Southern North Sea

The Southern North Sea (SNS) gas fields form part of a major gas-producing Carboniferous and

Permian petroleum province located to the south of the Mid North Sea High (Figures 1, 2, 3). They
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are located above and south of Visean—Namurian petroleum system elements and of relevance to
them. SNS gas accumulations were sourced from Westphalian coals, with some possible
contributions from Namurian marine shales (Gerling et al. 1999; Kombrink et al., 2010). Gas
generation is thought to have been widespread until Mid-Jurassic times with renewed generation
and migration during the Neogene (Pletsch, 2010). Migration is believed to be local, from coal source
beds into sandstones. Long range northwards migration of Westphalian-sourced gas has previously
been hypothesized, into Visean-Namurian reservoirs within Quadrant 42 (e.g. RWE Dea, 2011b). No
geochemical typing data have been located and this paper describes mature Visean and Namurian

source rocks, suggesting that long range migration of Westphalian-sourced gas is not required.

Fields with Westphalian sandstone reservoirs include Ketch, Schooner, Caister and Murdoch with an
uppermost Namurian Millstone Grit reservoir in the Cavendish Field (Cameron et al., 2005; Kombrink

et al., 2010).

Dip and fault closures adjacent to the base Permian unconformity and Permian seal rocks form a
major trap type on NW-SE/WNW-ESE and NE-SW structural trends (Cameron et al., 2005; Fraser and
Gawthorpe, 1990; Pletsch et al., 2010). Some intraformational Carboniferous sealing by mudstones

has been documented e.g. in the Boulton field (Kombrink et al., 2010).

3.2.2 Permian reservoirs and seals

The Permian Rotliegend and Zechstein groups contain proved reservoir and seal intervals across the
SNS, and are an important part of the petroleum system for Visean-Namurian sourced
hydrocarbons. Permian age hydrocarbon fields lie predominantly within Rotliegend Group
reservoirs, for example the Leman, Indefatigable and Ravenspurn fields of the Southern North Sea
gas basin, as well as the Cygnus field (Breunese et al.,, 2010; Catto et al., 2017; Taggart, 2015;
Underhill, 2003). In Quadrants 35-39, the Rotliegend Group is thin or absent across the MNSH
dividing the Southern and Northern Permian Basins (e.g. Gast et al., 2010; Underhill, 2003).
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Gas discoveries (Ralph Cross, Westerdale) have also been made in onshore equivalents of the
Zechstein Group Plattendolomit (Underhill, 2003) as well as offshore in the Plattendolomit (Wissey,
Hewett fields; Peryt, 2010). Patruno et al. (2017) summarise the Zechstein reservoir potential of the

MNSH area.

The regional top seal to Rotliegend and Carboniferous reservoirs is provided by Zechstein evaporites.
Thicknesses of the evaporite facies can vary from less than 50 m to over 1500 m, and is often highly
variable due to halokinesis (Cameron et al.,, 1992a). Regional mapping indicates the thinnest
Zechstein succession occurs in the southern parts of Quadrants 30, 31 and northern parts of
Quadrants 38, 39 (see Monaghan et al., 2015 fig 19). The desert playa Silverpit Formation
(Rotliegend Group) comprises shales and evaporites that act as a local seal in the Silverpit—Cleaver

Bank area (Cameron et al., 1992b; Underhill, 2003).

4 Visean—Namurian source rocks

Within the lithologically mixed Visean—Namurian succession, source-rock potential is offered by
common organic-rich mudstone and coal, and rarer oil-shale and bituminous limestone (Monaghan
et al., 2015; Vane et al., 2015; Vincent, 2015). Vane et al. (2015) screened Rock-Eval sample data on
a well-by-well basis to show that source-rock quality varied from poor to excellent, with the
Scremerston, Yoredale, Millstone Grit formations, Cleveland Group and time-equivalent units (Figure
1) all exhibiting source rock potential. Most of the rocks examined were gas-prone, with some oil-
prone intervals. A summary of the variability in source rock properties by geographical area is given

in sections 4.1-4.4.

Pseudo Van Krevelen plots show mixed Type I-1V kerogens, with dominant Type Il (humic, vitrinite)
(e.g. Figures 8a, 10), consistent with well reports of visually or geochemically analysed kerogens (e.g.

Kaye, 1995; Sauer, 1993). Well report analyses of migrated hydrocarbons, shows and fluid inclusions
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highlight that a non-marine Carboniferous source is the most commonly geochemically-typed (e.g.
Farris et al., 2012; Premier, 2008). A marine-typed Carboniferous source is also documented (e.g.

Pittion 1981; summary in Vane et al., 2015).
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Unit Number Average TOC for all | Fraction of | Average thickness
of  wells | mudstone intervals | mudstone with | (m) of mudstone
used (calculated wt %) TOC >1 wt% with TOC > 1%

Coal Measures Group | 7 0.8-3.3 0.08-0.61 46.1

Millstone Grit | 12 1.4-2.7 0.01-0.71 239.5

Formation

Yoredale Formation 8 1.1-34 0.37-0.74 294.8

Scremerston 10 1.4-4.1 0.20-0.65 175.0

Formation

Cleveland Group (incl. | 6 1.4-34 0.40-0.98 678.1

Upper Bowland Shale)

Upper Bowland Shale | 6 1.4-3.4 0.64-0.93 57.6

Table 1. Summary of petrophysical log derived properties for Carboniferous source
rock formations from Gent (2015). Note that in several wells total drilling depth (TD)
was reached within the unit meaning average thickness values are underestimated.

Coals were excluded from the analysis.

Continuous petrophysical log analysis of mudstone intervals using the Passey method (Passey et al.,
1990) and calibrated to Rock-Eval data showed the highest percentage of calculated Total Organic
Carbon (TOC) >1% in the Cleveland Group, with broadly similar results for the Yoredale and

Scremerston formations (Table 1; Gent, 2015).

The following sections provide more detail on the variability of spatially and temporally
extensive source rock intervals within the Scremerston, Yoredale and Millstone Grit formations

and Cleveland Group.

