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Abstract

The Precambrian and early Palaeozoic ('Caledonian') metamorphic basement of E England
and the southern North Sea comprises a number of distinct structural elements. The Midlands
Microcraton was a persistent structural element throughout the early Palaeozoic. It lay in the
back-arc region of subduction-related magmatic arc systems in Ordovician time, and was
probably emergent. In Silurian time, it formed a fault-bounded platform distinct from deep
water basins in Wales, N England and E Anglia. Acadian deformation and metamorphism was
rather weak. The Concealed Caledonides of E England have a NW-SE structural grain and were
more intensely deformed and metamorphosed by the Acadian orogenic phase. Deep seismic
reflection surveys in the offshore part of this belt indicate the presence of inclined zones of
reflectivity in the mid-crust, interpreted as thrusts. The age of these structures is uncertain.
They could have formed during the collision of the Avalonia Microplate with Baltica in late
Ordovician time, or could be entirely Acadian structures.
The Dowsing-South Hewett Fault Zone (DSHFZ) is a long-lived crustal lineament, reactivated
throughout late Palaeozoic and Mesozoic time. A dipping reflector at the Moho and in the
upper mantle, has been mapped parallel to, and just coastward of, the fault zone, and may
mark the trace of an Ordovician subduction zone and/or crustal suture. Between the DSHFZ
and the Trans-European Fault Zone, crystalline basement lies deeply buried beneath the
Anglo-Dutch Basin. The nature and history of this crust is poorly constrained by geological
evidence. It may belong to a terrane suspect with respect to Avalonia. On the Mid North Sea
High itself, several boreholes prove sedimentary rocks which experienced greenschist and
possibly amphibolite facies metamorphism in late Ordovician time. This crust was apparently
caught up in the collision zone between Avalonia and Baltica. Late Ordovician deformation,
associated with this collision event, is recognised elsewhere in Avalonia, but is less penetrative
in nature.

Introduction

In the area reviewed, 'Caledonian’ metamorphic basement is largely concealed by a cover of
late Palaeozoic, Mesozoic and Cenozoic strata. In the Midlands of England, the younger cover
is relatively thin and outcrops in Leicestershire and Warwickshire provide insights to the
history of the Midlands Microcraton. Mesozoic strata thicken across the Eastern England
Shelf, towards the North Sea. The 'Caledonide' deformation belt inferred to underlie the shelf
is known only from deep boreholes. The latter provide useful information on the lithology,
age and metamorphic grade of rocks within the belt (Pharaoh et al. 1987, Molyneux 1991,
Woodcock 1991). The structural history and geometry of this deformation belt has been
inferred from analysis of geophysical potential field data (Lee et al. 1991). Deep seismic
reflection data demonstrating the internal structure of the deformation belt are restricted to



the offshore part of the Eastern England Shelf (Blundell et al. 1991, Klemperer & Hobbs 1992).
By contrast, the nature and history of the crystalline basement underlying the North Sea
south of the Trans-European Fault Zone is very poorly known. The scant lithogical and isotopic
information, derived from boreholes on the mid-North Sea High drilled during the early phase
of hydrocarbon exploration, has been summarised by Frost et al. (1991). This paper attempts
to review the evolution of the metamorphic basement of eastern England and the southern
North Sea in the context of the development of the Trans-European Fault Zone during early
Palaeozoic time.

The term 'Eastern Avalonia' has been applied to the eastern part of the Avalonia Microplate
(Soper et al. 1987) i.e. the Caledonides of S Ireland, S Britain and Belgium. Palaeomagnetic
evidence for separation of this area from New England and Maritime Canada (i.e. 'Western
Avalonia') in early Palaeozoic time is presently lacking (McKerrow, 1993, pers. comm.). Thus in
the text, the microplate will be described for brevity as 'Avalonia’ although the reader should
be aware we refer to the eastern part of it throughout.

