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Summary 

This report synthesises the results of the 21CXRM Palaeozoic project to describe the 

Carboniferous and Devonian petroleum systems of the Central North Sea/Mid North Sea High 

area (Quadrants 25ï44).  

Focusing on frontier areas to the north of the Southern North Sea gas fields and west of the Auk-

Flora ridge, integration of a large volume of seismic, well, geophysical, organic geochemistry, 

maturity and reservoir property data at regional scale has established: 

¶ Extensional to strike-slip Devonian and Carboniferous basins cutting across the Mid 

North Sea High on orientations strongly controlled by basement inheritance, granites and 

a complex Palaeozoic stress field. Varsican orogenic transpression and inversion was 

superimposed resulting in a variety of structural trapping styles and burial/uplift histories, 

and a complicated pre-Permian subcrop map. 

¶ A widespread spatial and temporal extent of oil and gas mature source rock intervals 

within the Carboniferous succession particularly; 

o lower 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 Quadrants 42-44 and 

oil mature in the Forth Approaches and North Dogger Basin  

o lower-mid Carboniferous (Visean-Namurian) coals and mudstones of the 

Yoredale and Millstone Grit formations in fluvio-deltaic to marine cycles, gas 

prone with oil prone intervals. Gas mature in central Quadrant 41 and southern 

Quadrants 42-43, oil mature across northern Quadrants 41-44, Quadrant 36, 38 

and 39.  

o Lower-mid Carboniferous (Visean-Namurian) mudstones and siltstones of the 

Cleveland Group, over 1 km thick, deposited in dominantly marine environments. 

Gas mature to overmature in southern Quadrants 41-44 and modelled as having 

generated oil and gas. 

¶ Potentially widespread reservoir intervals of varying reservoir quality. Favourable 

intervals include the Upper Devonian sandstone of the Buchan Formation expecially 

where fractured, channels within the fluvio-deltaic lower-mid Carboniferous (Visean-

Namurian) Scremerston, Yoredale and Millstone Grit formations, the laterally extensive, 

high net:gross Fell Sandstone Formation, and possibly turbidites or shoreface sands 

within marine mudstones/siltstones in southern Quadrants 41-44 (likely tight gas unless 

early hydrocarbon charged) 

¶ Widespread opportunities for structural (fault/fold/dip) traps utilising a Silverpit 

mudstone, or Zechstein evaporite seal as in the Breagh Field. Intraformational 

Carboniferous seals are documented widely in onshore Carboniferous fields and in some 

offshore fields and should be further investigated, particularly in mudstone/siltstone-

dominated basinal successions with modelled Carboniferous and recent hydrocarbon 

generation, along with possibilities for stratigraphic traps. 

¶ Basin modelling predicts oil and gas generation at a variety of times (Carboniferous, 

Mesozoic and Cenozoic dependent on the well) from lower-mid Carbonferous (Visean-

Namurian) strata in Quadrants 41-44. In the Forth Approaches, Quadrant 29/North 

Dogger basins and on the poorly constrained Devonian-Carboniferous Mid North Sea 

High, oil window maturity levels are modelled at selected wells in a largely gas-prone 

sequence, though basinwards gas maturity may be achieved. It is recommended that the 

contribution and volumetrics of relatively thin oil-prone intervals within the 

Carboniferous succession be further investigated.  
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Multiple, stacked source, reservoir and seal intervals are commonly interpreted through the 

kilometres thick Carboniferous and Devonian sequences. Within this, several spatially and 

geologically distinct Devonian and Carboniferous play systems are described. Lowerïmid 

Carboniferous clastic and basinal plays in Quadrants 41ï44 are constrained by the most data and 

with the highest confidence. At regional scale, a working, generally gas-prone lowerïmid 

Carboniferous petroleum system is present, as proven by the producing Breagh Field. 

There are indirect indications (gas chimneys, limited shows, good quality source rocks at the 

basin margin) of a clastic-dominated lowerïmid Carboniferous play present in seismically-

mapped basins to the north and east of the Dogger granite block (Quadrants 28, 29, 38, 39). To 

the north of the Mid North Sea High, oil and gas shows demonstrate the Carboniferous clastic 

petroleum play of the Forth Approaches basin. Here, maturity levels and timing of migration are 

key risks. 

On the DevonianïCarboniferous Mid North Sea High (Quadrants 34-36), data is very sparse 

with an attenuated lower Carboniferous and thick upper Devonian sequences interpreted to be 

present. Some gas prone source rocks are proven but maturity levels are in the early oil window. 

