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Teufelsmauer (‘The Devil's Wall’). Steeply-dipping Santonian sandstone near the Harz Northern Boundary Thrust, SW of Harz Boundary Fault, which lies approximately 2 km south of this locality. The Teufelsmauer is composed of Santonian side, and foreground, for scale. On the right hand side of the photograph, the Sub-Hercynian Basin comprises a succession
Quedlinburg, Germany. The Teufelsmauer is the oldest natural monument in Germany, legally protected since the middle sandstones, overturned by northward upthrusting of the Harz basement massif, and locally silicified along bedding and of Permian to Late Cretaceous age, up to 3 km thick. The inversion is attributed to the Sub-Hercynian (Late Cretaceous)
of the 19t century. The wall-like formation extends for a distance of 20 km just north of, and parallel to, the North joint planes. Despite this deformation and alteration, cross-lamination is well preserved. Note the figures on the left hand Phase of inversion by Kockel (2003).
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Chapter 3 Tectonic evolution
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1 Introduction
1.1 Summary tectonic history of north-west and central Europe

The crust of the SPB is a mosaic of orogenic terranes accreted first to Baltica, then to the East European
Craton during the Caledonian and Variscan orogenic cycles (Ziegler, 1982a, 1990a). High-precision
radiometric techniques have revealed that each ‘orogeny’ comprised several deformation phases, including
the closure of oceanic basins, terrane docking (or ‘soft collision’), post-collisional crustal shortening and
post-orogenic collapse (e.g. see Krawczyk et al., 2008a; Kroner et al., 2008). Some of these phases
overlapped, particularly during Paleozoic times when rifting of Gondwana proceeded almost without
interruption. Following the Variscan Orogeny, Permian to Cretaceous basin development was punctuated
by phases of crustal extension and subsidence associated with breakup of the Pangea Supercontinent.

In Late Cretaceous to Cenozoic times, pulses of intraplate compression related to the Alpine Orogeny
resulted in widespread basin inversion. These tectonic phases are summarised in Figure 3.1.

1.2 Paleozoic continental accretion to form the ‘United Plates of Europe’

The majority of the terranes that form the crust of the SPB were rifted off the northern margin of the
Gondwana Palaeocontinent, which lay at low southerly latitudes for much of the Paleozoic (Torsvik,
1998). The Iapetus Ocean opened during late Neoproterozoic times and separated Gondwana from other
large relics of the Rodinia-Pannotia Supercontinent (Dalziel, 1991, 1997) such as Laurentia and Baltica
(Figure 3.2a). The Gondwana-derived terranes were transported northwards, pulled by subduction of
Iapetus and pushed by the new oceanic basins opening behind them. Accretion to the margin of Baltica
(Pharaoh, 1999; Pharaoh et al., 2006) was followed by strike-slip displacements along major crustal
lineaments (Nawrocki & Poprawa, 2006). Further Gondwana-derived terranes were accreted to Laurussia
during the Variscan Orogeny in Late Carboniferous times.

1.3 Permo-Carboniferous magmato-tectonic activity and the birth of the Southern
Permian Basin

The SPB crust, which lay mainly in the foreland of the Variscan Orogen (Figure 3.3), was destabilised

at the end of the Variscan Orogeny by wrench-induced collapse and widespread alkaline and calc-alkaline
magmatic activity (Ziegler, 1990a; Wilson et al., 2004) accompanied by profound thermal thinning of the
lithosphere (Ziegler et al., 2004). These events took place in response to dextral translation of Africa
relative to Europe during the latest Carboniferous (Gzhelian) and Early Permian final suturing phases

of Pangea (Arthaud & Matte, 1977; Ziegler, 1989; Ziegler & Stampfli, 2001; Stampfli & Borel, 2002).
Following thermal doming and significant erosion, the crust of the Northern and Southern Permian
basins started to subside during the late Early Permian in response to the decay of the earlier thermal
anomaly (Bachmann & Hoffmann, 1997). The SPB belongs to the type of intracontinental or cratonic
basins (Bachmann & Grosse, 1989) similar to the Michigan, Illinois or Amazon basins and many others
(e.g. Bally & Snelson, 1980). A land-locked depression developed as a result of subsidence exceeding
sedimentation rates, which was flooded during the Late Permian by Arctic seas.

1.4 Mesozoic rifting and breakup of Pangea

During Late Permian to Mid-Triassic times, the development of the Northern and Southern Permian basins
was controlled by thermal subsidence. Development of the Arctic-North Atlantic rift system between
Greenland and Scandinavia had commenced in the Late Carboniferous. This rift system propagated
southwards during Late Permian and Triassic times as indicated by the Triassic development of the Viking
and Central grabens that transected the Northern and Southern Permian basins. In the SPB area, Mid- to
Late Triassic east-west extension controlled the accelerated subsidence of the north-trending Central,
Horn and Gliickstadt grabens, and of the north-west-trending Mid-Polish Trough. Syndepositional normal
faulting in these troughs was accompanied by salt mobilisation along the graben margins. The Mid-Polish
Trough, which is superimposed on the crustal-scale Teisseyre-Tornquist Zone, remained intermittently
active during Jurassic and Early Cretaceous times. During the Late Triassic, the Arctic-North Atlantic rift
propagated southwards into the Central Atlantic domain where crustal separation was achieved towards

the end of the Early Jurassic. Mid-Jurassic crustal separation and opening of the Alpine Tethys Ocean
entailed a reorientation of the stress field of north-west Europe. The Horn and Gliickstadt grabens
became inactive during Mid-Jurassic uplift of a large thermal dome straddling the Central Graben.

During the Late Jurassic to Early Cretaceous, accelerated crustal extension across the North Sea rift
system caused north-west-trending transtensional basins to develop along the southern margin of the
SPB, large areas of which became exposed and subjected to erosion. Following a period of intense Early
Cretaceous rifting, the North Atlantic Ocean started to open during mid-Cretaceous times, whereas the
North Sea rift system became inactive and rifting activity concentrated on areas between Europe and
Greenland (Ziegler 1988, 1990a). Meanwhile, the Tethys Ocean was opening to the south of Europe.

1.5 Late Mesozoic-Cenozoic closure of the Tethys Ocean, inversion of the Alpine
foreland and formation of the Cenozoic graben system

During the Late Cretaceous, regional thermal subsidence combined with eustatic sea-level rise resulted in
a regional transgression and flooding of the SPB. Closure of the Alpine Tethys Ocean started with the Late
Cretaceous onset of counter-clockwise rotational convergence of Africa-Arabia with Europe (Rosenbaum
et al., 2002) where compressional stresses began to build-up in the Alpine foreland (Ziegler et al., 1995,
1998; Deézes et al., 2004; Kley & Voigt, 2008). Early-Late Cretaceous subsidence of the SPB area was
accompanied by minor extensional faulting and was followed by the build-up of intraplate compressional
stresses as indicated by the inversion of Mesozoic tensional basins and upthrusting of basement blocks
that started during the late Turonian and intensified during the Senonian and Paleocene (Ziegler, 1990a).
The inversion movements were remarkably heterogeneous in nature, with strain localisation in narrow
zones separated by undeformed regions. Deformation was tectonically decoupled by the Zechstein salt,
with overall compression in the salt cover and localised basement deformation. The latter was concentrated
on the north-west-trending Sorgenfrei-Tornquist Zone of crustal weakness (along the northern margin

of the Norwegian-Danish Basin), on the Teisseyre-Tornquist Zone (underlying the axial part of the Polish
Basin), and on the southern margin of the North German Basin (Krawczyk et al., 1999; Scheck et al., 2002a).
The north-westerly trend of early inverted basins and transpressionally reactivated faults indicates a
tectonic setting controlled by north to north-easterly directed compressional stresses (Kley & Voigt, 2008).