Midlands Microcraton

This wedge-shaped region, referred to by Wills (1978) as the 'English Microcraton', and
numerous other authors (e.g. Cope et al. 1992) as the 'Midland Platform', occupies the English
Midlands region (Fig. 1). The southern boundary of the region is the Variscan Front (Fig. 1), the
northern limit of Variscan foreland fold-thrust belt deformation. Seismic reflection data
(Chadwick et al. 1983) demonstrate the continuation of the Precambrian basement of the
Variscan foreland beneath the overthrust belt for some considerable distance. On the NW
edge of the microcraton lies the Welsh Basin, comprising a tripartite stack of basinal
sequences ranging in age from Cambrian to early Devonian (Woodcock 1990). The boundary is
marked by a complex zone of SW-NE trending faults (Fig. 1) known as the Welsh Borderland
Fault System (Woodcock & Gibbons 1987), reactivated periodically throughout the early
Palaeozoic. Precambrian basement (Uriconian volcanic group) is incorporated in
transpressional duplex structures (Woodcock & Fischer 1986) within this zone. The intensity
of deformation and metamorphism increases into the basin, away from this tectonic
boundary. The N and NE boundary of the microcraton is poorly known at present, and in any
case is transitional in nature (Woodcock 1991). In Fig. 1, the NE limit of the microcraton is
taken at the Thringstone Fault, W of the Charnwood (Precambrian) inlier, which is inferred to
occupy a fault duplex comparable in style to the Uriconian inliers lying within the Welsh
Borderland Fault System. To the SE, the boundary is defined using the evidence of the Silurian
shelf to basinal facies transition (Molyneux 1991).

The Precambrian crust of the Midlands Microcraton consists of a heterogeneous complex of
volcanic arc and marginal-basin complexes accreted in Neoproterozoic time (Thorpe et al.
1984), from about 680 to 560 Ma (Tucker & Pharaoh 1991). The apparent absence of much
older Proterozoic crust within this Avalonian accretionary complex suggests its development
in a distal position with respect to the Gondwana margin, outboard of the Cadomian terranes.
At least 2 Precambrian terranes are present within the microcraton, sutured along the N-S
Malvern lineament (Pharaoh et al. 1987b), which has been reactivated throughout
Phanerozoic time. It is thus inferred that all of the Precambrian inliers (Shropshire, Malverns,
Charnwood and Nuneaton) are 'pop-up' structures associated with wrench-faults of probable
Caledonian age, reactivated in the Variscan Orogeny.

Across most of the area of the microcraton the Precambrian basement is overlain by a rather
uniform Cambrian clastic sequence deposited in water of increasing depth with time,




reflecting subsidence of the rifted margin of the Avalonia Microplate as it drifted away from
Gondwana during Cambrian time. Changes in the geometry of the rift-basins in Tremadoc
time (Smith & Rushton 1993) presaged the onset of subduction volcanism in the Welsh Basin
(Kokelaar et al. 1984) and reflected the onset of (lapetus) ocean closure. Strata of Ordovician
age younger than Tremadocian are absent, although numerous minor intrusions of calc-
alkaline lamprophyric affinity (Thorpe et al. 1993) were emplaced into a tectonically active
(Carney et al. 1992) emergent back-arc region prior to the deposition of Silurian strata. The
latter comprise shallow-water carbonate and clastic sedimentary rocks of Llandovery to
Pridoli age, deposited across the Midlands Platform, the Silurian manifestation of the
microcraton. The metamorphic grade of the Cambrian-Tremadoc cover is typically diagenetic
to low anchizone (Merriman et al. 1993). Deformation of the sedimentary cover of the
microcraton during the Acadian phase of deformation in Emsian time (Soper et al. 1987) was
minimal, and restricted to the development of spaced cleavage towards the margins of the
microcraton. An earlier, 'Shelveian' phase of deformation in late Ordovician (Ashgill) time is
associated with dextral strike-slip on the Pontesford-Linley fault system (Lynas 1988,
Woodcock & Gibbons 1988), uplift of the adjacent Towi Anticline and folding in pre-Ashgill
strata (Toghill, 1992). Folding of Cambro-Ordovician strata in Warwickshire,
penecontemporaneous with emplacement of the lamprophyric Midlands Minor Intrusion
Suite (Carney et al. 1992) may also have occurred at this time.

Concealed Caledonides of Eastern England

Boreholes in eastern England from the eastern Pennines to the Thames Estuary demonstrate
that the sub-Carboniferous basement is composed of low grade metasedimentary rocks of
Ordovician and Silurian age (Turner 1949, Molyneux 1991), and plutonic and volcanic igneous
rocks (Pharaoh et al. 1991, 1993a). Fossiliferous sedimentary rocks of basinal facies, with
steep dips and well developed cleavage were encountered by boreholes in the last century
(Bullard et al. 1940). Plutonic rocks of high-K calc-alkaline affinity were recognised by Le Bas
(1972, 1982).