Gravity and magnetic interpretation points to some possible deeper basins worthy of further 

investigation. Offshore the Northumberland Trough (southern Quadrant 34), a distinct, potential 

play containing strata up to Westphalian Coal Measures remains untested. 

Upper Devonianïlower Carboniferous sandstones form possible reservoir intervals across much 

of Quadrants 25ï44. The porosity and permeability of these rocks is poorly known and low 

where measured. In fields that produce from reservoir of this age (Buchan, Auk) fracture 

permeability is utilised. Little data exists on the source and reservoir potential of mid Devonian 

limestones and mudstones of the Kyle Group. The few wells that encounter the interval have 

been drilled on regional highs, and the low source rock quality and porosity values measured are 

possibly unrepresentative of the unit as a whole.  

This regional scale synthesis of Palaeozoic petroleum systems has provided the evidence to 

encourage more detailed exploration at block and prospect scale in areas such as Quadrants 41-

44 and the Quadrant 29ïNorth Dogger basins. Recurring themes which require further 

investigation include; local variability in source rock, maturity and reservoir quality as controlled 

by original facies distribution and burial history; productivity of thin oil-prone intervals; 

intraformational Carboniferous sealing and stratigraphic traps; plus hydrocarbon source typing 

and migration pathways.  
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Figure 1 Map of Pre-Westphalian shows, discoveries and fields, Quadrants 25ï44 

Carboniferous shows in the Forth Approaches plus shows and fields (Midlothian, DôArcy-

Cousland) in the Midland Valley of Scotland (Quads 25-26) attest to a working petroleum 

system to the north of the Mid North Sea High (Figure 1). Oil 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).  

The structural fault-block configuration along the Auk-Flora ridge (Quads 30, 39) and in the 

Norwegian Embla field has allowed Jurassic-sourced migration to reservoirs in upper Devonian-

lower Carboniferous or upper Carboniferous sandstone, Permian sandstone and limestone and 

represents a different petroleum system (e.g. see Glennie et al., 2003). 

In recent years, studies of unconventional potential for shale gas/oil, coal bed methane etc. 

(Jones et al., 2004, Andrews 2013, Monaghan 2014) have highlighted the organic richness of the 

Carboniferous source rock across centralïnorthern England and the central belt of Scotland, 

onshore of Quadrants 25ï44.  

It is notable that the size of conventional onshore Carboniferous traps and fields are smaller than 

offshore producing fields. For example the Breagh Field has total reserves estimated at 19.8 

bcm/699 bcf (DEA Group, 2015; or 16.9 bcm/600 bcf recoverable reserves, Offshore 

Technology, 2011) whereas the largest onshore gas field, Saltfleetby, has ultimately recoverable 

reserves of 2.08 bcm/73 bcf (Breunese et al., 2010; Hodge, 2003). The depositional facies, burial 

history and structural configuration of the Carboniferous are more complex than many of the 

younger UKCS petroleum plays. However many of these challenges have been successfully 

overcome in the Southern North Sea Westphalian and Permian gas play.  

The Breagh Field and other discoveries (e.g. Crosgan 42/10b- 2; Figure 1) have proven a 

working Carboniferous play at such distances from the Westphalian-sourced gas fields of the 

Southern North Sea that long range migration of Westphalian-sourced gas is questionable. 

Gerling et al. (1999) highlighted the likely contribution of a mature marine source in addition to 
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Westphalian Coal Measures to gas fields of the Southern North Sea. Dolan and Associates 

(1994) recognised the potential of coal-derived gas outside the Westphalian of the Southern 

North Sea. Using a comprehensive well database they estimated about 550 tcf of gas may have 

migrated from the Firth Coal Formation (Quadrants 14, 15, 26) to conventional reservoirs and 

about 23 tcf may have been liberated from the Scremerston Formation (Quadrants 42, 43, 44; in 

the relatively restricted area it was identified at that time). Namurian coals were also identified as 

gas sources (Dolan and Associates, 1994).  

The synthesis work below is a regional scale synthesis of 21CXRM Palaeozoic Project, together 

with previous published work. The aim is to provide a consistent set of data and interpretations 

as a framework to support exploration at block and prospect level.  

2 Overview of Palaeozoic petroleum systems in 

Quadrants 25ï44: stacked heterolithic plays 

Six Palaeozoic petroleum systems can be defined within Quadrants 25ï44 (Figure 2).  