With the closure of the Alpine Tethys Ocean during the Paleogene, the Alpine-Carpathian Orogen entered
the continent-to-continent collisional stage. The SPB was located in the foreland of this orogen and so was
affected by the related stress fields as well as by intermittent pulses of basin inversion (Dézes et al., 2004).
The stress fields repeatedly changed in orientation and magnitude and controlled the evolution of the
European Cenozoic rift system (Upper Rhine, Roer Valley and Eger grabens). Throughout Cenozoic times,
the western SPB was part of the continuously subsiding North Sea thermal sag basin (Ziegler, 1990a).
Miocene to Pliocene uplift of the Variscan massifs on the southern flank of the SPB, and uplift of the
Fennoscandian Shield, had severe repercussions on the drainage systems of the SPB (Ziegler & Dézes, 2007).
Subsidence of the North Sea Basin and the adjacent North German lowlands was accelerated by the Pliocene
to Pleistocene build-up of the present-day stress field caused by lithospheric folding (Van Wees & Cloetingh,
1996; Scheck-Wenderoth & Lamarche, 2005).

2 Early Paleozoic tectonic evolution: assembly of Laurussia
2.1 Provenance of the crystalline basement of the Southern Permian Basin

Information on the pre-Devonian basement beneath the central SPB area is limited (see Chapter 4); it

is therefore conjectured from seismic reflection/refraction data and gravity and magnetic measurements
(Chapter 2). Precambrian rocks have been drilled on the Fennoscandian Shield north of Riigen (Figure 3.3),
where they are overlain by flat-lying Early Paleozoic strata. Metamorphic rocks have been found in northern
Schleswig-Holstein and the Ringkgbing-Fyn High. The northernmost group comprises amphibolite-facies
gneisses yielding metamorphic ages of 800 to 900 Ma (Frost et al., 1981) and represent splinters of southern
Fennoscandia incorporated into the northern margin of the North German-Polish Caledonides. These are
variably retrogressed close to Caledonian Deformation Front near the Thor Suture. The southern group
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comprises lower-grade (typically greenschist-facies) metasedimentary rocks of probable (but unproven)
Early Paleozoic age, which may have Avalonian affinities (see Chapter 4).

A borehole in the Dutch sector (A17-1) cored a granitic intrusion. An isotopic study based on U-Pb zircon
dates puts emplacement of the granite at 410+7 Ma (Early Devonian), but failed to identify older inherited
grains (A. Gerdes, pers. comm., 2002). This supports the concept that the crust here is juvenile, accreted to
Avalonia during the Early Paleozoic, and that Precambrian crust is absent (Pharaoh et al., 2006). All other
occurrences of rocks assumed to be of Precambrian age (e.g. the Mid-German Crystalline Rise; Ecker Gneiss
in the Harz Mountains) have recently proved to be of younger, Variscan age (Kroner et al., 2008;
Linnemann et al., 2008).

2.2 Shelveian (Ardennian) Orogenic Phase (closure of the Tornquist Sea)

Avalonia rifted away from Gondwana during the Early Ordovician (Figure 3.2b) (Trench & Torsvik, 1992),
driven northwards by opening of the Rheic Ocean (Cocks & Fortey, 1982) to the south of Avalonia, as well
as by subduction of the Iapetus Ocean at a number of southerly dipping subduction systems (Figure 3.2c).
Closure of the Tornquist Sea (Cocks & Fortey, 1982) involved a significant dextral-oblique component
(Trench & Torsvik, 1992) and eventually produced the Thor Suture (Berthelsen, 1998) (Figure 3.3)
between Avalonia and Baltica. The soft collision (‘docking’) of Avalonia and Baltica that produced Balonia
(Torsvik, 1998) took place during the Shelveian Phase in Ashgill times (Pharaoh et al., 1995; Pharaoh,
1999; Samuelsson et al., 2002) and is associated with amphibolite-facies metamorphism in the mid-North
Sea region (Frost et al., 1981; Pharaoh et al., 1995). 40Ar-39Ar plateau ages indicate prograde greenschist-
amphibolite metamorphism at 450-425 Ma, with retrogression at 415-400 Ma (Frost et al., 1981). A zone
of listric thrust planes has been observed in seismic-reflection data from the Danish sector of the North
Sea, indicating the prolongation of the Caledonian Deformation Front westwards to the Central Graben
(MONA LISA Working Group, 1997a). A number of boreholes (e.g. P-1 and Per-1) are interpreted to sample
the cataclastic fabric of the suture in this region (Pharaoh et al., 2006; see Chapter 4).

2.3 Scandian (Ardennian) Orogenic Phase (closure of the Iapetus Ocean)

A flexural foreland basin developed on the margin of Baltica (Abramowitz & Thybo, 1998; Berthelsen,
1998) following its docking with Avalonia, in response to its loading by the encroaching orogenic wedge
and its continued convergence with the foreland. Rapid exhumation (within 10 Ma of collision) of the
collisional welt at the Thor Suture in the central North Sea area fed sediment northwards into this
foreland basin (Samuelsson et al., 2002), which is filled with thick Silurian (mainly Pridolian) strata
that reflect rapid subsidence of the foreland lithosphere (Sliaupa et al., 2006). This also led to high
(>4%) coalification of the Middle to Upper Cambrian source rocks of Bornholm, Scania, northern Denmark
and offshore of Riigen Island. Continued north-westward subduction of Baltica beneath Laurentia led to
final closure of the Iapetus Ocean during Wenlock times (Figure 3.2d) (Leggett et al., 1979; Kneller et
al., 1993) and consequently the amalgamation of Laurussia during the latest Silurian Scandian Orogeny
(Ziegler, 1989; Gee, 2005). The Ardennian Phase (Verniers et al., 2002) is probably coeval in the SPB.
Major crustal lineaments such as the Teisseyre-Tornquist Zone were active by this time or perhaps even
earlier (Pharaoh et al., 2006); these lineaments subsequently acted as a focus for Carboniferous to
Mesozoic strike-slip displacement and Alpine basin inversion.