Biostratigraphic evidence for faunal provinciality, requiring the presence of a Tornquist Sea
(ocean) separating Avalonia and Baltica during Ordovician time (Cocks & Fortey 1982), gave a
new stimulus to studies of the eastern England basement. The first results of a thorough
review of the available borehole evidence, including mica-crystallinity data, geochemical and
isotopic data and available structural information (Pharaoh et al. 1987a), supported the
concept of a NW-SE trending fold belt linking with the Caledonides of central Europe
proposed by Turner (1949).

The metamorphic data indicated that Silurian metapelitic rocks

in East Anglia had attained epizone grade (= greenschist facies) as a result of Acadian
metamorphism. A rise in metamorphic grade was observed from the microcraton into the fold
belt. Geochemical data demonstrated the dissimilarity of concealed volcanic rocks to the
Charnian (Precambrian) volcanic rocks, and greater similarity to Caledonian plutonic rocks at
Mountsorrel and in S Leicestershire. Various volcanic provings yielded Ordovician or early
Devonian Rb-Sr isotopic ages (Pharaoh et al. 1987a, 1991). The tectonic model for the
concealed Caledonides at this time placed considerable emphasis upon analogues in the
adjacent Caledonide basins in Wales and the Lake District i.e. the development of deep basins
containing thick sequences of early Palaeozoic sedimentary strata, with interstratified
volcanogenic sequences of Ordovician age.

The results of further studies were published in the proceedings of the Anglo-Brabant Massif




conferences held in Brussels in 1989 (Vanguestaine et al. 1991) and Keyworth in 1992
(Pharaoh et al. 1993b). The study of metamorphic crystallinity was extended to cover virtually
every early Palaeozoic proving in eastern England (Merriman et al. 1993), and confirmed the
contrast in metamorphic grade between mudrocks on the microcraton (diagenetic to low
anchizone) and in the concealed Caledonides (low anchizone to epizone). The presence of
subduction-related calc-alkaline plutonic rocks in a NW-SE trending belt from Derby to
Cambridge, representing an extension of the occurrences recognised by Le Bas (1972, 1982)
was demonstrated (Pharaoh et al. 1993a). Noble et al. (1993) demonstrated the late
Ordovician age of felsic magmatic rocks in the vicinity of The Wash using U-Pb zircon data, and
presented Nd isotope data indicating a probable early Palaeozoic age for most other
occurrences of concealed volcanic rocks. Thorpe et al. (1993) identified a subduction-
magmatic component in the Ordovician lamprophyric minor intrusions of the microcraton,
here inferred to occupy the back-arc region. Thus the presence of subduction-related magmas
of late Ordovician age in the concealed Caledonides is well documented, as in Belgium (André
& Deutsch 1986, André 1993), in contrast to the view expressed by Berthelsen (1992) that
they are absent. Pharaoh et al. (1993a) speculated that this arc-related magmatism was
generated in response to the subduction of oceanic lithosphere from the Tornquist Sea
beneath the Avalonia Microplate over a period of about 50 Ma. They also speculated that the
oceanic trench forming the leading edge of the Avalonia Microplate lay in the southern North
Sea region, adjacent to the Dowsing-South Hewett Fault Zone (see later section).

One of the most significant problems in interpreting the history and composition of the
concealed Caledonides is the poor precision of biostratigraphic dating of boreholes,
particularly in comparison to Belgium (e.g. c.f. Verniers & Van Grootel 1991, De Vos 1993,
Servais et al. 1993). Thus while it is possible to recognise a distinctive basin of broadly Silurian
to earliest Devonian age in East Anglia (Molyneux 1991, Woodcock & Pharaoh 1993), the
biostratigraphic data are of insufficient precision to indicate whether a transition from anoxic
basin slope to shallower water environments occurred in time or over space. The presence of
other late 'successor' basins comparable to the Anglian Basin cannot be ruled out.
Furthermore, large areas of the basement in the area between the Pennines and The Wash,
are composed of metasedimentary rocks which have so far failed to yield biostratigraphic
evidence, and may even be of Precambrian age (Lee et al. 1991, Merriman et al. 1993). It is
hoped to address these biostratigraphical problems in the near future.

