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Summary

This report synthesises the results of t#ELCXRM Palaeozoic projecto describethe
Carboniferous and Devonigretroleum systems of théentral North Seédlid North Sea High
area (Quadrant®si 44).

Focusing on frontier areas to the north of the Southern North Sea gas fielestod the Auk
Flora ridge, mtegration of a large volume of seismic, well, geophysical, organic geochemistry,
maturity and reservoir property dataregional scalbas estalghed:

T

Extensional to strikslip Devonian and Carboniferous basins cutting across the Mid
North Sea High on orientations strongly controlled by basement inheritance, granites and
a complex Palaeozoic stress fieMarsican orogenidranspression andversion was
superimposed resulting avariety of structural trapping stylaad burial/uplift histories,
anda compicatedpre-Permian subcrop map.
A widespread spatial and temporal extent of oil and gas mature source rock intervals
within the Carbon#érous successigrarticularly,
o lower CarboniferouéVisean)coals and mudstones of the Scremerston Formation
dominantly fluviodeltaicand lacustrinevith some marinenfluence dominantly
gas prone. Gas mature @uadrant 41 and centrabuthern Quadrast4244 and
oil maturein the Forth Approaches and North Dogger Basin
o lowermid Carboniferous (ViseanrNamurian) coals and mudstones of the
Yoredak and Millstone Grit formations fluvio-deltaic to marine cyclegas
prone with oil prone intervalsGas naturein central Quadrant 41 and southern
Quadrants 423, oil matureacross northern Quadrants-44, Quadrant 36, 38
and 39.
0 Lowermid Carboniferous (ViseaNamurian) mudstones and siltstoness the
Cleveland Groupgver 1 km thick deposited in dminantly marine environments.
Gas mature to overmature southernQuadrants41-44 and modelled as having
generated oil and gas
Potentially widespread reservoir intervals of varying reservoir qualfgvourable
intervals includethe Upper Devonian santtme of the Buchan Formatioexpecially
where fracturedchannels within the fluvideltaic lower-mid Carboniferous (Visean
Namurian)Scremerston, Yoredale and Millstone Gatmations, the laterally extensive,
high net:gross Fell Sandstone Formation, @oedsibly turbidites or shoreface sands
within marine mudstones/siltstones in sarthQuadrants 444 (ikely tight gas unless
early hydrocarbon chardg
Widespread pportunities for structural (fault/fold/dip) traps utilising a Silverpit
mudstone or Zedistein evaporite seads 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/sHtstone
dominatedbasinal successions with modelled Carboniferous and recent hydrocarbon
generationalong with possibilities for stratigraphic traps.
Basin modelling predicts oil and gas generataina variety of timesQGarboniferous,
Mesozoic and Cenozoitependent on the wglfrom lowermid Carbonferous (Visean
Namurian) strata in Quadrants -44. In the Forth Approache®fuadrant 29/North
Dogger basins and on the poorly constrained Deve@emboniferous Mid North Sea
High, oil window maturity levels are modelled at selectezllsvn a largely gagprone
sequencethough basinwards gas maturity may be achieved. It is recommended that the
contribution and volumetrics of relatively thin -@tone intervals within the
Carboniferous succession be further investigated.
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Multiple, stacked source, reservoir and seal intervals are commonly interpreted tkineugh
kilometres thick Carboniferous and Devonian sequences. Within sveral spatially and
geologically distinctDevonian and Carboniferouglay systems are describeLoweli mid
Carboniferous clastic @nbasinal plays in Quadrantsi4¥4 are constrained by the most datad
with the highest confidenceAt regional scalea working, generally gagrone lowermid
Carboniferous petroleum system is present, as proverelpyaducingBreagh keld.

There arendirect indications (gas chimneys, limited shows, good quality source rocks at the
basin margin) of aclasticdominatedloweri mid Carboniferous play presemt seismically
mapped basin® the north and east of the Dogger granite bi@@kadrants 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 basiere maturity levels and timing ahigration are

key risks.