2.4 Acadian Orogenic Phase

Following the end-Silurian accretion of Avalonia to Baltica, and docking of at least part of the Armorican
Terrane Assemblage against the southern margin of Avalonia, the Caledonian Ardennes Fold Belt that
marked the Rheic Suture was disrupted by Early Devonian rifting. This rifting controlled the subsidence of
the Rheno-Hercynian Basin and the opening of the Lizard-Giessen oceanic basins (Ziegler, 1990a; Franke,
2000). The Rheno-Hercynian Basin developed in a back-arc position relative to the northerly dipping
subduction zone that fringed the southern boundary of the Armorican Terrane Assemblage (Ziegler, 1989).
This is shown in a generalised way in Figure 3.4a; more detailed reconstructions were presented by

Tait et al. (2000) and Winchester et al. (2002). Orogen-parallel collapse of the Arctic-North Atlantic
Caledonides commenced under a sinistral transtensional setting during the latest Silurian and Early
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nonmarine facies persisted in the north-west beneath the central SPB area, whereas the southern, central
and north-eastern parts as far north as Riigen were occupied by marine-carbonate platforms and reef

— Acadian structures on the northern shelf of the Rheno-Hercynian Basin (Figure 3.4b). A mid-Famennian regression
led to the development of widespread coastal sand bars of the Condroz facies and evaporitic strata in
north-western Poland. Carbonate platforms developed across much of the northern SPB area during
Dinantian times. In northern England, grabens with more basinal strata that are up to 4000 m thick

(see Chapter 6) are flanked by carbonate platforms (Fraser & Gawthorpe, 1990). Similar features may
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Starved anoxic basins became widespread during Dinantian to earliest Namurian times; the Bowland and
Edale Shale formations (UK), Geverik Formation (Netherlands) and Chokier Formation (Brabant Massif)
include black shales that are important oil and gas source rocks in the UK and Netherlands (see Chapter 6)
(Fraser & Gawthorpe, 1990).
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Initial contacts between Gondwana and the Gondwana-derived terranes of the Variscan Orogen were
established in the Iberian domain by the end-Devonian (Ziegler, 1989). Northward subduction of the
Paleotethys Ocean was accompanied by progressive closure of the oceanic basins that had separated the
different Gondwana-derived terranes. Palaeomagnetic data (Tait et al., 1997, 2000) supports independent
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Rheno-Hercynian nappes of south-west England and central Germany contain fragments of the southern
Ediacaran margin of Eastern Avalonia (McKerrow et al., 1997; Verniers et al., 2002). However, widespread Tournaisian
to early Visean basaltic magmatic activity in the Rheno-Hercynian Basin testifies to the resumption of
extension prior to its final closure during the Sudetic Orogenic Phase, which started during the Visean
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Figure 3.2  Late Proterozoic - Early Paleozoic
tectonic evolution. Palaeogeographic maps are
shown for the:

a. Ediacaran (547 Ma);

b. Tremadoc (497 Ma);

¢. Caradoc (458 Ma);

d. Wenlock (425 Ma).

Reconstructions by C. Scotese, kindly provided
by Shell.
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following McKerrow et al. (1997).

north-east-trending flexural foreland basin was filled by orogen-derived deltaic and coal-bearing clastics
that contain sporadic marine intercalations. The axis of this foreland basin migrated progressively
north-westwards as its internal parts became involved in the advancing fold-and-thrust belt of the Variscan
Externides. Westphalian A and B coals are the main gas source rock in the UK, Netherlands and Germany.
The foredeep itself became folded during Westphalian C and D times (Corfield et al., 1996; Besly, 1998).
Stephanian sediments unconformably overlie the Westphalian in the east Netherlands and Germany
(Lower Saxony Basin) and testify to the termination of thrusting activity in the Variscan Externides at
the end of Westphalian D times (Ziegler, 1990a); there are also remnants of Stephanian strata in the West
Netherlands Basin and Cleaver Bank High. Carboniferous deformation patterns differ on either side of the
Variscan thrust front: thin-skinned, short-wavelength folds and thrusts are typical of areas south of this
front; long-wavelength folds and tilted fault blocks are typical to the north (Franke et al., 1995, 1996;
Franke & Hoffmann, 1997; Oncken et al., 2000). Parts of the Variscan Externides, which are now buried
beneath a thick pile of post-Carboniferous sediments in the eastern SPB, are characterised by thin-skinned
deformation along gentle southerly dipping fault planes (Franke & Hoffmann, 1997). Organic-rich shales
in the Cambrian, Silurian, Dinantian and Namurian successions are the most likely detachment horizons
(Franke et al., 1995, 1996; Hoffmann et al., 1996). In contrast, the Variscan Internides at the southern
SPB margin are characterised by thick-skinned, basement-involved tectonics (Chapter 2).

3.4 Features of the Variscan structural template

The Mid-Polish Trough is an inverted late Early Permian and Mesozoic tensional basin, which is
superimposed on the north-west-trending Teisseyre-Tornquist Zone (TTZ) (cf. Kutek & Gtazek, 1972;
Pozaryski & Brochwicz-Lewiriski, 1978; Dadlez et al., 1995; Dadlez, 1997a, 1997b, 1998b; Kutek, 2001), one
of the most fundamental lithospheric boundaries in Europe (Thybo et al., 2002). The TTZ is characterised
by a very complex internal structure, which has been imaged on deep-seismic refraction data (Chapter 2)
(BABEL Working Group, 1993; Grad et al., 2002; Dadlez et al., 2005; Grad & Guterch, 2006a, 2006b). The
north-eastern boundary of the TTZ generally coincides with the south-western boundary of the East
European Craton (cf. Grabowska et al., 1998; Grabowska & Bojdys, 2001; Grad et al., 2002a; Grad & Guterch,
2006a; Pozaryski & Nawrocki, 2000; Krélikowski & Petecki, 1997, 2002) whereas its south-western
boundary lies within the so-called Trans-European Suture Zone (Gee & Zeyen, 1996. This is a wide zone
encompassing the fronts of the Caledonian and Variscan orogens and various terranes, some of which are
only hypothetical, (for details see Thybo et al., 1994; Abramowitz & Thybo, 1998, 2000; Pharaoh, 1999;
Grad et al., 2002a; Mazur & Jarosinski, 2006; Nawrocki & Poprawa, 2006; McCann et al., 2006; McCann,
2008c). Pharaoh et al. (2006) suggested that the TTZ may have originated as the rifted margin of Baltica
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Visean (342 Ma) 3o
during the late Neoproterozoic breakup of the Rodinia-Pannotia Supercontinent (Dalziel, 1997). Seismic
evidence indicates that the TTZ and its north-westward continuation, the Sorgenfrei-Tornquist Zone (STZ)
that transects the Precambrian crust, were certainly active by Stephanian to Early Permian times (Priem
et al., 1968; Ziegler, 1990a; Thybo, 2000). The geometry of these zones is consistent with dextral strike-slip
displacement of up to 20 km (Ziegler, 1990a). During these displacements, the Rgnne Graben was located
at a releasing bend on this lineament. The Devonian-Carboniferous Lublin Basin straddles the TTZ in the
o south-eastern corner of the SPB area (cf. Narkiewicz, 2007). The Ursynéw-Kazimierz-Izbica-Zamos¢ Fault
Zone (Figure 3.6a), the present-day south-western boundary of the basin, is a zone of complex reverse

faulting that developed during Late Carboniferous inversion.

In the north-west, the northern boundary of the SPB diverges from the Sorgenfrei-Tornquist Zone and
is defined by the trend of the Mid North Sea, Ringkgbing-Fyn and Mgn highs, which developed during
Stephanian to Early Permian times (Ziegler, 1990a). Here, the distinctive characteristics of the crust are
the result of emplacement of Caledonian granites adjacent to the Thor Suture. The trend of highs is
interrupted by the Central and Horn grabens and Brande Trough. Lower Rotliegend volcanic rocks have
been encountered by wells both inside and outside these troughs, supporting the idea that they became
Moscovian (306 Ma) : OME, ST ~ L ) 30N significant passageways through the highs only during the Triassic (Best et al., 1983; Vejbak, 1990;

/ R Ziegler, 1990a).