The structural geometry of the concealed Caledonides is
not directly observable. Studies of geophysical potential field images (e.g. Lee et al. 1990,
1991, 1993) have demonstrated that the concealed basement of eastern England is
characterised by a number of SE and SSE-trending magnetic and gravity lineaments. The cause
of the broad magnetic anomaly ridge extending from northern England to East Anglia (the
Furness-Norfolk Magnetic Anomaly, Fig. 1) has been the subject of much speculation (Bott
1967, Wills 1978, Allsop 1987, Cornwell & Walker 1989, Lee et al. 1990, 1991). Wills (1978)
referred to this feature as the Furness-Ingleborough-Norfolk Magnetic Ridge and believed it
was due to the presence of magnetic metamorphic rocks, probably Precambrian, at relatively
shallow depth. The IGS borehole at Beckermonds Scar (Berridge, 1982) subsequently
demonstrated the presence of magnetite-bearing Ordovician metasedimentary rocks. Busby
et al. (1993) have modelled the magnetic anomaly as due to the presence of a substantial (up
to 50 km wide) body of magnetic metasedimentary or igneous rock. The magnetic anomaly
belt is associated with a number of gravity lows. The presence of granite was demonstrated
by drilling in Wensleydale (Bott 1967, Dunham 1974), but postulated granites at Market




Weighton (Bott 1975) and in the vicinity of The Wash (Chroston et al. 1987) have not yet been
proven. The emplacement of the microgranite proven by Claxby Borehole (Fig. 1) to NW of
The Wash (Pharaoh et al. in prep) has been dated at 457420 Ma by the U-Pb zircon method
(Noble et al. 1993), and suggests that at least some of these inferred granites may have been
emplaced contemporaneous with Ordovician arc magmatism (Pharaoh et al. 1993), as in the
Lake District (Cooper et al. 1993). While magnetic metasediments may make a contribution to
the magnetic anomaly, we argue here that the primary component of the anomaly is due to
the presence of Ordovician subduction-related magmatic rocks. If this hypothesis is correct,
then the Furness-Norfolk Magnetic Anomaly may mark the trace of the magmatic arc linking
the Ordovician calc-alkaline volcanic provinces of the Lake District and eastern England, whose
presence was inferred by Le Bas (1975) and Pharaoh et al. (1991).

Geophysical images resolve numerous SE-trending magnetic lineaments which may reflect
either Precambrian or Caledonian tectonic structures within the basement. Soper et al. (1987)
have commented upon the prevalent SE-trend of Carboniferous basinal structures in eastern
England, and infer that these too are inherited from reactivation of the basement structures.

The deformation of the concealed Caledonides has hitherto been considered an entirely
Acadian event (Soper et al. 1987, Pharaoh et al. 1987a). However, a late Ordovician
deformation phase has been documented in the Pennine inliers of northern England
(Arthurton et al. 1988), giving rise to a significant unconformity at the base of the
Windermere Group, and contemporaneous with the Shelveian phase of the Welsh Borders.
An unconformity is suspected at the base of Powys Supergroup (Woodcock 1990) equivalents
in the Anglian Basin (Lee et al. 1991, Woodcock & Pharaoh 1993) but not yet proven by
drilling. Thus the possibility of pre-Acadian deformation in eastern England cannot be ruled
out, and isotopic evidence from the basement of the mid North Sea region (see next section)
makes it rather likely.

Noble et al. (1993) have published isotopic evidence demonstrating an Ordovician age for
some, and a probable Ordovician age for most, of the concealed volcanic and plutonic rocks of
the concealed Caledonides, as described above. 2 provings of felsic welded tuff have yielded
Avalonian (620-612 Ma) ages however, despite their petrographic and geochemical
dissimilarity to Charnian volcanic rocks. Pharaoh et al. (1993) have inferred that these
Precambrian inliers are involved in major thrust zones within the deformation belt.

Further evidence for Caledonian thrust structures in the middle crust is provided by deep
seismic reflection data across the Eastern England Shelf in the southern North Sea (Blundell et
al. 1991, Klemperer & Hobbs, 1992, Cameron et al. 1992). Hydrocarbon boreholes in this
region e.g. UK 47/29A-1 and 53/16-1 have encountered deep water sedimentary rocks of
Ordovician and Silurian age, comparable to the occurrences in East Anglia, and the area is
therefore interpreted as the offshore extension of the concealed Caledonides. Dipping
reflectors interpreted as Caledonian thrusts and possible antiformal ramps occur in the crust
of the Hewett Shelf (Blundell et al. 1991, Blundell 1993), and are well imaged by profiles
MOBIL-6 and -7 as well as other surveys. Klemperer & Hobbs (1992) mapped some of these
reflective zones and demonstrated that they have a SE-strike, parallel to the edge of the
Anglo-Dutch Basin. Near the South Hewett Fault Zone, these thrusts have an inferred NE-
directed vergence. Further S, some appear to verge towards SW on the Shell 82-101 seismic
profile (Klemperer & Hurich, 1992).