On the Devonian CarboniferousMid North Sea High (Quadrants -36), data is very sparse
with an attenuatetbwer Carboniferous and thickpoper Devonian sequences interpreted to be
present. Some gas prone source rocks are prodendiurity levels arén theearly oil window.
Gravity and magnetiinterpretationpoints to some possible deeper basins worthy of further
investigation.Offshore the Northumberland Trough (southern Quadrant 34), a digtotential
play containing stratup to Westphalian Coal Measures remains untested.

Upper Devonianlower Carboniferous sandstones form possible reservoivatseacross much
of Quadrants25i 44. The porosity and permeability of these rocks is poorly knownlewd
where measuredin fields that produce from reservoir of this age (Buchan, Auk) fracture
permeability is utilsed. Little data exists on the source and reservoir poteftiald Devonian
limestones and mudstone$ the Kyle Group. The few wellghat encounter the interval have
been drilled on regional highand the low source rock quality and porosity valmessuredre
possiblyunrepresentative of the unit as a whole.

This regional scale synthesis of Palaeozoic petroleum systems has provided the dweidence
encourage more thiled exploration at block and prospect scale in asaak as Quadnts 41

44 and the Quadrant PNorth Dogger hsins. Recurring themes which require further
investigation includglocal variability in sourceock, maturity and reservoir qualigscontrolled

by original facies distribution and burial historproductivity of thin oitprone intervals
intraformational Carboniferousealing and stratigraphic tragdus hydrocarbon source typing
and migration pathways.
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Figure 1 Map of Pre-Westphalian shows, discoveries and fieldQuadrants 25/ 44

Carboniferous shows in the Forth Approaclhptss shows and fieldsMidlothian, D6 AF c y
Couslandl in the Midland Valley of ScotlandQuads 2526) attest to a working petroleum
system to the north of the Mid North Sea H{§igure 1) Oil and gas production in thiglidland
Valley of Scotlandvassourcedfrom, and trapped inlower Carboniferousstrata (Hallettet al,
1985, Underhilket al.,2008.

The structural faulblock configuration along the Adklora ridge (Quads 30, 39) and in the
Norwegian Embla field has allowed Jurassaurced migrtéon to reservoirs in upper Devonian
lower Carboniferousroupper Carboniferous sandstomErmian sandstone and limestarel
represent a differenpetroleum systerte.g. see Glennie et a2003)

In recent yearsstudies of unconventionalotential for shale gas/oioal bed methanetc
(Jones et al., 200Andrews 2013, Monaghan 2014) have highlightedotiganic richness of the
Carboniferous source rockcross centrahorthern England and the dead belt of Scotland,
onshoreof Quadrants 244,

It is notablethatthe size of conventional onshore Carbonifervaps andields aresmallerthan
offshore producingfields. For example the Breaghield hastotal reserves estimated at 19.8
bcn’699 bcf (DEA Group, 2015; orl6.9 bcmb00 bcef recoverable reserves, Offshore
Technology, 2011)vhereas théargestonshoregas field,Saltfleetby hasultimatelyrecoverable
reserves 02.08 bcni73 bcf(Breunese et al., 2016todge, 2008 The depositional facies, burial
history and structural configuration of ti@&arboniferousare more complex thamany of the
younger UKCS petroleum playsHowever many of these challenges have bsarcessfully
overcomen the Suthern North Se®estphaliarand Permiamgasplay.

