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PREFACE
This Final Report was prepared by the British Geological Survey under contract to Nuclear
Electric (Contract Ref. BL/G/30515/S). The report describes work carried out and completed
in the two-year period 1 April 1994 to 31 March 1996, the designated term of the contract.
The work was split into four six-month periods, the end of each period corresponding to a
Project Milestone. Each of the first three Milestones was marked by a Progress Report and
associated Interim Products:
Chadwick, R.A., Williamson, JP, Pharaoh, T.C. & Musson, R.M.W. 1994. Seismotectonics of the UK. Progress
report - Milestone 1. BGS Technical report WB/94/33C: Issue 1.0.
Chadwick, R.A., Pharaoh, T.C., Williamson, JP & Musson, R.M.W. 1995a. Seismotectonics of the UK. Progress
report - Milestone 2. BGS Technical report WB/95/6C: Issue 1.0.
Chadwick, R.A., Pharaoh, T.C., Williamson, JP, Rollin, K.E. & Walker, A.B. 1995b. Seismotectonics of the
UK. Progress report - Milestone 3. BGS Technical report WB/95/30C: Issue 1.0.

A draft Final Report was produced in early 1996. This underwent internal review by
contributors and Dr. A. Whittaker and was subsequently revised to produce a contractorverified Issue 1.0 on 31 March 1996.

Project Work was carried out by the following staff:
A. Whittaker (Project Director)
R.A. Chadwick (Project Manager)
T.C. Pharaoh (Deputy Project Manager)
B. Birch
N.R. Brereton
A.G. Hulbert
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By integrating interpretations of the UK deep seismic reflection database with colourprocessed potential-field images and structural data from the BGS Tectonic map database,
the deep subsurface structure of the UK and surrounding offshore areas is mapped at a level
of detail which has not hitherto been possible. Interpretive products fall into two main
categories; (i) maps of bulk crustal properties (upper and lower crustal thicknesses and
depths, heatflow, stress) and (ii) maps of tectonic features (upper crustal structural blocks,
deep crustal faults and shear-zones, mantle faults and shear-zones, near-surface faults and
folds).
A subset of the BGS earthquake database is used to characterise the current seismicity regime
in terms of a composite dataset of both instrumentally and historically recorded earthquakes.
The correlation of current seismicity with any of the individual bulk crustal properties is in
general poor and is summarised below:

!

base upper crust

-

correlation poor

!

base lower crust (Moho)

-

correlation poor

!

upper crustal thickness

-

correlation poor

!

lower crustal thickness

-

correlation undetectable

!

whole crustal thickness

-

correlation poor

!

heatflow

-

correlation uncertain

Correlations are in general too weak to recognise; any weak associations that may occur are
obscured by other factors. Taken in isolation therefore, bulk crustal properties do not appear
to exert a strong seismotectonic influence in the current stress regime.
However, the various types of tectonic feature do appear to be of greater seismotectonic
significance, and show more obvious correlations with seismicity:

!

upper crustal structural provinces

-

correlation fair
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!

deep crustal faults/shear-zones

-

correlation moderate to fair

!

uppermost mantle faults/shear-zones

-

correlation undetectable

!

Precambrian/Palaeozoic faults and folds

-

correlation good
Mesozoic/Cenozoic faults and

!