4.1 SOUTH OF THE MID NORTH SEA HIGH

Collinson et al. (1995) highlighted the dominantly gas-prone source rock potential of the Yoredale
and Millstone Grit units in the north of Quadrants 41-43 and in Namurian basinal mudstones,
siltstones and marine bands in southern parts of Quadrants 41-43. Dolan and Associates (1994), Hay
et al. (2005) and Parsons (2015) also consider the Scremerston Formation to be a coal-bearing, gas-

prone source rock interval in this area.
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Figure 8 A selection of typical source rock datasets from the two play types of the southern margin of the Mid North Sea High A) well 42/10a-1, Yoredale
Formation of the ‘Visean-Namurian clastic play’, B) well 43/17-2 of the Millstone Grit, Upper Bowland Shale, Cleveland D and E units of the ‘ Visean-

Namurian basinal play’. TOC= Total Organic Carbon
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Analysis of new and legacy data from wells on the northern parts of Quadrants 41-43 identified a
number of wells with gas-prone intervals, good to excellent source rock potential in the Yoredale
and Scremerston formations (e.g. 42/10b- 2, 41/15- 1, 42/09- 1, 42/10a- 1 e.g. Figure 8a) and
maturity levels ranging from oil to gas mature. Commonly these data indicate good quality source
rocks which are immature to oil mature (e.g. Figure 8a), and would offer hydrocarbon potential if

similar strata were more deeply buried in adjacent basins.

Wells in central and southern parts of Quadrants 41-43 (e.g. 41/14-1, 41/20- 1, 43/17- 2) have thick
(up to c. 2 km proved) fair to excellent TOC-rich successions within the Cleveland Group that exhibit
generally low S2 (an indicator of remaining hydrocarbon generative potential) values (e.g. Figure 8b).
The mudstone-dominated unit of the Upper Bowland Shale which has characteristically high gamma
ray wireline signature is within this Group (Kearsey et al., 2015, in press; see Figure 9). Samples vary
from oil to gas mature, to overmature, suggesting that some depletion of the source rock could have
occurred due to hydrocarbon generation. This is supported by peaks in the S1 index (a measure of
free oil and gas content) and production index (PI; Figure 8b), and by basin modelling (section 7).
These data indicate gas-mature source rocks that may have generated some hydrocarbon and may
now be depleted or overmature at deeper levels. A contributory factor to low S2 values may also be
the large proportion of woody and inert kerogens referred to in some well reports (e.g. Sauer, 1992

in 43/21- 2).
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Figure 9 Example of the Upper Bowland Shale at outcrop, in a quarry at Bleasdale,
Lancashire [British National Grid 358880, 445040]. An onshore analogue for basinal
mudstones offshore in southern parts of Quadrants 41-43. ~30 cm long hammer, bottom

left for scale. BGS Photo P213491 BGSONERC. All Rights Reserved 2016.

Petrophysical analysis showed that basinal Cleveland Group strata have average TOC contents
between 1.5 — 3.4 weight (wt) %. Between 64 — 98 % of the stratigraphic unit comprises mudstone
with TOC levels greater than 1wt % (Table 1). In some wells (e.g. 43/17-2) the calculated total
thickness of Cleveland Group mudstone with a TOC >1 wt% is more than 1400 m (Gent, 2015).
Whereas particular units, such as marine bands or the Upper Bowland Shale are particularly organic
rich, it is notable that there is a very thick succession of rocks which have a fair to good source rock
quality. Measurements from 6 wells in the Yoredale Formation clastic play on the southern margin
of the MNSH indicate average TOC contents of mudstone between 1.8 — 3.4 wt % with 50 — 74 % of
the unit containing mudstone with TOC levels greater than 1 wt %. Similar values were obtained for
5 wells in the Scremerston Formation on the southern side of the MNSH with a 34 — 65 % mudstone
succession with average TOC 1.3 — 4.1 wt%. For 12 wells penetrating the Millstone Grit Formation, 1
— 71 % of the unit was mudstone with average TOC 1.4 -2 .7 wt% (Table 1). The mudstone intervals
within these units are commonly tens of metres thick and calculated thickness of mudstone with

TOC values > 1 wt % is commonly between 100 — 500 m (Gent, 2015).
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4.2 NORTH DOGGER AND QUADRANT 29 BASINS

The Scremerston Formation was mapped into the Quadrant 29 basin based on characteristic
reflectivity (Arsenikos et al., 2015, in press; Hay et al., 2005). A Palaeozoic source for the gas
chimneys identified in Quadrant 29 by Hay et al. (2005) was not clear during seismic interpretation
of more recent data by Arsenikos et al. (2015; in press). There are no well penetrations beneath the
Permian to prove Carboniferous strata in the Quadrant 29 basin. Several wells in Quadrant 29 have
oil shows in the Rotliegend Auk sandstone (29/20-1, 29/18-1 (weak gas shows), 29/23-1, 29/25-1) or
Zechstein (29/20-1, PA Resources, 2011). Geochemical typing of samples from wells in this area
interprets oil from 29/20-1 to be from an early mature Carboniferous lacustrine (not Devonian)
source using biomarker analysis (Copestake et al., 2009). Isotopic signatures on shows and inclusions

in 29/10-3st1 were attributed to a Carboniferous coal-bearing source in Farris et al. (2012).

Carboniferous well penetrations at the margins of the North Dogger Basin encountered weak gas
shows in 38/16-1 and poor oil shows in 39/07-1 (Amoco Petroleum, 1967; Hay et al., 2005). In the
adjacent Netherlands sector along the same structural configuration, gas and oil shows are present
in wells e.g. A15-01, A14-01 north of the Elbow Spit high, distant from a Jurassic source (Figure 1;
EBN, 2015a, b; ter Borgh et al., in press a). Schroot et al. (2006) and ter Borgh et al. (in press a)
document pre-Westphalian prospectivity in this region. Arfai and Lutz (2017) report a Visean-
Namurian source rock for the A6-A gas field in the adjacent German sector and illustrate spatially

variable modelled maturity levels.

Source rock quality for the Scremerston Formation was judged to be excellent in 38/18-1, poor to
excellent in 38/16-1, and gas-prone with some oil-prone intervals (Vane et al., 2015; e.g. Figure 10a).
In 39/07-1 significant thicknesses of coal occur in the Scremerston Formation. Oil window maturity
levels were measured at Scremerston and/or Yoredale Formation source rock level in the basin

margin wells sampled (e.g. VR= 0.39-0.66 38/16- 1; see also Vane et al., 2015; Figure 10a).
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Petrophysical calculations on the few Visean—Namurian well penetrations, indicate a less mudstone-
and less organic-rich succession than those in Quadrants 41-43. For example, three wells in the
Scremerston Formation (38/16-1, 38/18-1, 39/07-1) gave average calculated TOC of 1.4 — 2.5 wt%
with only 20 — 39 % of the succession being mudstone >1 wt% TOC (Gent, 2015). There are however,
significant coals, e.g. over a total of 20 m of coal in 39/07-1. These findings are in agreement with
the lithological well analyses of ter Borgh et al. (in press a) who describe a similar ‘overfilled clastic
play’ along strike in The Netherlands sector, passing basinward to a ‘starved shale play’ south and

east of the Elbow Spit High.
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Figure 10 Typical source rock datasets from A) well 38/16- 1, Scremerston Formation of the ‘Visean-Namurian clastic play’, margin of the North Dogger

Basin B) well 26/08-1, of the Firth Coal=Scremerston units of the ‘Visean-Namurian clastic play’, Forth Approaches Basin.
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4.3 MID NORTH SEA HIGH

Samples from two wells (36/13-1 and 36/23-1) show that the source rock potential of the Yoredale
Formation in this area is judged to be good to excellent (e.g. S2 commonly in tens and up to 160
mg/g), and mainly gas-prone with some oil-prone intervals (Vane et al., 2015). However, maturity

levels only reached pre-oil to oil levels in the analysed samples.