The BreaghField and other discoverie@.g. Crosgan 42/10k2; Figure 1) have proven a
working Carboniferous play at such distandesm the Westphaliasourcedgas fields of the
Southern North Sea that long range migration of Weaipnsourced gas igjuestionable
Gerling et al. (1999) highlighted the likely contribution of a mature marine source in addition to

2



Westphalian Coal Measures to gas fields of the Southern NorthD®&ésn and Associates
(1994) recognised the potential coatderived gas outside the Westphalian of the Southern
North Sea. Using a comprehensive wellathaise they estimated about 560df gas may have
migrated from the Firth Coaldfmation (Quadrants 14, 15, 2) convetional reservoirs and
about 23 ¢f may have been liberated from the Scremerston Formation (Quadradfs, 42; in

the relatively restricted area it was identified at that time). Namurian coals were also identified as
gas sourcefDolan and Associates, 1994)

The synthsis work below is aegional scalesynthesis of 21CXRM Palaeozoic Project, together
with previous published work. The aim is to provide a consisgenof data and interpretations
as a framework teupportexploration at block and prospect level.

2 Overviev of Palaeozoic petroleum gstems in
Quadrant5i 44: stacked heterolithic play

Six Palaeozoipetroleum systems can be defined witQuadrant25i 44 (Figure 2).

AGE SUMMARY STRATIGRAPHY / LITHOLOGY PETROLEUM FIELDS /
GEOLOGY DISCOVERIES
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Figure 2 Simplified overview of late Palaeozoic stratigraphy ad plays
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In this study, well and seismiaterpretations hava&lentified a far greater extent abweri mid
Carboniferousstratathan current published limitand in a better understanding of Palaeozoic

structure Blocks, shelves and basjrever a large part of &h
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Figure 6 Structural summary map of DevonianCarboniferous basins and highsacross the
MNSH/CNS study area

The definition of DevoniatCarboniferous basins together with variations in stratigraphy and
data density/quality has facilitatesubdivision of the subreas shown on Figure The subareas
are used in the description of the petroleum systeetwsy.
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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 domindype 1l (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

evaludion extracted from a literature review of well reports for Devonian and
Carboniferous core or cuttings samplesExtent of Westphalian Coal Measures strata in

grey, fields in pale blue.

A non-marine Carboniferoussource is also the most common geocheltyiggped sourcan
analyses of migrated hydrocarbons, shows and fluid incluéionsa literature reviewFigure

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)Vells 43/1702 and 41/2001 do not penetrate to
the Scremerston Formation, but basé 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 ofigration are
shown. Contour lines are degh 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 43/132 and 41/2601 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 updip migrdion to regional highsSimilar migration pathways in Quadrants-43
were predicted bgollinson et al. (1995) into u@ip clastic reservoirs.

In summary, a regional overview of Carboniferous source rocks and generated hydrocarbons
showsthat Quadrants41i 44 contain goodjuality source rocks that are gas mature and this area

is modelledasbeing a generativeentre(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 amddisom
generationshould similar rocks be burigdore deeplyn theadjacent basins
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Gas discoveries (Ralph Cross/Westerdale) have been made in onshore equivalents of the
Plattendolomit (Underhill, 2003as well & offshore in the Plattendolomit (Wissey, Hewett
fields).

A systematic search of Permian shows and discoveries across Quadrdéta/2% out with the
scope of this study.

3.3 SOURCE ROCKS

The source rocks to the Rotliegend fields of the Southern North Segradominantly
underlying Westphalian Coal Measures, as proven by the isotopic studies and their geographical
distribution (Gastt al, 2010). Minor source potential exists within the basapmine Zechstein
Kupferscheifer, howevadn this areat is too thin togenerateeconomicvolumes of hydrocarbon

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

Oll fields located in the northern part of ti@entral North SeaGNS) include the Auk, Alma
(originally Argyll), Innes and Carnoustie fields. Hydrocarhe within these fields are sourced
from downfaulted Jurassic strata (Glennie ef 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 Fation forms the main reservoir for Permian gas fields of
the Southern North Sea (Underhill, 2003) . T
sandstone with porosities of -11.3% and permeabilities of 0% mD (Gastet al, 2010).
Average porosityand permeability data of Rotliegend gas reservoirs of the Southern North Sea
area (Q42 to 49; Figur&?) typically range from 14 to 20% and 0.1 to 208@. The major

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

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

of Quadrants 2444 and comprises mainly reddish brown aeolian sandstones (Glennie et al.,
2003). The Auk Formation is a proven reservoir in Quadrant 30 @adeatial reservoir in the
Forth Approaches basin (see section 5.6 below).