The Pennine Basin of eastern England lies within the Variscan foreland and comprises a number of
rhomb-shaped Carboniferous sub-basins, for example the Widmerpool, Gainsborough and Sleaford

Figure 3.4  Late Paleozoic tectonic evolution. half-grabens. These basins extend beneath the thin Permian-Mesozoic rocks of the East Midlands Shelf

PTO Palaeogeographic maps are shown for: at the western SPB margin. Dinantian extension was largely accomplished by faulting on easterly trends
-0 a. Pragian-Emsian (390 Ma; Acadian Phase); (Figure 3.6b). The Eakring Fault (Figure 3.6¢) shows Dinantian syndepositional growth with doubling

b. Famennian/Tournasian (363 Ma; Early of the Dinantian thickness across the structure. It lies along-strike from the north-west-trending Glinton

Carboniferous); Thrust, a postulated Caledonian basement structure (Chapter 2; Figure 2.8) (Pharaoh, in Chadwick & Evans,

c. Visean (342 Ma); 2005), and appears to be an extensional reactivation of this structure. The Eakring Fault displays a reverse

d. Moscovian (306 Ma; Sudetian and Asturian throw of 250 m at the Namurian and Westphalian level as a consequence of Late Carboniferous to Early
N’\ phases). Permian inversion that concentrated on faults with a north-westerly trend (Figure 3.6b). Taking this

m\ Reconstructions by C. Scotese, kindly provided into account, the base-Dinantian throw may have exceeded 750 m. The base of the Permo-Triassic is
; _30% by Shell. offset by a normal throw of about 60 m; a very clear example of the strong influence of inherited (in
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Figure 3.6  Seismic sections: control of Permian and younger cover by Variscan basement and Permo-Carboniferous
magmatic structures. The diagrams show seismic examples of deformation of the Carboniferous foreland basin and one
seismic example of the Variscan Front. The examples are mainly from the Dutch southern North Sea area (Cleaver Bank
High), but are typical for much of the Carboniferous foreland basin (see for further reading Bartholomew et al., 1993;
Hollywood & Whorlow 1993; Oudmayer & De Jager, 1993; Quirk, 1993, Ritchie & Pratsides, 1993, Corfield et al., 1996;
Maynard et al., 1997; Quirk & Aitken, 1997; Besly, 1998; Maynard & Dunay, 1999; Smith, 1999; Geluk et al., 2002;
Schroot & De Haan, 2003; De Jager, 2007).

a. Seismic section across the SE margin of the Lublin Basin (Krzywiec, 2007a, 2009);

b. Location of the Pennine Basin (Chadwick & Evans, 2005);

¢. Seismic section and interpretation for the Eakring Fault (from Chadwick & Evans, 2005);

d. Seismic section from block K5, Dutch offshore sector. The section shows a well-expressed angular unconformity at the
base of the Permian. Faulted, westward-dipping Upper Carboniferous strata with distinct continuous high-amplitude
seismic facies are truncated below the base of the upper Rotliegend Group. The Base Permian (Saalian) Unconformity here
represents a time gap of 40 Ma. Deformation of the Carboniferous strata took place mainly during the latest Carboniferous
and Early Permian phase of wrench tectonics (Ziegler, 1990a; Oudmayer & De Jager, 1993; Quirk, 1993; Geluk et al., 2002;
Schroot & De Haan, 2003);

e. Seismic section of a small-scale Carboniferous half-graben from block E13 of the Dutch offshore sector. The graben is an
example of Late Carboniferous / Early Permian extensional tectonics on the Cleaver Bank High. The listric fault clearly
developed after deposition of the Coal Measures (Westphalian A-C). The infill of this graben, drilled by well E/13-1,
consists of a succession of sand-prone Westphalian C-D sediments. The shoulders of the sub-graben have been significantly
uplifted, with the upper Rotliegend almost directly overlying the Coal Measures. It is not possible to conclusively decide
whether the graben was filled syntectonically due to the largely transparent seismic response of

the succession. The fact that the sand-prone Westphalian C-D strata show a fair degree of lateral correlation (Besly, 1998;
Geluk et al., 2002) suggests that the current geometry is mainly the result of post-depositional movements during the
earliest Permian. Note that the NW fault has not been reactivated post-Permian;

f. Preserved Carboniferous thickness (PCT) in part of the Cleaver Bank High. The map is based entirely on 3D-seismic data
(Geluk et al., 2002; Schroot & De Haan, 2003), and shows the thickness of the interval between the top of the Coal
Measures and the Base Permian Unconformity. Pink colours represent a low amount of PCT, green to blue colours a high
amount of PCT. Active post-Westphalian B and pre-Base Permian Unconformity faults display rapid thickness changes over
the fault traces. Later faults do not display these thickness variations. The large-scale structure of this area resembles an
egg-box of three lows with a thick succession separated by highs with a strongly reduced succession. In addition to the
large structures with a dimension of several tens of kilometres, there are also a number of small-scale structures such as
the half-graben shown in the block above the letter E.
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this case, Caledonian) basement structure and the complex history of fault reactivation that may result.
It is instructive to bear this in mind when considering the structural influence of the pre-Permian
basement where it lies deeper in the SPB beneath thick Zechstein salt. The major Late Permian to
Mesozoic basins in the southern North Sea are controlled by faults with a north-westerly trend, such as
the Dowsing-South Hewett Fault System and Lower Rhine Lineament, which probably represent
reactivations of the Caledonian basement grain (Pharaoh et al., 1995, 2006; Pharaoh, 1999).

The front of the Variscan thrust-and-fold belt runs approximately eastwards through Belgium, just south
of the Netherlands, and then north-eastwards into Germany (Ziegler, 1990a) crossing the northern
Miinster Block. The front turns eastwards in the Bremen-0Oldenburg area and has been encountered south
of Liineburg and east of the River Elbe (Prottlin 1 well), it then crosses the River Odra to the south of
Szczecin in Poland (Narkiewicz, 2007). The probable detachment horizon is Namurian black shales, which
form a good magnetotelluric conductor that can be traced across the basin at depths between 6000 and
8500 m (Krawczyk et al., 2008b). The tectonic style in the sequence above this detachment is dominated
by narrow, complex, thrust anticlines and wide synclines with flat bottoms (Krawczyk et al., 2002). The
Devonian rocks are incorporated southwards into the nappe pile (Oncken et al., 2000). In general, the
Variscan structure beneath the central SPB area is poorly known. 3D-seismic data show that folding is
locally absent; wrench faults with flower structures partition the Variscan foreland into a number of
blocks (Lohr et al, 2007; K. Schiitz, pers. comm. 2009).
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Figure 3.7  Orogenic collapse and Permo-Carboniferous magmatism: Volcanism Wrenching Thermal contraction Thermal contraction
a. Palaeogeographic map of the Sakmarian (285 Ma);
b. Detail of Sakmarian palaeogeographic map; T ' V‘Vatef
c. Observed and forward modelled tectonic subsidence curves at different locations in the SPB. Forward modelled tectonic Stes Af\ lsres \ Sres
subsidence curves for basin formation scenarios A (uniform stretching) and C (Early Permian mantle upwelling)
(subcrustal stretching B > crustal stretching ). For details, see Van Wees et al., 2000. Numbers correspond to two layered
stretching (B and 0 values separated by comma) or uniform stretching (B = & single value). Individual phases are —I—
separated by semicolon. Please note that the apparent misfit for the early Permian evolution is not a real misfit but
actually depicts the growing accommodation space as outlined by S, in Fig. 3.7d;
d. Modelling philosophy cartoon of model scenario C (cf. Van Wees et al., 2000). Late Permian and Early Triassic
subsidence is interpreted as delayed infill of pre-existing accommodation space following orogenic destabilisation followed PN Jurassic P Triassic I Permian Sub-Permian
by lithospheric contraction. S,,s depicts the evolution of the palaeotopography below global sea level; d.