 

 

Figure 2 Simplified overview of late Palaeozoic stratigraphy and plays 
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Figure 4 Overview Palaeozoic play cartoon, Quadrants 38-43  

In this study, well and seismic interpretations have identified a far greater extent of lowerïmid 

Carboniferous strata than current published limits and in a better understanding of Palaeozoic 

structure (blocks, shelves and basins) over a large part of the óMid North Sea Highô (Figures 5, 

6).  
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Figure 6 Structural summary map of Devonian-Carboniferous basins and highs across the 

MNSH/CNS study area 

The definition of Devonian-Carboniferous basins together with variations in stratigraphy and 

data density/quality has facilitated subdivision of the sub-areas shown on Figure 7. The sub-areas 

are used in the description of the petroleum systems below.  
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Figure 9 Van Krevelen plot giving an overview of kerogen types and maturity for the 

Carboniferous and Devonian of the MNSH/CNS, together with the onshore Bowland Shale 

data from Andrews (2013) for comparison. 

 

A similar picture of mixed kerogen types with dominant Type III (humic, vitrinite) kerogens is 

observed from a literature review of visually or geochemically analysed kerogen (Figure 10).  
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Figure 10 Plot of wells with >30% of the kerogen type shown, from visual or geochemical 

evaluation extracted from a literature review of well reports for Devonian and 

Carboniferous core or cuttings samples. Extent of Westphalian Coal Measures strata in 

grey, fields in pale blue.  

 

A non-marine Carboniferous source is also the most common geochemically-typed source in 

analyses of migrated hydrocarbons, shows and fluid inclusions from a literature review (Figure 

11).  
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Figure 11 Plot of migrated hydrocarbons, shows and fluid inclusions geochemically 

analysed for source rock type, from a literature review of well and other donated reports.  
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Figure 13 Model of gas expelled from the Scremerston Formation (total mass per rock 

unit), (model time is close to present day). Wells 43/17-02 and 41/20-01 do not penetrate to 

the Scremerston Formation, but based on maturity of younger Carboniferous rocks, it 

would be expected that the Scremerston in this region reached the oil and gas maturity 

windows over the geological history of this region. Generalised directions of migration are 

shown. Contour lines are depth to top Scremerston Formation in metres.  
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Figure 14 Oil expelled from the Scremerston Formation (total mass per rock unit) at time  

close to present day. Wells 43/17-02 and 41/20-01 do not penetrate to the Scremerston 

Formation, but based on maturity of younger Carboniferous rocks, it would be expected 

that the Scremerston in this region reached the oil and gas maturity windows over the 

geological history of this region. Generalised directions of migration are shown. Contour 

lines are depth to top Scremerston Formation in metres. 

The main message from the migration maps is of oil and gas generation in the southern, basinal 

play and up-dip migration to regional highs. Similar migration pathways in Quadrants 41-43 

were predicted by Collinson et al. (1995) into up-dip clastic reservoirs.  

In summary, a regional overview of Carboniferous source rocks and generated hydrocarbons 

shows that Quadrants 41ï44 contain good quality source rocks that are gas mature and this area 

is modelled as being a generative centre (kitchen) in Cenozoic times. Carboniferous wells that 

have sampled less deeply buried strata on the margins of the North Dogger Basin or on the Mid 

North Sea High area of Quadrant 36 have the source rock potential for gas and some oil 

generation, should similar rocks be buried more deeply in the adjacent basins.  
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Gas discoveries (Ralph Cross/Westerdale) have been made in onshore equivalents of the 

Plattendolomit (Underhill, 2003) as well as offshore in the Plattendolomit (Wissey, Hewett 

fields).  

A systematic search of Permian shows and discoveries across Quadrants 25-44 was out with the 

scope of this study. 

3.3 SOURCE ROCKS 

The source rocks to the Rotliegend fields of the Southern North Sea are predominantly 

underlying Westphalian Coal Measures, as proven by the isotopic studies and their geographical 

distribution (Gast et al., 2010). Minor source potential exists within the basal oil-prone Zechstein 

Kupferscheifer, however in this area it is too thin to generate  economic volumes of hydrocarbon 

(only a few metres thick at most, Taylor, 1998).  

Oil fields located in the northern part of the Central North Sea (CNS) include the Auk, Alma 

(originally Argyll), Innes and Carnoustie fields. Hydrocarbons within these fields are sourced 

from down-faulted Jurassic strata (Glennie et al., 2003).  

This study considers Carboniferous and Devonian source rocks underlying the Permian (sections 

5 and 6 below). 

3.4 RESERVOIR ROCKS 

The predominantly aeolian Leman Formation forms the main reservoir for Permian gas fields of 

the Southern North Sea (Underhill, 2003). The Leman fieldôs reservoir lies within the Leman 

sandstone with porosities of 11-14.3% and permeabilities of 0.5-15 mD (Gast et al., 2010). 