Zechstein carbonates are a proven Permian reservoinadrént30 with the Hewett, Auk and
Ardmore/Alma (originally Argyll) fields. The permeability and porosity of the Zechstein
reservoirs of these fields range from G&20 mD up totens of [arcies (Taylor, 1998). The
dolomitic reservoir of the Hewett field has an average porosity-&85and permeability of
around 1000nD (Peryt, 201Q)
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Figure 17 Extent of generalised Rotliegendsroup sedimentary rocks, comjled from a
number of data sources

ThePermian Mid North Sea High dividing the Southern and Northern PernaimsBs situated

in Quadrants 339 and the Rotliegend is largelgsent across this ax€Figure ¥). The Cygnus

field utilises the Rotliegend reservoir on the northern edge of the Southern Permian Basin
(Taggart, 2015and work is ongoing on mapping small patches of Rotliegend over the Mid
North Sea HighThe2015Governmerfundedseismicacross the Mid North Sea Highayhelp

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
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Figure 18 Extent of generalised Zechstein Group, compiled from the Millennium Atlas,
Southern Basin Permian Atlas BGS mapsand seismically mapped extents (this study)
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sal presence, facies and thickness reduce prospectivity in some parts of the study area. Key risks
include:

1 Thinning out of Zechstein seal in areas such as 42/1&land the northkeasterrmargin
of theNorth Dogger Basin

1 Variability of the quality of theSilverpit seal, where sandy intervals occur and replace the
finer grained sediment

1 The northern edge of thRotliegend sandstone can be absent or -palgged, the
sandstone quality is variable and potential reseryaimsh out leading to diminished
reservoir quality

1 Prediction of the reservoir quality within the Zechstein carbonates is difficult due to rapid
lateral variability

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

4 Review of the Westphalian petroleum systerm
Southern North Segas felds

4.1 OVERVIEW

This section is summary of existing wook the producing petroleum province present in the
south of the study area (southern Quadrants 43, 44 including the Cygnus, Cavendish, Kilmar,
Trent, Boulton, Schooner, Ketchyne, Wingate fields; see Figure 3 for generalised ext€h®
Westphalian sequence is absent over much of Quadramg Peigure 5)Knowledge of proven
Westphalian gas fields was used to inform the Namurian and older Carboniferousttbgd

here

sSwW NE
2
BPU closure
: Murdoch Ridge Upper Permian Loa
Trent Ridge faulted trap subcrop trap subcrop dip trap  (Zechstein)
Carboniferous seal BPU dip closure

Lower Permian
(Silverpit)

(w) yidep eesqng

possible
Namurian
seals

i

Late Westphalian red beds Basal Westphalian B sandy coal measures (Caister Sandstone Unit)

Late Westphalian B sandy coal measures (Lower Schooner Unit) Westphalian A (Caister Coal Formation, Millstone Grit Formation)

I:I Westphalian B argillaceous coal measures (Westoe Coal Formation) I:I Namurian and older

Top Kinderscoutian

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 figsls area major producing petroleum system located

in the southern parts of Quadrants 43 anda#dl northeastern Quadrant 48ate Westphalian
(Bolsovian to Asturian, Ketch FormatitSchooner unit) fields include Ketch, Schooner, Boulton
and Tyne in Quadrant 44yith gas accumulations in the adjacent Dutch blocks D, E and K
(Cameron et al., 2005; Kombrirgt al, 2010). Sandstones within the Caister Formation form the
reservoir within the Caister, Murdoch, Trent and Cavendish fields and a latest Namurian
reservoi occursin Cavendish (Cameron et al., 2005; Kombrink et al., 2010).