Petrophysical calculation of TOC content in the Yoredale Formation from 36/13-1 gave mudstones of
average 2 wt% TOC, with 37 % of the unit containing mudstone with TOC > 1wt% (Gent, 2015). As
coals are present but were excluded from the petrophysical analysis, these summary values are
pessimistic indicators of source rock presence. No other Carboniferous source rock units were

penetrated or analysed in wells across the MNSH (Quadrants southern 26—-37).

4.4 FORTH APPROACHES BASIN

The Scremerston/Firth Coal Formation forms the source rock in the Forth Approaches Basin, with gas
and oil shows in well 26/08- 1 (Mobil North Sea Ltd, 1992, 1993). Coals form a significant
component of the succession, which is age-equivalent of the Scremerston Formation to the south
and east of the MNSH, and the organic-rich, oil-prone lacustrine West Lothian Qil-Shale Formation of
the onshore Midland Valley of Scotland (Cameron 1993 a, b; Kearsey et al., 2015; Loftus and
Greensmith, 1988, Parnell, 1988). Westphalian strata, age-equivalent to the Coal Measures, are

recorded in well 26/08- 1 and though mudstone intervals are present, coals are lacking.

Source rock quality of the largely gas-prone Firth Coal/Scremerston Formation varies from poor to
excellent in 26/07- 1 and 26/08- 1 with oil window maturity levels indicated in the sampled wells

(Figure 10b; Vane et al., 2015).
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Petrophysical calculation on the Firth Coal/Scremerston Formation interval datasets from 26/07- 1
and 26/08- 1 gave an average TOC content of mudstones of 1.6 — 3.0 wt% with 44 — 45 % of the unit

containing mudstone with TOC> 1wt% (coals excluded; Gent, 2015).

5 Visean—Namurian reservoir rocks

Major, stacked channel sandbodies and palaeovalley fills within the Fell Sandstone, Scremerston,
Yoredale and Millstone Grit formations have been documented previously as potential reservoir
intervals (Collinson and Jones, 1997; Collinson, 2005; Jones, 2007; Maynard and Dunay, 1999). Using
onshore exposures of age-equivalent strata (e.g. Figure 11) and offshore borehole data, Jones (2007)
interpreted the largest stacked major channel systems to be up to about 27 m thick and up to 8 km

wide, with net to gross commonly > 0.8.
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Figure 11 Visean multistorey channel sandstone forming the cliff at Marshall Meadows

Bay, Berwick-upon-Tweed [British National Grid 398169,657040], an analogue for offshore
reservoir sandbodies. The top of the Scremerston Formation is marked by the limestone

which occurs within the grassy interval in the cliff above the lowest thick sandstone.

The reservoir interval in the Breagh Field comprises Visean channel sandstones within the Yoredale
Formation (RWE Dea, 2011a; Symonds et al.,, 2015). Symonds et al. (2015) also highlighted the
reservoir role of Yoredale Formation sheet sandstones intervals across a 17 km well correlation

panel in and around the Breagh Field, with permeabilities of 0.1 — 100 mD given.

On the southern margin of the MNSH, transgressive quartzitic sandstones and low-kaolinite
sandstones form a relatively high permeability reservoir target in Namurian and early Westphalian
successions (Blackbourn and Collinson, 2006; Collinson and Jones, 1997). Millstone Grit Formation

sandstone is the reservoir in the Trent and Cavendish fields in southern parts of Quadrant 43
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(Cameron et al., 2005; Kombrink et al., 2010; O’Mara et al., 2003). Onshore studies of Millstone Grit
Formation sand bodies to turbidite-fronted deltas (Church and Gawthorpe 1994, Hampson 1997,
Jones and Chisholm 1997) offer insight to offshore Visean-Namurian sand body geometry and
correlation, though lack of correlative chronostratigraphic data and large well spacing precluded

detailed study offshore.

Regional screening of potential reservoir-rock intervals was undertaken using petrophysical
techniques calibrated with measured core data, to identify intervals with the greatest net to gross
and porosity values throughout the succession (Figure 3; Hannis, 2015). Though only 12 wells had
suitable log curves and only 7 had measured core data, it was possible to quantify the most
favourable reservoir quality occurring within sandstones in the Yoredale, Scremerston and Fell
Sandstone formations (Table 2). Core measured porosity is variable, reaching up to 26% in the
Scremerston Formation in 26/07-1, though permeabilities are generally less than 20 mD , with rare

exceptions up to 1460 mD. .

30



Log curve derived
(calibrated using core Core measured
measured)
Highest Highest Highest Highest .
Average |Average Data available (number of wells used
Formation NTG Average Estimated Core Average C'(?re in log curve derived values, core data
PHIE . .. | Permeability .
(%) Permeability| Porosity (Kair, mD) available)
(mD) (%)

Grensen Formation 0.58 12 - - -1 well, No core data,
Millstone Grit Formation |0.24 9 0.2 9 0.1|1 well. Core data 43/21-2
Yoredale Formation 0.27 19 144.5 13 39.2 |4 wells. Core data 41/01-1, 42/10a-1
Cleveland Group 'E' 0.01 7 0.1 2 0|1 well. Core data 43/21-2
Upper Bowland Shale 0.08 7 0.1 2 0|1 well. Core data 43/21-2
Cleveland Group 'D' 0.07 7 0.1 1 0|1 well. Core data 43/21-2
Scremerston Formation (0.18 15 261.4 18 295.0|6 wells. Core data 26/07-1, 42/15a-2
Fell Sandstone Formation|0.61 13 15.6 4 0.2|4 wells. Core data 41/01-1
Cementstone Formation |0.11 10 0.1 - -|12 wells. No core data
Tayport Formation 0.49 13 - - -|12 wells. No core data
Buchan Formation 0.48 12 - 6 0|3 wells. Core data 37/12-1

Table 2. Summary of NTG, average porosity and average permeability from log curve
derived net intervals and core measured data for Carboniferous to upper Devonian units
from selected wells in and around the MNSH, from Hannis (2015). Note the limited
number of wells having both suitable log curve datasets and measured core data.