e. Conceptual model for the Late Carboniferous to end-Cretaceous evolution of the Variscan lithosphere along a transect
from northern Germany to the Jura Mountains in the south (not to scale). Modified after Ziegler et al. (2006).

A gradational contact between Westphalian and Stephanian strata is only observed in the axial parts

of the basin, the latter attaining a maximum thickness of about 600 m (Ziegler, 1990a). The Stephanian
history of the SPB is poorly understood as this was a time of uplift and erosion that accompanied Variscan
compression. Wrench-faulting was accompanied by widespread plutonic and volcanic activity (Heeremans
et al., 2000) and may have post-dated it in part, as shown by erosion of the volcanics along the western
bounding fault of the Schneverdingen Graben during the Rotliegend (late Havel Subgroup) (K.Schiitz,
pers. comm. 2009). Wrench-faulting along block margins in the Early Permian (e.g. the Lausitz Block)
was contemporaneous with early Rotliegend magmatic activity (Figure 3.9). The north-west-trending
Elbe, Rostock-Gramzower and Osning fault zones and faults bounding the Harz and Thiiringian blocks,
developed in response to dextral shearing (Betz et al., 1987). The north-east-trending Rhine Graben,
Gifhorn, Emsland and Neuruppin lineaments were also initiated at this time (Ziegler, 1990a). In the

Saale Trough, perhaps the most spectacular of the pull-apart basins, more than 2000 m of sediments

and volcanics accumulated during the Early Permian, unconformably overlain (Saalian Unconformity)

by upper Rotliegend clastic sediments. Similar relationships are observed in intramontane basins within
the Bohemian Massif (Suk et al., 1984), for example in the Boskovice Trough.

Stephanian to Early Permian wrench-induced deformation caused deep disruption of the Variscan
Foreland Basin, as indicated by the subcrop pattern of Carboniferous rocks at the Variscan Unconformity.
The general absence of deep Early Permian transtensional basins in the southern North Sea and northern
Germany suggest that transpressional deformation controlled the locally deep truncation of Westphalian
and even Namurian strata. This is compatible with compressional features in the Carboniferous as imaged
by seismic-reflection data in the north-western area of the southern North Sea (P. Ziegler, pers. comm.,
2009). Parts of the SPB to the north of the Variscan Deformation Front were occupied by a Stephanian
successor of the Westphalian foreland basin. This basin was open to cyclical marine transgressions from
the Moscow Platform to the east. At the same time, wrench movements along the Teisseyre-Tornquist and
Sorgenfrei-Tornquist zones activated tensional subsidence and magmatism in the Oslo Graben, starting
during Westphalian D times.

3.5 Pangea, the ‘Supercontinent’

Final suturing of Laurussia (the Old Red Continent) and Gondwana to produce Pangea (Figure 3.5) is
recorded by the latest Carboniferous (Asturian) and Early Permian (Alleghenian) orogenic phases in
Europe and America.
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4 Late Paleozoic tectonic evolution: post-orogenic collapse and
Permo-Carboniferous magmatism
4.1 Collapse of the Variscan Orogen

During latest Carboniferous and Early Permian times, a dextral mega-shear system, which connected
ongoing crustal shortening in the Urals and the Appalachians (Figure 3.4d), transected the Variscan
Orogen and controlled its collapse (Arthaud & Matte, 1977; Ziegler, 1982a, 1988, 1989). The Late
Carboniferous palaeo-stress pattern was characterised by northward compression, which activated
north-west-trending dextral strike-slip faults and subordinate north-north-east-striking sinistral faults
(Mattern, 1996; Lamarche et al., 2002). Finite-element modelling suggests that gravitational collapse of
the Variscan Orogen alone can not reproduce the observed timing and magnitude of Permo-Carboniferous
crustal thinning, and that additional tensile plate-boundary forces are required (Henk, 1997). The Late
Permian to Early Jurassic tectonic-subsidence curves for different parts of the SPB indicate a phase of
Permian to Early Triassic rapid (extensional?) subsidence that was followed by asymptotically decreasing
thermal subsidence (Figure 3.7c). However, a purely extensional model for the SPB is extremely problematic
because active faulting during this time is ‘minor” and only occurs in restricted areas of well-defined



graben structures such as the Gliickstadt and Horn grabens, and possibly the Mid-Polish Trough. Rift
deformation related to these ‘local’ graben systems fails to explain the broad east-west saucer shape

of the SPB, particularly during the Late Permian and Early Triassic. Recent studies have shown that this
configuration can be related to thermal destabilisation of the lithosphere during the Permo-Carboniferous
tectono-magmatic event that resulted in the collapse of the Variscan Orogen to the south (Van Wees et al.,
2000; Ziegler et al., 2004, 2006).

Quantitative subsidence analysis and forward modelling of lithospheric processes can be used to assess
processes governing the transformation of the orogenically destabilised Variscan lithosphere into Mesozoic
stabilised cratonic lithosphere. Using inverse techniques to model the subsidence curves (Figure 3.7c),

a significant component of the observed Late Permian and Triassic tectonic subsidence of the SPB can

be explained by thermal relaxation of the lithosphere after its Early Permian thermal thinning, and by
delayed in-filling of palaeotopographic depressions that developed during the late Early Permian

(Van Wees et al., 2000; Ziegler et al., 2004, 2006; Figure 3.7d). In this interpretation, the orogen was
characterised at the time of its end-Westphalian consolidation by 45 to 60 km-deep crustal roots that
marked major sutures. Subducted lithospheric slabs were detached during the Stephanian to Early Permian
wrench-induced collapse of the orogen (Figure 3.7e), causing upwelling of the asthenosphere, thermal
thinning and/or partial delamination of the lithospheric mantle and regional uplift. By mid-Permian times,
the crust had thinned to 28 to 35 km due to regional erosional unroofing, localised mechanical stretching,
and the interaction of mantle-derived melts with the basal crust. Thermal subsidence of the lithosphere
commenced once the temperature of the asthenosphere had returned to ambient levels (Ziegler et al.,
2004). Similarly, Stephanian to Early Permian wrench-faulting in the area of the future SPB to the north
of the Variscan Mountains controlled thermal destabilisation of the lithosphere, deep fracturing of the
crust, disruption of its sedimentary cover, widespread magmatic activity, and deep erosion as a result of
regional uplift. As volcanism and associated wrench tectonics ceased towards the end of Early Permian
(Altmark) times, the SPB began to subside in response to thermal contraction of the lithosphere (Ziegler,
1990a; Bachmann & Hoffmann, 1997; Van Wees et al., 2000).