The likely presence of thrust faults means that the internal structure of the concealed
Caledonide deformation belt is more complex than anticipated by Pharaoh et al. (1987a). The
presence of Precambrian inliers presents a major contrast with the Welsh Basin, which




Pharaoh et al. (1987a) regarded as a possible structural and lithological analogue, the two
areas lying on opposing flanks of the microcratonic 'indenter' advocated by Soper et al.
(1987).

Basement of the Southern North Sea

The Dowsing-South Hewett Fault Zone (DSHFZ) represents a major crustal boundary (Fig. 1),
separating crust of distinctly different seismic reflectivity (Blundell et al. 1991, Klemperer &
Hobbs 1992). The DSHFZ has exhibited a complex history of reactivation through Permian and
Mesozoic time, and probably acted as a syndepositional fault in Carboniferous time (Leeder &
Hardman 1989). The crust underlying the Anglo-Dutch Basin, to north of the DSHFZ is poorly
reflective in the middle crust, in contrast to the situation below the South Hewett Shelf,
where numerous dipping reflective zones are recognised, as described above. The lower crust
of the Anglo-Dutch Basin exhibits good reflectivity, again in contrast to the Hewett Shelf, and
it is possible to recognise a well-defined relection Moho (Klemperer et al. 1986) at 11to 11.5s
TWT throughout the region. Deep seismic profiles MOBIL-6, -7 and SNST83-07 image a SW-
dipping event (X-reflector of Blundell et al. 1991, and Fig. 2) at the Moho and in the upper
mantle parallel to, and just coastward of, the DSHFZ (?England, in press), as depicted
schematically in Fig. 1. Pharaoh et al. (1993) speculated that this reflector might represent a
relic of the Ordovician subduction zone responsible for the generation of the calc-alkaline
volcanic and magmatic suites of the Caledonides of eastern England and Belgium, recording
the underflow of oceanic lithosphere from Tornquist's Sea (Cocks & Fortey, 1982). The
contrast in reflectivity patterns in the crust on either side of the zone described above also
suggest that it may represent a terrane boundary, which we refer to as the Dowsing-South
Hewett Suture. The continuation of the putative crustal suture marked by the X-reflector to
the north-west of its mapped position on SNST83-07 is highly conjectural. It probably
continues NW towards Flamborough Head, and then up the north coast of England, just
landward of the BIRPS reflection profiles in this area (Fig. 1). The inversion history of the Vale
of Pickering is comparable to that of the Sole Pit Trough, and might suggest continuity of the
DSHFS with the Vale of Pickering Fault Zone. However, we prefer to continue the Dowsing-
South Hewett Suture NW along the Yorkshire coast, via the Peak Trough, because this
preserves the geometrical relationship of the suture to the Caledonian magmatic arc (Furness-
Norfolk Magnetic Anomaly) inferred above.

Of the deep basement provings on the northern flank of the Anglo-Dutch Basin, only one
(Netherlands A/17-1) is likely to represent a proving of the basement of the southern North
Sea Terrane. The others (reviewed in the next section) appear to lie north of the lapetus
Suture or the Trans-European Fault Zone (Fig. 1), and thus beyond the inferred limits of the
terrane. A/17-1 proved a biotite granite showing little evidence for deformation but much low
temperature alteration. It may be representative of the granitic plutons inferred by Donato
and Megson (198 ) to underpin the southern margin of the Mid-North Sea High further west
(Fig. 1). The Ar-Ar age of 3467 Ma is relatively young for a Caledonian granite, and is
regarded by Frost et al. (1981) as a minimum age, affected by alteration.

The presently available geophysical data appear to allow 3 alternative origins for the crust
underlying the Anglo-Dutch Basin in the SNS:

1). The region could represent a flake of the Avalonia Microplate which has suffered intense
deformation and metamorphism as a result of the collision of Avalonia and Baltica.