PHIE=effective porosity, NTG=Net to Gross.

The maximum measured porosity generally decreases with increasing present day depth. A simple
depth versus porosity function is not evident in the porosity datasets because of the restricted
spatial extents of the data from different formations, combined with multiple phases of burial and

uplift that varies between wells.

5.1 FELL SANDSTONE FORMATION

The Fell Sandstone Formation is a clear candidate for a reservoir interval as it predominantly
comprises coarse-grained sandstone deposited in a major braided fluvial system. Onshore, the Fell
Sandstone Formation is an important aquifer supplying water for Berwick-upon-Tweed (Turner et al.,
1993). It is the reservoir interval in the Errington- 1 well, onshore, and was reported to have limited

gas shows and a maximum porosity of 6 % (ROC Qil, 2005). Maynard and Dunay (1999) recognised
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the reservoir potential offshore stating Net to Gross (NTG) exceeding 0.70 and Hay et al. (2005)

summarised porosity data indicating a range of 5 — 19 %.

In the wells examined for the petrophysical study in the southern MNSH margin, the Fell Sandstone
Formation has a NTG ranging from 0.34 — 0.82 with calculated average porosity ranging from 6 — 13
%. However, the largest average estimated permeability is 16 mD (Hannis, 2015). Core material from
the Fell Sandstone Formation in 43/02- 1, has an average porosity of 13 % and average horizontal

permeability of 18 mD (Redwood Corex, 1989).

5.2 YOREDALE AND SCREMERSTON FORMATIONS

On the southern MNSH margin, petrophysical screening of 3 wells (41/01-1, 42/10a-1, 43/21-2),
showed that relatively large average calculated porosities of up to 12 % were found in parts of the
Yoredale Formation. Despite a NTG of up to 0.31, the net has relatively high estimated
permeabilities, averaging 144.5 mD in 41/01-1. In the Scremerston Formation the largest average
calculated porosity is 12 % (based on 3 wells, 41/01-1, 42/15A-2, 44/02-1), but it has a relatively low

NTG of 0.24 (Hannis, 2015).

Petrophysical screening of well 39/07-1 at the margin of the North Dogger Basin has shown the
Yoredale Formation to have average calculated porosity of 13 % and NTG of 0.26. Values for the

Scremerston Formation include an average calculated porosity of 15% and NTG of 0.49 in 38/18-1.

The relatively low NTG in the Scremerston and Yoredale formations and variable but locally high
porosity-permeability is compatible with the interbedded and laterally variable lithologies that

include incised valley fill, channel and sheet sandstone facies.

In the Forth Approaches, the main reservoir target in this area is likely to be the Rotliegend Auk
Formation sandstones that are 150 m thick in 26/07- 1 with core-measured porosities of 6 — 24 %
and permeability up to hundreds of millidarcies. Additional potential reservoirs are present
throughout the heterolithic Carboniferous succession. Relatively high porosity and permeability
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values of the Firth Coal/Scremerston Formation core samples (Table 2) in 26/07- 1 were from cores

taken from 5 — 15 m thick sand bodies.

6 Traps and Seals

The primary regional top seal on and around the MNSH area is Zechstein Group evaporites. For
example, the Breagh Field comprises a faulted structural closure of Yoredale Formation sand bodies
beneath a Zechstein seal (Symonds, 2015; Symonds et al., 2015). The effectiveness of the seal is
reduced where halokinesis has created thinned zones, or the succession deposited is thin with a
higher proportion of carbonate versus evaporite (e.g. northern parts of Quadrants 38, 39). These
thinned successions generally contain a higher proportion of competent strata and are thus more
susceptible to faulting and fractures. Carbonates form proved reservoirs within the Zechstein
succession (e.g. Auk, Argyll Fields; Glennie et al., 2003). In addition, intraformational Carboniferous
seals could have been very important in preventing migration of hydrocarbons out of the system, as
well as creating possibilities for additional intra-Carboniferous prospectivity at depth(s) beneath a

regional Permian seal.

In southern parts of Quadrants 43 and 44, the Permian Silverpit mudstone seal is also present, e.g.

Schooner and Ketch fields (Cameron et al., 2005; Underhill, 2003).

Detailed local study is required to map the likely extent, thickness and integrity of potential
intraformational Carboniferous mudstone seals and, although these may be viewed as risky (see
Besly, in press), they are proved in a number of fields. For example, the Boulton Field reservoirs are
separated by an intra-Carboniferous seal (Conway and Valvatne, 2003) and the Trent Field produces
from a Namurian reservoir shown at some distance below a higher Westphalian A reservoir (O’Mara

et al., 2003), implying an intra-Carboniferous seal is in place. Onshore UK, there are examples in the
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West Firsby and Welton fields of intraformational Carboniferous seals where pro-delta mudstones
overlie marine bands in deltaic cyclothems (Kombrink et al., 2010; Pharaoh et al., 2011). The
Saltfleetby Field onshore is an example of successful entrapment of gas beneath Westphalian A
mudstone-dominated strata (Cameron et al., 2005; Hodge, 2003).

A variety of structural (faulted and folded) and dip/unconformity traps can be interpreted from
seismic sections in and around the MNSH study area, primarily at the base Permian unconformity
(Figure 12). Stratigraphic traps are possible for isolated channel sand bodies, particularly within the
mudstone-dominated basinal play (Figure 12). A variety of these trapping styles are documented in

relinquishment reports (e.g. PA Resources, 2011; RWE Dea, 2011b).
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7 Basin Modelling

Previous thermal basin modelling studies of Carboniferous source rocks have highlighted variability
in predicted oil/gas generation and its timing, largely due to spatial variability in depositional
lithofacies and the timing and amount of uplift/burial, as well as in uncertainty in data input (e.g.
Collinson et al., 1995, Quadrants 41 — 43; Hay et al.,, 2005 Quadrant 29; Granby and TGS Nopec,
2010, Quadrant 26). To further understand the likely location and timing of oil and gas generation in
and around the MNSH, a set of nine wells having the best available source rock geochemistry and
maturity datasets were selected for 1D basin modelling studies by Vincent (2015), upon which this
section is based. Though well data is generally only available for structural highs, a representative set
of structural locations was attempted to be chosen (Figure 4). Full use was made of seismic
interpretations and density/velocity variations to constrain burial and uplift history, though this

remains a major uncertainty, along with palaeo-heat flow values.