The Northern Permian Basin underwent a similar development with major crustal intrusions and subsequent
thermally induced subsidence (Sgrensen, 1986; Thybo & Schonharting, 1991; Thybo et al., 2006). During
the late Early Permian, the evolving Northern and Southern Permian basins were isolated from the world
oceans and apparently had subsided well below the level of the oceans during the deposition of the upper
Rotliegend series. At the beginning of the Late Permian, these palaeotopographic depressions were
catastrophically flooded by the Arctic seas (Ziegler, 1988). The accumulation of thick Zechstein sediments
in the Northern and Southern Permian basins was controlled by continued thermal subsidence; cyclical
eustatic sea-level fluctuations were essentially in balance with sedimentation and subsidence rates.
Although the effects of Triassic rifting overprinted parts of the SPB area, its overall subsidence pattern
persisted well into Jurassic times (Ziegler, 1990a).

4.2 Latest Carboniferous to Early Permian (early Rotliegend) volcanism and plutonism

The folded and imbricated Westphalian and older strata beneath the central SPB are discordantly overlain
by Stephanian red beds (the Variscan Unconformity of northern Germany, eastern Netherlands and Dutch
offshore sector), and locally by lower Rotliegend sediments (Figure 3.9). The latest Carboniferous was

a time of intense volcanic and intrusive activity (Neumann et al., 2002; Wilson et al., 2004). Magmatic
activity extended from the Oslo Graben to the north of the SPB to the Midland Valley of Scotland, northern
England (Whin Sill), the central North Sea, on and around the Mid North Sea and Ringkgbing-Fyn highs,
northern Germany, and southwards into the intramontane basins of the Variscan Mountains (Heeremans
et al., 2004). Lava and ignimbrite flows more than 2500 m thick accumulated in eruptive centres such as
Riigen, the Flechtingen-Altmark region, the Rheinsberg Lineament and the Mecklenburg-Vorpommern
region. The flows are generally more than 500 m thick in eastern Lower Saxony, Holstein, Mecklenburg
and Brandenburg, but less than 400 m thick to the west in the Bremen and Ems regions (Plein, 1995).
Whereas alkaline magmatism is characteristic of the Oslo Rift (Neumann et al., 2002) in both the North
German Basin and the intramontane transtensional basins (e.g. Saar-Nahe and Intra-Sudetic basins), it is
predominantly intermediate-felsic, calc-alkaline with a strong anatectic component (Romer et al., 2001;
Benek et al., 1996; Breitkreuz & Kennedy, 1999). Felsic granitoid intrusions (e.g. Brocken and Ramberg
in the Harz Mountains, and the Magdeburg-Roxforde-Velpke-Asse intrusion) were also emplaced at about
295 Ma (Baumann et al., 1991). Deeper-seated intrusions include the South Riigen-Vorpommern granitic
porphyry and the Middle Riigen basic intrusion. Other intrusions (e.g. at Erkelenz and Krefeld) are
suspected from magnetic (Gabriel et al., 2008) and gravity signatures or coalification anomalies. All
intrusions had a considerable impact on the maturity and hydrocarbon potential of Westphalian and older
source rocks in their vicinity (>3% Ro at the top of the pre-Permian). Alkaline lavas more than 500 m
thick were encountered in boreholes in the Central Graben, whereas lavas in the Horn Graben are mostly
rhyolitic (Neumann et al., 2004). Thinner, more marginal volcanic sequences are known from the Ems and
Dutch Central grabens and the Outer Rough Basin (Geluk, 2007a). The high vitrinite reflectances in these
areas also appear to result from several local pulses of heat (Kettel, 1983).

4.3 The Base Permian (Variscan) Unconformity

In post-Carboniferous times, the area of western Europe became affected by late-Variscan post-orogenic
tectonism. Wrench-faulting associated with intrusive and extrusive magmatism and thermal uplift caused
widespread deep erosion (Ziegler, 1990a; Ziegler et al., 2004). Broad north-west-south-east-trending
swells formed, which can be traced on the subcrop map of Westphalian units at the Base Permian
Unconformity (BPU; Figure 3.1) (Geluk, 2005; De Jager, 2007; Van Buggenum & Den Hartog Jager, 2007).
The north-west—south-east trend that was already established by mid-Paleozoic times was reactivated

in response to Early Permian wrench deformation, while a conjugate set of north-east-south-west to
north-north-east-trending faults also developed (Ziegler, 1990a). The subcrop pattern of the Westphalian
against the BPU already clearly shows the shapes of the Mesozoic basins as areas of less uplift and
erosion. The BPU varies in age throughout the SPB (Geluk, 2005), and is in fact an amalgamation of
several unconformities (Glennie, 1998a) (See Section 2.1.5. in Chapter 7).

The Saalian Unconformity (Stille, 1924), which separates the volcanics and sediments of the Rotliegend
Altmark Subgroup and the Miiritz Subgroup sediments in eastern Germany is of Early Permian age. The
Altmark I-IIT unconformities within the Rotliegend series (Hoffmann et al., 1989) are mid- to Late Permian
(Figure 3.1).

Ufemian/Wordian boundary (255 Ma)

Late Rotliegend

5 Permian tectonic evolution: birth of the Southern Permian Basin system
5.1 Relationship of the Southern Permian Basin to Permian rifts in northern Europe

Definition of possible Early Permian extensional basins beneath the deeper parts of the SPB is hampered by
generally poor seismic resolution at pre-Zechstein salt levels. In the western, shallower, parts of the basin,
there is no evidence for Early Permian pull-apart basins or grabens. Figure 3.8c shows the main basins and
plate boundaries during mid-Permian times (late Rotliegend), with a detail of the SPB area in Figure 3.8d.
Seismic evidence suggests that neither the Central Graben (Ziegler, 1990a) nor the Horn Graben (Vejbak,
1990, 1997) were active at this stage. Early Permian rifting is evident in East Greenland and on the
Mid-Norway shelf (Ziegler, 1988; Brekke, 2000; Coward et al., 2003). The Norwegian-Greenland Sea rift
propagated southwards during the Permian (Figure 3.8c). A northerly trending chain of Permian basins
developed from the North Channel Basin and Mauchline Basin in Scotland, southwards via the East Irish
Sea Basin, Cheshire Basin and Worcester Basin, all just west of the SPB area (Ziegler, 1990a; Coward et al.,
2003). North-west-south-east-directed extension is inferred from Permian normal faulting in southern
Britain (Chadwick & Evans, 1995). Deposition of the earliest Rotliegend sediments in small pull-apart
basins close to the Teisseyre-Tornquist Zone (Kiersnowski & Buniak, 2006) and the ‘Elbe Fault System’
(Bachmann & Hoffmann, 1997; Gast, 1988; Scheck & Bayer, 1999) indicates that subsidence patterns were
influenced by dextral shearing along the margins of the basin system. Inferred earliest Permian extensional
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Figure 3.8  Mid-Permian tectonic evolution:

a. Palaeogeographic map for the Ufemian/Wordian (255Ma);

b. Detail of Ufemian/Wordian palaeogeographic map;

c. Structural overview of the Middle Permian (Rotliegend, ~265 Ma) (after Scheck-Wenderoth et al., 2008, Figure 8a);
d. Structural overview map (after Scheck-Wenderoth et al., 2008; Figure 8b).