Average porosity and permeability data of Rotliegend gas reservoirs of the Southern North Sea 

area (Q42 to 49; Figure 17) typically range from 14 to 20% and 0.1 to 2000 mD. The major 

facies from which these data are taken are dune, wadi and sabkha (Glennie, 1998).   

The Auk Formation forms the main Rotliegend reservoir unit in the Northern Permian Basin part 

of Quadrants 24ï44 and comprises mainly reddish brown aeolian sandstones  (Glennie et al., 

2003). The Auk Formation is a proven reservoir in Quadrant 30 and a potential reservoir in the 

Forth Approaches basin (see section 5.6 below). 

Zechstein carbonates are a proven Permian reservoir in Quadrant 30 with the Hewett, Auk and 

Ardmore/Alma (originally Argyll) fields. The permeability and porosity of the Zechstein 

reservoirs of these fields range from 0.02-620 mD up to tens of Darcies (Taylor, 1998). The 

dolomitic reservoir of the Hewett field has an average porosity of 5-8% and permeability of 

around 1000 mD (Peryt, 2010). 
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Figure 17 Extent of generalised Rotliegend Group sedimentary rocks, compiled from a 

number of data sources. 

The Permian Mid North Sea High dividing the Southern and Northern Permian Basins is situated 

in Quadrants 35ï39 and the Rotliegend is largely absent across this area (Figure 17). The Cygnus 

field utilises the Rotliegend reservoir on the northern edge of the Southern Permian Basin 

(Taggart, 2015) and work is ongoing on mapping small patches of Rotliegend over the Mid 

North Sea High. The 2015 Government-funded seismic across the Mid North Sea High may help 

to distinguish patches with preserved Rotliegend sandstones which could provide a migration 

pathway, a higher porosity reservoir compared with Carboniferous sandstones, or a thief zone for 

Carboniferous structures.  
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3.5 SEAL ROCKS  

 

Figure 18 Extent of generalised Zechstein Group, compiled from the Millennium Atlas, 

Southern Basin Permian Atlas, BGS maps and seismically mapped extents (this study).  
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seal presence, facies and thickness reduce prospectivity in some parts of the study area. Key risks 

include:  

¶ Thinning out of Zechstein seal in areas such as 42/18 and along the north-eastern margin 

of the North Dogger Basin 

¶ Variability of the quality of the Silverpit seal, where sandy intervals occur and replace the 

finer grained sediment 

¶ The northern edge of the Rotliegend sandstone can be absent or salt-plugged, the 

sandstone quality is variable and potential reservoirs pinch out, leading to diminished 

reservoir quality 

¶ Prediction of the reservoir quality within the Zechstein carbonates is difficult due to rapid 

lateral variability  

¶ Extent of restricted areas of Rotliegend sandstones across the Mid North Sea High 

4 Review of the Westphalian petroleum system ï 

Southern North Sea gas fields 

4.1 OVERVIEW  

This section is summary of existing work on the producing petroleum province present in the 

south of the study area (southern Quadrants 43, 44 including the Cygnus, Cavendish, Kilmar, 

Trent, Boulton, Schooner, Ketch, Tyne, Wingate fields; see Figure 3 for generalised extent). The 

Westphalian sequence is absent over much of Quadrants 25ï42 (Figure 5). Knowledge of proven 

Westphalian gas fields was used to inform the Namurian and older Carboniferous plays studied 

here.  

 

Figure 20 Summary of Westphalian petroleum systems redrawn from Cameron et al. 

(2005). Reproduced with permission of the Yorkshire Geological Society. 
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4.2 FIELDS, SHOWS, DISCOVERIES 

The Southern North Sea Westphalian gas fields are a major, producing petroleum system located 

in the southern parts of Quadrants 43 and 44 and north-eastern Quadrant 49. Late Westphalian 

(Bolsovian to Asturian, Ketch Formation/Schooner unit) fields include Ketch, Schooner, Boulton 

and Tyne in Quadrant 44, with gas accumulations in the adjacent Dutch blocks D, E and K 

(Cameron et al., 2005; Kombrink et al., 2010). Sandstones within the Caister Formation form the 

reservoir within the Caister, Murdoch, Trent and Cavendish fields and a latest Namurian 

reservoir occurs in Cavendish (Cameron et al., 2005; Kombrink et al., 2010).  

Westphalian-sourced, Rotliegend-reservoired fields are generally located in the far south of 

Quadrant 42 and Quadrants 47-49, the exception being the Cygnus field (44/11 and 44/12) with 

Ketch and Rotliegend reservoirs on the northern edge of the Silverpit basin. 