7.1 1D BASIN MODELLING SOUTH OF THE MID NORTH SEA HIGH

Basin modelling was undertaken in three wells; 41/14-1, 41/20-1 situated offshore in the Cleveland
Basin, and 43/17-2 situated along strike in the Silverpit Basin (Figure 13). These wells penetrate the
Visean-Namurian ‘basinal play’ and contain Carboniferous strata of the Coal Measures to Cleveland
groups. Based on Rock-Eval data and geochemical well reports, organic matter with a mix of oil- and
gas-prone kerogens and a generation potential from moderate to good was included . Numerous gas

shows have been reported from the modelled wells (e.g. Anadrill, 1990; The Geochem Group, 1991).

A fourth modelled well, 42/10b-2, is located farther north within Visean—Namurian strata of the
‘clastic play’ . It is situated on a local high and is the well that proved the Agincourt/Crosgan gas
discovery within the Yoredale and Scremerston formation reservoirs (Hay et al., 2005; Kaye, 1996;

Premier Qil, 2008; Figure 4).
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For wells 41/14-1, 41/20-1 and 43/17-2, basin modelling indicates maximum burial during Cenozoic
times of Visean—Namurian strata that have reached the late maturity window for oil and gas, and in
some intervals are likely to be overmature (e.g. Cleveland Group A and B in 41/14-1; Cleveland
Group D in 43/17-2). All three wells modelled indicate hydrocarbon generation in the late
Carboniferous and Mesozoic—Cenozoic times from the Cleveland Group, Millstone Grit Formation
and Coal Measures Group (Figure 13). The possibility of some Carboniferous depletion of gas-prone
source rocks is clear in 41/14-1 and 43/17-2 (Figure 13), before Variscan-related structural traps and
the Silverpit mudstone and Zechstein evaporite seals were in place. Intraformational Carboniferous
mudstone seals could have been effective but may have been breached by subsequent tectonic

events.

In well 42/10b-2, lower maturity levels resulted in a burial history model of gas generation from the
Scremerston interval during Cenozoic times, when Zechstein and younger strata would have

provided a seal (Figure 13).

37



]

Depth (km)
»

3‘
4 26/08-01
300 250 200 150 100
Age (my)
oF
£
=2
£
g
o

>

41/14-1
300

250 200 150 100 50 0

Age (my)

Bunter

Zechstein

Rotliegend

Depth (km)

Boulton eq.
| M

AR R YRS,

Scremerston eq.

2| | 36/23- 1

300 250 200 150 100 50 O
Age (my)
Jurassic
- Bunter
I
Zechisteln Early mature (oil) [VR = 0.5 - 0.7]
Cleveland " Mid mature (oil) [VR = 0.7 - 1]
A| |Group I Late mature (oil) [VR=1-1.3]
:. Main gas generation [VR = 1.3 - 2.6]
| 26/08-1 | Key
7 LA *Well with a 1D
~ basin model
- EZE
| \
% 36/13-1
|- Upper [ 7 [ * 38/18-1
| Bumter S e3623-1
| 5 ‘ e
Zechstein | ‘;’ ! ;_41/14.1 42110b- 2
e q ‘ ) —— 411201 *43117-2
Millstone ilometers | |

1]
3
=
=2}
a
3
Q3
o.
1
<
£2
o
3
o3
4_
42/10b- 2
350 300 250 200 150 100 50 O
Age (my)

Upper

Cretaceous
- Bunter

Zechstein

loredale
cremerston
Fell

Cementstone

Tayport

Upper
Cretaceous

= éuranic
| -|Bunter

Zechstein

Yoredale

38

O‘g‘ \ =:
[ ™
0.5
gl v
£1
a
36/13-1
300 250 200 150 100 50 O
Age (my)
E
=3
£
-
a
4
Scenario 2, 29/27-1
350 300 250 200 150 100 50 O
Age (my)
g
£
o
8
d Scenario 2, 38/18-1 |
300 250 200 150 100 50 O
Age (my)

E |
2
-2 |
54|
a
1 43/17-2
300 25 200 150 100 50 O
Age (my)

Cenozoic
Upper Cretaceous

Lwr Cretaceous
- Bunter Shale

_ Zechstein

Yoredale

enozoic
retaceous

Zechstein

| |Rotliegend

Cementstone

Buchan

“Kyle

Cenozoic
Upper Cretaceous
- Bunter

Zechstein

-| Scremerston
ell

H Upper

Cretaceous

- .Iurass?c
pper

Triassic

- Bunter

Zechstein

_ Rotliegend

Millstone

Cleveland
Group




Figure 13 Summary of thermal and burial history curves for 1D basin models, summarised after Vincent (2015). Carboniferous source
rock intervals are in italics. D=Devonian, C= Carboniferous, P=Permian, T=Triassic, J=Jurassic, Cr=Cretaceous, Ce=Cenozoic,
VR=vitrinite reflectance, summary stratigraphic or chronostratigraphic names shown. The burial histories labelled with ‘scenario 2’ are

very poorly constrained by maturity and well data and so a range of scenarios were modelled.
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7.2 1D BASIN MODELLING IN THE NORTH DOGGER — QUADRANT 29 BASINS

As no wells penetrate the Carboniferous of the Quadrant 29 basin or the centre of the North Dogger
basin, maturity modelling was undertaken for various ‘scenarios’ for wells 38/18-1 and 29/27-1
(Figure 13) to better constrain whether hydrocarbon generation may have occurred in these regions.
Data from surrounding wells were used, along with seismically interpreted depths to Carboniferous

horizons.

Well 29/27-1 lies on the southwestern margin of the Quadrant 29 basin and terminated in the
Rotliegend Group. Interpretation of fluid inclusion studies and geochemical typing of oil shows in
wells 29/20-1 and 29/10-3st1 to the northeast of the Quadrant 29 basin suggest a Carboniferous
lacustrine and coal source rock (Copestake et al., 2009; Farris et al., 2012). For 29/27-1, a
hypothetical well was modelled to be at early oil window maturity at Scremerston Formation source
rock level, with deepest burial occurring during Cenozoic times (Scenario 2, Figure 13). Source rocks
were modelled with dominantly gas-prone kerogens. An additional 3.5 km of Carboniferous burial
would be required to place the Scremerston Formation in the gas window (Scenario 3 of Vincent,
2015). Seismic mapping shows the top Scremerston to be approximately 1.25 km deeper in the
centre of the Quadrant 29 basin than at the position of 29/27-1 (Arsenikos et al., 2015, in press). The
simplistic hypothetical burial modelling does not therefore predict that the Scremerston Formation
is likely to reach the gas window in the Quadrant 29 basin. However, the basin modelling is

constrained by few data and the confidence in this hypothetical well model is low .