Palaeogeographic reconstructions by C. Scotese, kindly supplied by Shell.



structures in northern Germany (Gast, 1988; Plein, 1995) and the Oslo Graben trend north-north-easterly
and indicate a component of north-west-directed extension at the termination of the main wrench-faults.
Following the Stephanian to Early Permian tectono-magmatic cycle, the SPB area started to subside in
response to thermal re-equilibration of the lithosphere-asthenosphere system (Van Wees et al., 2000;
Ziegler et al., 2004). During this process, upper Rotliegend sediments up to 2300 m thick accumulated

in the axial parts of the North German Basin (Plein, 1995; Bachmann & Hoffmann, 1997; Scheck & Bayer,
1999) and about 1600 m in the Polish Basin (Dadlez et al., 1995; Kiersnowski et al., 1995; Dadlez, 1998b;
Lokhorst et al., 1998; Scheck-Wenderoth & Lamarche, 2005; Kiersnowski & Buniak, 2006). The trend of
the Mid North Sea, Ringkgbing-Fyn and Mgn highs separates the SPB area from the Northern Permian Basin
(Norwegian-Danish Basin) (Figure 3.8c) in which Rotliegend clastics were up to 600 m thick (Ziegler,
1990a; Lokhorst et al., 1998; Evans et al., 2003). In the internal parts of the Variscan Orogen of southern
Germany and Poland, deposition of continental clastics during the Early Permian was restricted to often
narrow, variably striking, transtensional intramontane basins developed on a Permo-Carboniferous
wrench-fault template. The Saar-Nahe Basin (Stollhofen & Stanistreet, 1994; Schéafer & Korsch, 1998;
Kukulus & Henk, 1999) Saale Basin (Rappsilber, 2003) and the Burgundy-Kraichgau Basin (Freudenberger,
1996a; Ziegler, 1990a) preserve a thickness of several hundred metres of Rotliegend sediments and
volcanics. Similar structures developed within the Intra-Sudetic domain in eastern Germany and southern
Poland (Dadlez, 1998b), where normal faulting took place along north-west-striking faults.

5.2 Late Early to Late Permian (late Rotliegend) basin evolution

For purely descriptive purposes, the saucer-shaped SPB was subdivided into three components by Ziegler
(1990a): the Southern North Sea, North German and Polish sub-basins (see Figure 7.3), the latter two
separated by a prominent saddle in the vicinity of the present-day German-Polish border. A similar
approach is followed in this chapter, with the addition of a further element, the Fennoscandian Border
Zone. Note that the boundary between the Southern North Sea and North German sub-basins is
gradational and varies from epoch to epoch.

5.2.1 North German Basin

The earliest known strata, the Miiritz Subgroup, are only preserved in central Germany. The Altmark I
(pre-Parchim) pulse led to formation of a northerly striking graben system (Figures 3.1 & 3.9) in eastern

Lower Saxony (Gast, 1988), which was subsequently filled by volcanic fanglomerates and dune sands with
good reservoir potential. Some of the grabens in the Flechtingen area and south-east Brandenburg are
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clearly older. In the northern Hessian Depression, between Gottingen in the south and Hamburg in the
north, Lower Permian clastics and volcanics were deposited in a fan-shaped system of grabens (Figure 3.9)
(Gast, 1988). The basin depocentre migrated westward into West Mecklenburg during deposition of the
Mirow Formation; salt was deposited in the southern Schleswig-Holstein, northern Lower Saxony and
eastern North Sea areas. The Parchim graben system was covered by nearshore, fluvial and sheet-flow
sediments (Rieke et al., 2003). According to F. Kockel (pers. comm., 2009), north-north-east-trending swells
such as the Hunte, Hunsriick-Oberharz and Eichsfeld-Altmark swells, which are partly devoid of Rotliegend
clastics, and rifts such as those of the Ems-Horn, Gliickstadt and Brunswick-Gifhorn areas, may have
compartmentalised the west—east-trending SPB. However P. Ziegler (pers. comm., 2009) and K. Schiitz
(pers. comm., 2009) considered this very unlikely as the compartments are not reflected in the Zechstein
facies patterns. The North German Basin gradually assumed an asymmetric saucer-shaped geometry

with a steeper northern flank and a gentler southern flank (Ziegler, 1990a), the margins of which were
progressively overstepped by younger parts of the sequence (Plein, 1978; Gast, 1988; Hoffmann et al., 1989).
The North German Basin depocentre is slightly offset to the north of the area of greatest Early Permian
magmatic activity and maximum crustal thinning (Plein, 1978; Bachmann & Grosse, 1989; Franke et al.,
1989; Bachmann & Hoffmann, 1997), the area where the influence of the Baltic Shield ceases (DEKORP-
BASIN Research Group, 1998, 1999).

5.2.2  Southern North Sea Basin

The Southern North Sea Basin province comprises several sub-basins with distinct subsidence and inversion
histories throughout Permian and Mesozoic times (De Jager, 2007), although these elements were not
strongly differentiated in mid-Permian times (Figure 3.9). Evolution of the Southern North Sea Basin
area during the late Early Permian was dominated by thermal subsidence and its gradual incorporation
into the westward-expanding Rotliegend Basin (Geluk, 2007a). In contrast, the Pennine High, Mid North
Sea High and the London-Brabant Massif formed persistent highs that fringed the evolving Southern
North Sea Basin to the west, north and south. Deposition of Rotliegend strata commenced later in this
basin than in the North German Basin (Ziegler, 1990a; Geluk, 2007a) and was accompanied by minor
faulting (Van Wijhe et al., 1980; Glennie & Boegner, 1981). In the Netherlands, the forerunners of the
Central Graben, Broad Fourteens Basin and Lauwerszee Trough are subtly reflected in the pattern of
Rotliegend isopachs (De Jager, 2007) (see Figure 7.3). According to H. Mijnlief (pers. comm., 2008), the
Lauwerszee Trough has a Rotliegend succession several tens of metres thicker than that of the adjacent
Friesland Platform and Groningen High (Figure 3.9). It is likely that the major faults delineating the
Terschelling Basin and the Hantum and Rifgronden fault zones were already in existence in Early Permian
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Figure 3.9  Early Permian (lower
Rotliegend) tectonic evolution: Artinskian,
208 Ma. Structural template map.
Distribution of volcanics after Hoffmann
etal. (1997) and Heeremans et al.

_son  (2004); early Rotliegend rift zones after
Gast (1988); Early Permian lineaments in
the Netherlands after H. Mijnlieff (pers.
comm., 2008); Saale and Barnim basins
after C. Breitkreuz (pers. comm., 2008).

times (De Jager, 2007); the Texel-IJsselmeer, Cleaver Bank and Elbow Spit highs were present but poorly
defined (Van Hoorn, 1987; NITG-TNO, 2004). Thickness maps (see Chapter 7, Figure 7.3) show that
Rotliegend strata are up to three times thicker in the Sole Pit Basin compared to surrounding areas. The
Dowsing-South Hewett Fault Zone, which was active during the Carboniferous (Leeder & Hardman, 1990)
and possibly earlier times (Pharaoh et al., 1995), may have exerted a syndepositional control. Rotliegend
strata were not deposited on the Mid North Sea and Ringkgbing-Fyn highs, as indicated by their onlap
geometry and that of the Zechstein series. They are also missing from the London-Brabant Massif, which
apparently acted as a source area for the Rotliegend series in the North Sea.