Typically Westphalian gas fields range from 3.28 bcm/116 bcf (Trent) to 81 bcm/2860 bcf 

(Indefatigable and Indefatigable Southwest, Breunese et al., 2010).  

4.3 SOURCE ROCKS 

Westphalian coals are the main source rocks for Westphalian and Rotliegend gas fields in the 

Southern North Sea (Kombrink et al., 2010). Some contribution from Namurian shales may be 

possible e.g. in the Trent field (Kombrink et al., 2010). Marine shales within the coal bearing 

cycles contain Type II oil prone kerogens (Pletsch et al., 2010). 

4.4 RESERVOIR ROCKS 

The Ketch Formation pebbly sandstones form the most important Carboniferous reservoirs in the 

Southern North Sea (Kombrink et al., 2010). Reservoir sand bodies are also present in 

Westphalian A and B Coal Measures strata. In the Trent field (block 43/24), the reservoir 

interval is late Namurian-early Langsettian in age including Millstone Grit delta-top facies 

(Cameron et al., 2005; Kombrink et al., 2010).  

Within the Westphalian Coal Measures, porosities are between 3 and 19% with permeabilities of 

0.1 to 11 mD. The Westphalian red beds (e.g. Ketch Formation) fare better, with average 

porosities ranging from 7 to 20% and permeabilities of 10 to 1000 mD (Besly, 1998).  

4.5 SEAL ROCKS 

The shales and evaporites of the Silverpit Formation (Rotliegend equivalent) in the Silverpit-

Cleaver Bank area, and Zechstein evaporites form the regional seal (Figure 22). Some 

intraformational sealing by mudstones has been documented e.g. Duckmantian mudstones in the 

Boulton field, (Kombrink et al., 2010) 

4.6 TRAPS 

Late Carboniferous-early Permian Variscan inversion, uplift and folding along with NW-

SE/WNW-ESE and NE-SW faults formed many structural traps of the Westphalian SNS play 

(Cameron et al., 2005; Fraser and Gawthorpe 1990; Figure 20). Dip and fault closures adjacent 

to the Base Permian unconformity (Variscan) and Permian seal rocks form a major trap type 

(Pletsch et al., 2010). Seismic mapping for this study indicates that north-west trending faults 

and associated folding continues from the Westphalian play to the Namurian sequences in 

northern parts of Quadrants 43 and 44.  

4.7 MATURITY, MIGRATION AND CHARGE 

Though there is local variability, large parts of the Coal Measures in the Southern North Sea are 

within gas window. Generation was widespread until Mid-Jurassic times with renewed 
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Similar to the Westphalian Coal Measures, Visean-Namurian strata (Fell, Scremerston, 

Yoredale, Millstone Grit formations and basinal Cleveland Group units) are commonly 

heterolithic and cyclical (Figure 22), responding to variations in sea level, tectonics and sediment 

supply. Source rocks ï mudstones, carbonaceous mudstones, coals, oil shales and bituminous 

limestones ï occur in close proximity to reservoir rocks - mainly coarse channel sandstones or 

transgressive beach sandstones. Intraformational seals could be provided by extensive 

mudstones. The data available is not suggestive of a reservoir facies within the limestones.  

 

Figure 22 Examples of heterolithic clastic sequences with in the Yoredale Group onshore, 

from the BGS Regional Guide to Northern England after Tucker et al. (2003). Similar 

packages are observed in well logs and cores offshore.  

  



 

 29 

 

 

Figure 23 3D generalised cartoon of structure and lowstand depositional environments in 

Scremerston/Yoredale formations across the southern part of the study area (Quadrants 

35ï44). The topography on the cartoon is exaggerated for effect ï sedimentation is 

interpreted to have kept pace tectonism such that fault scarps would not have been 

exposed. The óclastic playô on the top and right of the figure contrasts with the óbasinal 

playô on the bottom left. During highstands, marine incursions occurred across the fluvio-

deltaic plain.  
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Figure 25 Extent of late Asbian Scremerston, Firth Coal formations and laterally 

equivalent basinal Cleveland Group B/C units, together with measured and calculated 

average maturity values from vitrinite reflectance data in wells.  
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Figure 26 Extent of Arundian Fell Sandstone Formation and laterally equivalent basinal 

Cleveland Group A unit, together with measured and calculated average maturity values 

from vitrinite reflectance data in wells. Note that in Quadrant 26, the unit of this age has 

previously been named the óTayport Formationô ï in this study the ChadianïHolkerian age 

unit is correlated with the Fell Sandstone Formation. 
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Figure 28 5 km resolution seismic depth grid (in metres) to Top Scremerston Formation 

and lateral equivalents, shown with the major regional scale faults. 
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