The results of the Quadrant 29 recent modelling initially appear to contrast with those of Hay (2005)
who predicted gas generation and migration from the deepest parts of the Quadrant 29 basin. On
closer examination, hypothetical wells that were predicted to enter the gas window invoked the
burial of Carboniferous rocks to around 5 or 6 km (Hay et al., 2005). These depths are inconsistent
with the seismic interpretation and the depth conversion of the Scremerston Formation source rock

intervals mapped in Arsenikos et al. (2015, in press). In contrast, and highlighting the uncertainties
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caused by the lack of well and sample data, a relinquishment report from southern Quadrant 29
(ConocoPhillips, 2011) predicted the lower Carboniferous coals and shales to be mature for gas

generation with charge occurring when the seal and trap were in place.

Well 38/18-1 is situated on a local high on the western flank of the North Dogger Basin (Figure 4)
and terminates in the Fell Sandstone Formation. Qil staining was observed in the Scremerston
Formation in 38/18-1 (Paleochem Ltd, 1984) and minor gas shows have been reported in 38/16-1
(Amoco, 1967). The 1D basin model of well 38/18-1 was constrained by limited amounts of
measured data in the oil- and gas-prone Scremerston and Fell Sandstone formations, which were
modelled as reaching early oil window maturity (Scenario 2 on Figure 13; Vincent, 2015). An
additional 3.5 km of Carboniferous burial was modelled to be required to facilitate gas window
maturity (Scenario 3 of Vincent, 2015). In the deepest parts of the North Dogger Basin the base of
the Scremerston Formation is mapped as approximately 1.6 km deeper than in 38/18-1 (Arsenikos et
al., 2015, in press). Based on the current data assumptions and the low confidence 1D basin model,
gas maturity of the Scremerston Formation in the basin centre is predicted not to occur. The
Scremerston Formation is expected to be a viable mature source rock for oil in the North Dogger

Basin assuming it has similar facies in the basin centre, to those proved by well 38/18-1 on its flanks.

In summary, maturity levels at basin margins, likely burial depths in basin centres, and oil shows in
wells at basin margins provide evidence that the North Dogger and Quadrant 29 basins have been,
or are, oil generative. However, the volume and timing of generation is uncertain. In the basin
centres, some basin modelling studies have predicted gas generative potential, whilst others have

not, highlighting the lack of data and low confidence of ‘scenario’ or ‘hypothetical’ models.

7.3 1D BASIN MODELLING OVER THE MID NORTH SEA HIGH

Basin modelling was undertaken on wells 36/13-1 and 36/23-1 which penetrated the Visean—

Namurian Yoredale Formation, although constrained by a limited amount of geochemistry and
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maturity data (Figure 13). The wells are representative of the MNSH, with seismic evidence of a
thinning of the Carboniferous succession and a relatively thin overburden encompassing periods of
non-deposition and erosion. Well 36/13-1 is located east of the Farne Granite on a local high and
36/23-1 on a local, faulted high within a Carboniferous depocentre (Figure 4). Both wells reported
some UV fluorescence indicating the presence of hydrocarbons (Applied Petroleum Technology,

2012) and 36/13-1 recorded weak gas shows in Zechstein and Jurassic strata (Arpet, 1967).

1D basin modelling of well 36/13-1 indicates that early oil maturity of the Yoredale Formation strata
was reached in late Carboniferous times, followed by Variscan and Mesozoic uplift and further
Cenozoic burial (Figure 13). A similar maturity development profile, but reaching mid oil maturity
levels, is interpreted for 36/23-1, 35 km to the south (Figure 13). Given that the source rock intervals
are judged to be largely gas-prone with some oil-prone intervals, little or no petroleum generation is
modelled, and deepest burial (and generation) is prior to the deposition of the regional Zechstein
seal for both these wells. The Yoredale Formation strata modelled at the well locations are not
expected to contain mature, hydrocarbon generative source rocks . Yoredale and underlying
Scremerston formation strata buried more deeply in the south of Quadrant 36, or in adjacent basins,

have the potential for higher maturity levels and thus hydrocarbon generation.

7.4 1D BASIN MODELLING IN THE FORTH APPROACHES BASIN

Previous basin modelling and fluid inclusion work in the Forth Approaches Basin have suggested
both a late Carboniferous phase of hydrocarbon migration with charge before traps and seals were
in place (Glenister et al., 2001) and a Mesozoic—Cenozoic gas generative phase, once traps and seals

were in place (Granby and TGS Nopec, 2010).

Well 26/08-1 is situated towards the southeastern margin of the Carboniferous Forth Approaches
depocentre and penetrates strata of Triassic, Permian and Carboniferous age (Boulton, Coal

Measures, Passage and Firth Coal/Scremerston formations; Kearsey et al., 2015 interpretation). Qil
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shows are noted in sandstones of the Firth Coal/Scremerston Formation, with gas shows in the
Carboniferous, Rotliegend and Zechstein groups (Mobil North Sea, 1992, 1993). Oil and gas shows in
Carboniferous and Rotliegend intervals have been assumed (Glenister et al., 2002) and proved by

geochemical typing (Farris et al., 2012) to be sourced from Carboniferous strata.

Basin modelling of well 26/08-1 indicates that early oil maturity was attained during Carboniferous
burial, and mid—late oil maturity during Mesozoic—Cenozoic deeper burial of the Firth
Coal/Scremerston Formation source rock interval (Figure 13). However, as the sampled succession is
largely gas-prone, significant quantities of oil or gas are not predicted to have been generated at the
location of this well . Relatively small amounts of additional burial (compared with the studied well
or a more oil-prone succession, both of which could occur in the Forth Approaches Basin), could
significantly enhance the prospectivity of the lower Carboniferous petroleum system. Carboniferous-
typed oil and gas shows and fluid inclusion studies in this well and 26/04-1, 26/07-1, and 26/12-1
(Glenister et al., 2001; Farris et al., 2012; Mobil North Sea, 1992, Mobil 1993) support hydrocarbon
generation in the Forth Approaches Basin. Vincent (2015) estimated that a well drilled in the deepest
part of the basin (over 700 m deeper than 26/08-1) would be gas mature at Firth Coal/Scremerston
Formation source rock level. However, the volume of source rock units reaching the maximum

depths is likely to have been small.