5.2.3  Polish Basin

During the Permian stage of its evolution, the axial part of the Polish Basin, the Mid-Polish Trough, formed
the easternmost part of the SPB (Kiersnowski et al., 1995; Kiersnowski & Van Wees, 2000; Kiersnowski &
Buniak, 2006; McCann et al., 2006). With very few exceptions (e.g. Antonowicz et al., 1994), there is a lack
of reliable seismic information on the basin’s internal structure at sub-Zechstein levels. Only borehole
data can therefore be used to infer tectonic activity during the late Early Permian initial subsidence
phase of the Polish Basin. A recent model of sub-Zechstein basement tectonics shows a complex array of
north-west-striking fault zones (cf. Krzywiec et al., 2006; Krzywiec, 2006a, 2006b), which were repeatedly
reactivated during Mesozoic subsidence and subsequent inversion of the trough. Mild transtensional
activity along fault systems of the Teisseyre-Tornquist Zone during the early phases of the early Rotliegend
has been documented by Kiersnowski & Buniak (2006) who also showed that fault activity gradually
diminished with time and had essentially ceased prior to the transgression of the Zechstein Sea.
Anhydrite-shale sequences were deposited in ephemeral-lake or sabkha environments in the central
Polish Rotliegend Basin (Pokorski & Wagner, 1975).
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5.3 Late Permian (Zechstein) tectonic evolution

The Late Permian plate-tectonic setting of Europe (Figure 3.10) was dominated by the ongoing northward
subduction of the Paleotethys Ocean beneath the southern margin of Europe (Stampfli & Borel, 2002).
Persisting activity along the Arctic-North Atlantic rift system, combined with a glacioeustatic sea-level
rise, facilitated the development of a seaway linking the Arctic Ocean with the Permian basins of western
and central Europe (Ziegler, 1988, 1989, 1990a; Torsvik et al., 2002; Coward, et al., 2003). This transgression
probably advanced to the margins of the Northern and Southern Permian basins through the Faroe-Rockall
Trough, the fault-controlled basins of the Irish Sea and via the Solway-Vale of Eden Depression. The latter
was connected during the Zechstein via the western flank of the Mid North Sea High, and later across it
(Ziegler, 1990a; Taylor, 1998). There is no evidence for subsidence of the Central and Horn grabens as the
Zechstein (Z2) Hauptdolomit banks trend east-west across the grabens (P. Ziegler, pers. comm., 2009).

By the beginning of the Late Permian, the Northern and Southern Permian basins had apparently subsided

below global sea level. Although repeated temporary marine incursions into the SPB during late Rotliegend
times have been recorded (Legler & Schneider, 2008), the deposition of the Kupferschiefer (Copper Shale)

is evidence of catastrophic and permanent flooding of the Permian basins by the Zechstein transgression.
This highly organic unit was deposited in basinal areas well below wave base under permanently

stagnant (euxinic) bottom-water conditions in water depths of 200 to 300 m or more (Ziegler, 1990a).

The Kupferschiefer has a relatively uniform thickness of about 0.5 m throughout the basin, marking

a time of tectonic quiescence (Paul, 2006).

Late Permian evolution of the SPB continued to be dominated by thermal relaxation of the lithosphere
(Ondrak et al, 1999; Van Wees et al., 2002; Scheck et al., 2003b; Scheck-Wenderoth et al., 2008) with
crustal extension playing only a minor role. Cyclical glacioeustatic sea-level fluctuations controlled
sedimentation patterns in both the Northern and Southern Permian basins (Figure 3.10). Carbonate and
evaporite banks developed along the basin margins and on isolated highs during sea-level highstands,
whereas basinal areas were starved of sediment; basinal areas were filled by thick halites during sea-level
lowstands. Minor faulting reflecting east-west extension is reported from the southern margin of the SPB
in the Netherlands and Germany (Ziegler, 1990a; Geluk & Rohling, 1997; Geluk, 2007a). Post-depositional
salt mobilisation masks possible synsedimentary faulting in basinal areas (Scheck-Wenderoth et al., 2008).
Facies development of the Zechstein and its onlap onto the Mid North Sea and Ringkgbing-Fyn highs
indicate that these partly separated the Northern and Southern Permian basins (Vejbaek, 1997; Taylor,
1998; Clausen & Pedersen, 1999). In southern Germany and Poland, the Zechstein Sea intermittently
inundated only the largest of the relatively slowly subsiding intramontane troughs (Ziegler, 1990a;
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Figure 3.11 Late Permian (Zechstein Z2)
tectonic evolution: Wuchiapingian,
255 Ma.

Freudenberger, 1996a; Dadlez et al., 1998). Differences observed in Late Permian subsidence rates between
basinal parts of the SPB and its flanking areas are attributed to differences in the magnitude of thermal
destabilisation of the lithosphere during the Permo-Carboniferous tectono-magmatic cycle (Wilson et al.,
2004; Ziegler et al., 2004).

Cyclic evaporation led to the deposition of the more than 1500 m-thick, halite-dominated Zechstein
sequence in the axial part of the SPB area in northern Germany (Ziegler, 1988, 1990a). The northern
margin of the basin was rather straight along the southern slope of the Ringkgbing-Fyn and Mgn highs
(Figure 3.11). In the south, the basin margin was differentiated into several north-north-east-trending
swells and lows, such as the Ems Low, the Hunte Swell, the Weser Trough and the Eichsfeld-Altmark Swell.
These structures were still evident during the first and second Zechstein depositional cycles and controlled
the development of marginal carbonate and evaporite banks. With the progressive widening of the basins,
these banks were overstepped and apparently ceased to influence facies developments. The Z2 (Stassfurt)
cycle deposited the thickest sequence of evaporites; later cycles overstepped farther onto the margins of
the basin, as recognised in Denmark, and as many as seven cycles have been recognised in the basin axis
(Z1 to Z7; see Chapter 8). Due to later halokinetic movements, little is known about contemporaneous
rifting. West-north-west-trending grabens are reported from the Z1 (Werra) cycle (Tubantian I) in the
eastern Netherlands (Geluk, 2005) and the Lower Rhine Embayment, as well as the Z2 cycle on the Hunte
Swell. A later (Tubantian IT) phase of faulting postdates the Z4 (Aller) cycle in the Netherlands (Geluk,
2005) and Germany (F. Kockel, pers. comm., 2009). The fill of the Mid-Polish Trough includes a thick
Zechstein salt layer within the north-western and central segments of the basin (Marek & Pajchlowa,
1997; Dadlez et al., 1998). As elsewhere in the SPB, the tectonic motif was one of thermal subsidence

and broad overstepping of the Rotliegend Basin margins (P. Ziegler, pers. comm., 2009).

6 Triassic tectonic evolution: rifting of Pangea and juvenile development
of the basin system

6.1 Early Triassic rifting and subsid