Westphaliarsourced, Rotliegenteservoired fields are generally located in the far south of
Quadrant 42 and Quadrants-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 frogi28 bcnil16 bcf (Trent) to 81 bcmi2860 bcf
(Indefatigable and Indefatigable Southw@&stunesest al, 2010.

4.3 SOURCE ROCKS

Westphalian coals are the main source rocks for Westphalian and Rotliegend gas fields in the
Southern North Sea (Kombrirgt al, 2010). Some contribution from Namurian shales may be
possible e.g. in the Trent field (Kombrink et al., 2010). Marine shaigsnwthe coal bearing

cycles contain Type Il 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 (Kombrinkt al, 2010). Reservoir sdnbodies are als@resent in
Westphalian A and B Coal dhsures strata. In the Trent field (block 43/24), the reservoir
interval is late Namuriaearly Langsettian in age including Millstone Grit ddla facies
(Cameron et al., 2005; Kombrink et al., 2D10

Within the Westphalian Coal Measures, porosities are between 3 and 19% with permeabilities of
0.1 to 11 mD. The Westphalian red bgedsg. KetchFormatior) fare better, with average
porosities ranging from 7 to 20% and permeabilities of 10 to 1000BeBly, 1998).

4.5 SEAL ROCKS

The shales and evaporites of the Silverpit Formation (Rotlieggndraleny in the Silverpit
Cleaver Bank area, and Zechstein evaporites form the regional(lSgare 22). Some
intraformational sealing by mudstones has been documentddueimantian mudstones in the
Boulton field, (Kombrinket al, 2010)

4.6 TRAPS

Late Carboniferougarly Permian Variscan inversion, uplift and folding along with NW
SE/WNW-ESE and NESW fauls formed many structural traps of the Westphalian SNS play
(Cameron et al., 2005; Fraser and Gawthorpe 1990; Firédip and fault closures adjacent

to theBase Permian unconformity (Matan) and Permian seal rocks form a major trap type
(Pletschet d., 2010) Seismic mapping for this study indicates that narést 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 theras local variability, large parts of the Coal Measures in the Southern North Sea are
within gas window. Generation was widespread until Widassic times with renewed
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Similar to the Westphalian Coal Measures, Vis&émmurian strata (Fell, Scremerston,
Yoredale, Millstone Grit formations and basinal Cleveland Group units) are commonly
heterolithic and cyclicalFigure2?2), responding to variations in sea level, tectonics anitnsed
supply. Source rockd mudstones, carbonaceous mudstones, coals, oil shales and bituminous
limestones occur in close proximity to reservoir rocksnainly coarse channel sandstones or
transgressive beach sataiwes. htraformational seals ould be provided by extensive
mudstonesThe data available is not suggestive of a reservoir facies within the limestones.
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Figure 22 Examples of heteroithic clastic sequences with in the Yoredale Group onshoye
from the BGS Regional Gude to Northern England after Tucker et al.(2003. Similar
packages are observed in well logs and cores offshore.
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Quadrants 36, 41,42 Quadrant 37 Quadrant 38 Quadrant 30, 39
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Figure 23 3D generalised cartoorof structure and lowstand depositional environments in
Scremerston/Yoredale formations across the southern padf the study area (Quadrants

35i 44). The topography on the cartoon is exaggeratefr effect T sedimentation is

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

exposedThe oO6cl astic playd on the top and right
playé on the bottom I eft. During highstands,
deltaic plain.
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Figure 25 Extent of late Asbian Scremerston, Firth Coal formations and laterally
equivalent basnal 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 SandstoneFormation and laterally equivalent basinal

Cleveland Grouwp 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 namediinthiestudyTha @hadari Holkérianrageat i o n
unit is correlated with the Fell Sandstone Formation.
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Figure 285 km resolution seismic depth grid(in metres) to Top Scremerston Formation
and lateral equivalents shown with the mgor regional scale faults
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