7.5 3D BASIN MODELLING AND SUMMARY

3D maturity and migration modelling, integrating 5 km resolution seismic depth grids (Arsenikos et
al., 2015) and the 1D modelled wells for the Scremerston Formation source rock was undertaken by
Vincent (2015). Oil and gas generation and expulsion was modelled in Quadrants 42-44 and
southern parts of Quadrant 36 with north-westerly and north-easterly up-dip migration to regional
highs (Figure 15). The detail of migration and accumulation modelling was not considered reliable

due to the sparse input data and the limited extent and smoothed 5 km resolution of seismic depth
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grids . Similar migration pathways in Quadrants 41-43 were predicted by Collinson et al. (1995) into

up-dip clastic reservoirs.

In summary, basin modelling highlights good quality Visean—Namurian coal and mudstone source
rocks beneath Quadrants 41— 43 that are gas mature (Figure 13). This area is modelled as being a
hydrocarbon generation centre (kitchen area) in Cenozoic times (Figure 15), in agreement with
observed shows and discoveries. Wells that have sampled less deeply buried Carboniferous strata on
the margins of the North Dogger Basin or in Quadrant 36/MNSH have the source rock potential for
gas and some oil generation, should similar rocks be buried more deeply in the adjacent basins.
Basin modelling in the Forth Approaches supports phases of Carboniferous and Mesozoic—Cenozoic
oil and possibly gas generation within the basin centre from a coal-bearing Visean—Namurian source
rock. As might be expected from the structurally complex arrangement of Carboniferous basins,
recent basin modelling and previously published work (e.g. Andrews 2013 onshore examples; in
Besly, in press; Catto et al., 2017) emphasise a variability in burial history, maturity and hydrocarbon
generation across the area and highlights the need for additional geochemical and maturity input

data, as well as detailed local-scale study.

8 Synthesis: Visean—Namurian petroleum systems and

petroleum system elements

Significant variability in Visean-Namurian petroleum system elements and prospectivity can be
synthesised by piecing together regional scale seismic, well, sample analysis, petrophysical and basin

modelling data and interpretation across and around the MNSH.
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8.1 SOUTHERN MARGIN OF THE MID NORTH SEA HIGH

All the elements of a working petroleum system are in place on the southern margin of the MNSH
(Quadrants 41 — 44; Figures 14, 15). The petroleum system elements occur within stacked
successions proved to be kilometres thick. However, there is much local variability related to the
change from a fluvio-deltaic and shallow marine Visean — Namurian ‘clastic play’ to a deep water and
marine ‘basinal play’ and also differences in Palaeozoic and post-Palaeozoic burial and uplift history.
In the northern parts of Quadrants 41-44, some largely gas-prone sections of the Visean—Namurian
‘clastic play’ are gas mature and with good to excellent source rock quality; others are within oil
window maturity levels. In southern parts of Quadrants 41-44, the mudstone-siltstone dominated
‘basinal play’ is largely gas mature to overmature and may have generated significant hydrocarbons
in Carboniferous times, as well as undergoing Cenozoic hydrocarbon generation and expulsion
(Figures 13, 14). Multistorey channel sandstones form proved reservoirs, with dip and faulted
closures against the base Permian unconformity and Zechstein evaporite seal (Figure 12; e.g. Breagh
Field). To ensure the trapping of migrated oil and gas, Cenozoic hydrocarbon generation is likely

critical for current preservation of oil and gas accumulations (Figure 14).
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Figure 14 Critical elements summary for the southern margin of the Mid North Sea
High. The Mesozoic—Cenozoic timing of generation varies dependent on location, with

an Eocene phase of generation widely observed in basin modelling studies.
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8.2 NORTH DOGGER AND QUADRANT 29 BASINS.

The North Dogger and Quadrant 29 basins are constrained by limited data, but from those data that
exist there are hints of an active Carboniferous petroleum system. Well and seismic interpretations
from Arsenikos et al. (2015; in press) concur with previous work (Hay et al., 2005; Milton-Worssell et
al., 2010) that a coal-bearing lower Carboniferous succession (Scremerston Formation) can be picked
on seismic over much of this area. Most wells were dry but 38/16-1 has weak gas shows, 39/07-1 has
poor oil shows and there are Carboniferous-sourced oil shows present in the Permian strata in
southern parts of Quadrant 29. Palaeozoic-sourced shows are present in The Netherlands sector,
along strike from the North Dogger Basin (e.g. wells A14-01, A15-01 north of the Elbow Spit EBN,
2015a; ter Borgh et al., in press a). Shallow gas and gas chimneys in southern parts of Quadrant 29
may indicate a gas mature Palaeozoic source (Hay et al., 2005) although no supporting data were
collected to advance this hypothesis during our study. Wells at the margins of the North Dogger
basin prove oil window levels of maturity, good quality coal- and mudstone-bearing source rocks of
the Visean-Namurian clastic play, with interbedded or underlying potential sandstone reservoir
units. Although lack of data gives low confidence results, basin modelling indicates potential
prospectivity if the same gas and oil-prone source rocks are more deeply buried within these basins.
A Zechstein seal is present over much of the area, although it is thin in northern parts of Quadrants

38-39.

8.3 MID NORTH SEA HIGH

Very limited data preclude full interpretation of a potential petroleum system or system elements
across much of the Carboniferous ‘Mid North Sea High’ from southern parts of Quadrant 26 to
Quadrant 37. Largely gas-prone Visean—Namurian age source rocks are proved in Quadrant 36 but
with oil window maturity levels such that basin modelling does not indicate gas generation in the
Yoredale Formation strata at the wells studied. The same source rocks buried more deeply within

adjacent basins could offer increased prospectivity. Large areas of southern parts of Quadrants 26 to
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Quadrant 37 lack evidence of a Carboniferous source rock. However, there is the possibility of coal,
mudstone or oil-shale intervals deposited in unproved, undrilled, isolated basins between the widely

spaced seismic lines examined.

84 FORTH APPROACHES BASIN

In the Forth Approaches Basin, all the elements of the petroleum system are in place within
Carboniferous and Permian strata, and there are multiple potential reservoir opportunities within a
stacked system. Along strike onshore in the Midland Valley of Scotland, the Carboniferous petroleum
system has previously been exploited (Hallett et al., 1985; Underhill et al., 2008; Monaghan, 2014).
Critical to the prospectivity in the Forth Approaches is the volume of source rock present, timing and
level of maturation. Hydrocarbon shows in wells 26/07-1 and 26/08-1 are evidence of generation
and migration from the poor to excellent quality coal- and mudstone-bearing source rocks of the
Firth Coal/Scremerston Formation. Basin modelling indicates oil window levels of maturity in 26/08-
1 at the level of largely gas-prone source rocks. Gas mature intervals may be present in the deepest
parts of the basin but the volume of gas mature strata at the Cenozoic critical moment may be
limited. If extensive lacustrine oil-shales exist offshore, as they do onshore in the Midland Valley of
Scotland (Loftus and Greensmith, 1988; Monaghan, 2014; Parnell, 1988) then an oil-prone play could
be prospective, based on current basin modelling. Seismic data quality and spacing are such that
there is a risk to accurately mapping basin geometries within the structurally complex Carboniferous

basin.
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Figure 15 Summary map of Visean—Namurian petroleum systems elements on and around

the Mid North Sea High.