2). The region might have affinities with the high grade metamorphic terranes of the Scottish
and Norwegian Caledonides.




3). A third possibility is that the basement of the Anglo-Dutch Basin is 'suspect' in the sense of
Coney et al. (1980) with respect to all the surrounding terranes, and may represent an entirely
exotic crustal terrane (Southern North Sea Terrane) caught up along the Avalonia/Baltica
suture.

Detailed isotopic studies of basement provings such as A/17-1 are required to determine
which of these hypotheses is correct.

Basement of the Mid North Sea High

The pre-Devonian basement in the region between the DSHFZ and the Trans-European Fault
Zone is deeply buried except across the Mid North Sea High, where the inferred trace of the
lapetus Suture (after Soper et al. 1992), and the Trans-European Fault Zone (after Berthelsen
1992) must meet (Fig. 1). Most of the deep basement provings described by Frost et al. (1981)
appear to lie between the westward projections of the TEFZ and the Marginal Thrust Belt (Fig.
1). The boreholes P-1 (Denmark), 3/7-1 (Norway), B4-1, Q-1, Flensburg and Westerland
(Germany) and 30/16-5 (UK) penetrated phyllitic schists yielding “Oar-°Ar ages in the range of
435-450 Ma, interpreted by Frost et al. (1981) as the age of prograde metamorphism in
greenschist, and possible amphibolite facies, and 400-415 Ma (possible greenschist facies
retrogression). The provenance of the metasedimentary protolith of these schists is unknown.
Metamorphism of this intensity at about 440 Ma is unknown from the microplate of Eastern
Avalonia SW of the DSHFZ, although less intense late Ordovician deformation has been
described from the Welsh Borders ('Shelveian event') by Toghill (1992) and northern England
(Arthurton et al. 1988). Regional considerations suggest that the most likely cause of the high-
grade metamorphism recognised in the basement of the Mid North Sea High was the collision
of Baltica and Avalonia in late Ordovician time.

Clearly, the composition and affinities of the crust of the southern and central North Sea are
matters of considerable interest to the EUROPROBE project. Further studies of the borehole
samples from the Mid North Sea High described and dated by Frost et al. (1981) should be a
priority of the project, as an adjunct to ongoing geophysical studies e.g. the MONA-LISA deep
seismic profiling (BIRPS, 1993) so that this important crustal unit can be characterised. These
studies should include: Nd, Pb and Sr whole rock isotopes, and whole-rock geochemistry, to
establish the affinities and crustal-residence history; U-Pb mineral ages to date igneous and
metamorphic history, and confirm the “Onar-°Ar ages; petrographic and structural studies to
determine metamorphic grade and P-T paths for the North Sea basement.

Timing of terrane amalgamation

Palaeogeographic reconstructions of the early Palaeozoic evolution of southern Britain based
upon palaeomagnetic evidence have described the northward drift of Avalonia from high
southerly latitudes (about 60°S) to about 30°S by early Silurian time (Torsvik & Trench 1991,
Scotese & McKerrow 1991, Trench et al. 1992), when it was brought into juxtaposition with
Baltica and Laurentia. Biogeographic data on faunal provinciality (Cocks & Fortey 1982) and
Nd isotopic data for sediment provenance suggest that the Avalonia Microplate was isolated
from other continental masses during this oceanic drift. It is inferred that this rapid northward
drift and collision with Baltica were achieved by the destruction of oceanic lithosphere
(lapetus-Tornquist Ocean) along the northern edge of Avalonia. The palaeomagnetic data also
indicate that the northward drift was accompanied by counter-clockwise rotation of the
microplate, perhaps by as much as 55° over the period 470-400 Ma, with most of this




achieved by 450 Ma, according to Fig. 1 of Trench et al. (1992). This was probably
accompanied by oblique closure, with dextral shear, of Tornquist's Sea (Trench et al. 1992).
Pharaoh et al. (1993) highlighted the progressive change in age of calc-alkaline magmatism
around the northern edge of the Avalonia Microplate, from Tremadoc-Arenig in Wales
(Kokelaar et al. 1984), to Llandeilo-Caradoc in northern England (Cooper et al., 1993), Caradoc
in eastern England (Noble et al. 1993) and Ashgill in Belgium (André et al. 1986). They
suggested that this magmatic trend might be a function of the oblique closure of the
Tornquist Sea and the counter-clockwise rotation of Avalonia with respect to a subduction
zone (or zones) located to the north of Avalonia, a concept compatible with palaeomagnetic
evidence for rotation (Trench et al. 1992). A recent analogue for such microplate rotation
could be the Fiji microplate of the West Pacific. Subduction-magmatism in southern Britain
ceased in Ashgill time, about the same time that the isolation of Avalonia measured in terms
of faunal provinciality (Cocks & Fortey 1982) and crustal provenance (Thorogood 1990) ended.