In and around the MNSH, most wells penetrating Carboniferous strata have targeted faulted and
folded regional highs. However, mudstone source rock quality is likely to be best in basin centres,
where maturity is likely to be higher, and fluvial, deltaic and turbiditic channel sandstones are likely
to have been focussed into depositional lows. For this reason, detailed evaluation of basin and
slope/margin settings with stratigraphic traps could be worthwhile within the Carboniferous

petroleum system.
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Detailed, local study is required to understand the Visean—Namurian petroleum system elements
further, such as the northward extent of mature source rocks, the extent and quality of
Carboniferous and Permian reservoir intervals, and the effectiveness of intra-Carboniferous seals in
a potentially stacked play. Since the release of the collated data and reports to Sponsors of the
21CXRM Palaeozoic Project in 2015-2016, upon which this paper is based, exploration activity by a
number of companies has added to the growing evidence on the prospectivity of the Visean—
Namurian petroleum system and system elements. For example, Cluff Natural Resources (2017)
have highlighted a number of Visean—Namurian self-sourcing and self-sealing prospects in Quadrants
41, 42 and 43. The Andromeda and Pegasus discoveries (Quadrant 43) lie west of the Cavendish gas
field within stacked Namurian to early Westphalian successions (Walters, 2016). In the south of
Quadrant 42, BP (2016) reported that drilling had commenced on a well targeting Namurian
sandstones beneath the Ravenspurn Field (block 43/26a). Thus, exploration interest in the Visean—

Namurian petroleum system elements has developed.

9 Discussion and Conclusions

Evidence has been summarised for prospective Visean—Namurian petroleum systems in basins
underlying and surrounding the geographic region of the MNSH in Quadrants 25-44 of the UKCS. A

widespread spatial and temporal extent of oil and gas mature source rock intervals exists within:

e |ower Carboniferous (Visean) coals and mudstones of the Scremerston Formation,
dominantly fluvio-deltaic and lacustrine with some marine influence, dominantly gas-prone.
Gas mature in Quadrant 41 and central-southern parts of Quadrants 42—44 and oil mature in
the Forth Approaches and North Dogger Basin.

e Visean—Namurian (lower—-middle Carboniferous) coals and mudstones of the Yoredale and

Millstone Grit formations in fluvio-deltaic to marine cycles, gas-prone with oil-prone

49



intervals. Gas mature in central part of Quadrant 41 and southern parts of Quadrants 42—43,
oil mature across northern parts of Quadrants 41-44, Quadrant 36, 38 and 39.

e Visean—Namurian (lower—middle Carboniferous) mudstones and siltstones of the Cleveland
Group, over 1 km thick, deposited in basinal environments. Gas mature to overmature in

southern parts of Quadrants 41-44 and modelled as having generated oil and gas.

Potentially widespread reservoir intervals include channel sandstones within the fluvio-deltaic
Visean—Namurian Scremerston, Yoredale and Millstone Grit formations and the laterally extensive,

high NTG Fell Sandstone Formation.

There are widespread opportunities for structural (fault/fold/dip) traps utilising a Silverpit
mudstone, or Zechstein evaporite seal, as is proved in the Breagh Field. Intraformational
Carboniferous seals are documented widely in onshore Carboniferous fields and in some offshore
fields. These should be further investigated, particularly in mudstone/siltstone-dominated basinal
successions with modelled Carboniferous and recent hydrocarbon generation, along with

possibilities for stratigraphic traps.

Multiple, stacked source, reservoir and seal rock intervals are commonly interpreted through the
kilometres-thick Carboniferous succession. Within this, several spatially and geologically distinct
Carboniferous play systems are described. Visean-Namurian clastic and basinal plays on the
southern margin of the MNSH (Quadrants 41-44) are constrained by the most data and have the

highest confidence in interpretations.

There are indirect indications (gas chimneys, limited shows, good quality source rocks at the basin
margin) of a clastic-dominated Visean-Namurian play present in the seismically mapped North
Dogger and Quadrant 29 basins to the north and east of the Dogger granite block (Quadrants 28, 29,
38, 39). To the north of the MNSH, oil and gas shows demonstrate the Carboniferous clastic

petroleum play of the Forth Approaches Basin.
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A substantial set of evidence, much of it previously unpublished, for the Visean—Namurian
petroleum system in the Central North Sea is summarised. Placed within the regional context of
Visean-Namurian petroleum system elements that extend from the Irish Sea, onshore northern—
central England, and across the North Sea into The Netherlands sector, this synthesis demonstrates a
regional understanding of a complex succession with a variable uplift/burial/thermal history and
therefore maturation/migration history. Future exploration opportunities are highlighted, with data
and evidence used to de-risk aspects of the petroleum system. For example, the distribution of a
mature source rock is the main risk in the Visean—Namurian petroleum system. A variety of
dominantly gas-prone but also oil-prone source rocks (coals, marine and lacustrine shales) are
proved and a gas mature generative area is delineated on the southern margin of the MNSH. We
find there is no need to invoke long range migration of Westphalian-sourced gas for the recorded
shows, discoveries and fields within Visean and Namurian strata, in agreement with Besly (in press).
Further detailed work on the maturation and basin modelling of Visean-Namurian coal and
mudstone source rocks is recommended, to shatter the ‘founding myth’ (Besly, in press) that ‘gas

comes from Westphalian coals’.

There is clearly potential for the positive play elements that have worked successfully in the Breagh
field to be present at other locations to the north of the world-class SNS Carboniferous gas province,
extending the life of the mature North Sea province into frontier areas and plays. In addition, new
stratigraphic and structural play types requiring intraformational Carboniferous sealing appear
worthy of exploration given knowledge of producing fields onshore UK and in the SNS gas basin.
Tight gas in the Visean-Namurian basinal play offers another potential opportunity given the
maturity and organic richness of this thick succession. A review of current activity suggests

exploration is currently underway to further investigate several Visean—Namurian prospects.
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