Some authors (e.g. Pickering et al. 1988) have proposed a 'soft' collision between Avalonia
and Baltica at this time. However, the presence of high grade metamorphic rocks on the mid
North Sea High vyielding late Ordovician Ar-Ar ages interpreted as the date of prograde
metamorphism (Frost et al. 1981), and evidence for late Ordovician ('Shelveian') deformation
in the Welsh Borders and northern England suggest that the collision of Avalonia and Baltica
in late Ordovician time was anything but soft. Our preferred model involves overthrusting of
the basement of the Anglo-Dutch Basin by Avalonia along thje Dowsing-South Hewett Suture,
the Caledonian antecedent of the DSHFZ, and thrusting within the concealed Caledonides of
eastern England. The nature of the tectonic interraction between Avalonia and Baltica along
the TEFZ is presently unclear, but is a primary objective of the the recently acquired MONA-
LISA deep seismic profiles. More detailed studies of the crust of the southern and central
North Sea are required to determine its history and affinity. Away from the collision zone, in
the heart of Avalonia, deformation was more heterogeneous in nature, restricted largely to
the reactivation of ancient lineaments such as the Welsh Borderland Fault System.

By Llandovery time, the Anglian Basin (Woodcock & Pharaoh 1993) had become established
and was receiving deep-water muddy detritus from an unknown source, perhaps the
basement of the North Sea or Baltica. Subduction of lapetus Ocean continued to the NW,
beneath Laurentia, during Llandovery and Wenlock time (Leggett et al. 1979). By late Wenlock
time, turbiditic sandstones of N England are petrographically, chemically and isotopically
indistinguishable from contemporary strata in the Southern Uplands (McCaffrey, 1991).
Sediment from Laurentia was by now being fed across to Avalonia (Kemp 1987) and the
lapetus Collision Zone was being buried beneath a developing foreland basin (Kneller 1991).
The prograding thrust front of this basin migrated southwards through late Silurian time
(Kneller et al. 1993). The Acadian deformation phase, in the Emsian, may have resulted from
compression of Avalonia from the south as a result of an early phase of closure of the Rheic
ocean basin. As a result of this jostling, the SW-NE trending lapetus collision zone of western
Britain was reactivated, generating sinistral transpression along crustal lineaments and the
clockwise transection of cleavage recognised in the early Palaeozoic slate belts in Wales, the
Lake District and Southern Uplands (Soper et al. 1987) . On the eastern side of Britain, in the
southern North Sea, the NW-SE trending DSHFZ and TEFZ were probably reactivated as
dextral transpressional structures, and Silurian-early Devonian strata in the Anglian Basin
were cleaved for the first time.
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Figure captions

Fig. 1. Caledonian basement of the North Sea region.
Main structural elements after Lee et al. (1990), Berthelsen (1992), Soper et al. (1992), De Vos
(1993) and Katzung (1993).

Key to structural elements:

BF Bala Fault, CDF Caledonian Deformation Front, DSHFZ Dowsing-South Hewett Fault Zone,
FB Faille Bordiere, HBF Highland Boundary Fault, IS lapetus Suture, MSFS Menai Straits Fault
System, PM Pendle Monocline, SUF Southern Uplands Fault, TEFZ Trans-European Fault Zone,
VF Variscan Front, WBFS Welsh Borderland Fault System, WGB Windermere Group Basin

Key to igneous complexes:
LDB Lake District Batholith, MW Market Weighton Granite (inferred), WB Wash Batholith,
WdB Weardale Batholith, WyB Wensleydale Batholith

Key to onshore boreholes:
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Cl Claxby, F Flensburg, Gl Glamsbjerg, Gr Grinsted, NC North Creake, R Raydale, W
Westerland, We Weeley

Fig. 2. MOBIL-7 profile and model, reproduced with permission from Lee et al. (1993).
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