folds

-

correlation

good (inverse correlation, except
in North Sea grabens)
Major faults form important lines of weakness in the upper crust and can be very effective
sequestrators of strain during crustal extension or shortening. On geological timescales the
relatively low-angle thrust-faults are of particular importance in this respect, commonly
having suffered several compressional and extensional reactivations at various times in the
past. The observed correlation of present seismicity with these features however, is by no
means as clear-cut as would be expected.
To investigate further the observed relationships between seismicity and faults, the current
crustal stress-field and earthquake focal mechanisms are examined. At the present time, in
situ stress measurements from boreholes and earthquake focal mechanisms consistently
indicate a maximum horizontal compressive stress oriented roughly northwest-southeast.
This is probably attributable to 'ridge-push' from the North Atlantic mid-ocean ridge.
Earthquake focal mechanisms are dominantly strike-slip, indicating that, at seismogenic
depths, the intermediate principal stress is vertical. This, and the observed lack of
deformation in the sedimentary cover rocks over the last 10 million years or so, suggests that
horizontal stress magnitudes are low, and unable to drive either thrust faulting or normal
faulting. This contrasts markedly with the situation 20-10 Ma ago, when much stronger
compressive stresses, attributable to Alpine continental collisions, were sufficient to drive
major fault reversals with basin shortening and structural inversion.
A consequence of the weak current stress-field is that neither the deep crustal thrusts, nor the
shallower basin-controlling normal faults can readily be reactivated. Nevertheless, the thrusts
do form major lines of weakness in the crust, and do appear to be reactivated to some degree,
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albeit in a distributed strike-slip manner, rather than by displacement on the thrust-plane
itself. Transcurrent faults, being near-vertical, are more susceptible to reactivation in the
current stress-field and may suffer straightforward, though minor, strike-slip displacements.
Irrespective of the precise modes of fault reactivation, cumulative accrual of strain appears to
be very small in the current low stress regime. Such strain that does occur is not being
efficiently localised around the major pre-existing zones of weakness. Most earthquakes
appear to arise as a consequence of minor interactions and adjustments ('jostling') between
upper crustal blocks, rather than by systematic and consistent relative block displacements. It
is noticeable that enhanced seismicity is associated with the apical areas between converging
major faults and, in particular, with the intersections of major faults, where several upper
crustal blocks interact.
The effects of post-glacial isostatic rebound may exert localised influences on seismicity,
particularly in the northern UK, but are not considered to be a driving force of regional
significance.
A seismotectonic model for the UK (excluding the North Sea grabens) is presented, whereby
the UK is divided into a set of generalised >seismotectonic zones=, each of characteristic
crustal structure and each associated with seismicity which, at least in part, is explicable.
Thus, in the southern UK, seismicity is associated with distributed, dominantly strike-slip,
reactivations of Variscan and Caledonian thrusts and other basement faults. Interactions
between the Midlands Microcraton and surrounding adjacent structural blocks appear to be a
cause of significant seismicity, with, in particular, the northward transmission of stress (and
strain) along the Pennine Line whose effects penetrate well into southern Scotland. In
northern Britain, seismicity appears to be mostly restricted to the major northeast-trending
fault-lines such as the Great Glen and Highland Boundary faults and, in particular, their
intersections with the Moine Thrust.
Identification of these seismotectonic zones enables informed assessment to be made of
likely future patterns of seismicity (in the current stress regime). To date, published studies of
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UK seismic hazard have been limited to seismic source modelling biased heavily towards
earthquake data. The model of UK seismotectonics presented here will allow much better
assessment both of local source zones and also the probable hazard from individual faults that
might be identified as relevant to site-specific studies. The report will also provide an
important resource for any future revision of UK hazard maps at regional and national levels.
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sedimentary basin, upper crustal thinning, upper crustal thrusts, partially layered lower crust.
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- cyan blue; Late Palaeozoic structures - brown.
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Figure 5.1

a) Orthogonal principal compressive stresses acting on a cube of rock (P1 > P2 > P3)
b) P1 acting on arbitrarily oriented plane, resolved into normal stresses R and shear-stresses S
c) Planes of maximum shear-stress (dashed) theoretically bisect P1 and P3 (left); in practice
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Figure 5.2

Types of faulting produced if one principal stress is vertical
a) P1 vertical gives normal faulting
b) P3 vertical gives reverse (thrust) faulting
c) P2 vertical gives strike-slip faulting

Figure 5.3
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Figure 5.4

a) Plate-tectonic configuration of the UK at the present-day. Rose-diagram illustrates
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maximum compressive stress determinations from Scandinavia (from Meyer et al. 1988).
b) Plate-tectonic configuration of the UK in mid-Cenozoic times (20 Ma).
Small arrows indicate relative plate motions. MAR = Mid-Atlantic Ridge.
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Schematic diagram showing basin inversion by crustal shortening with reversal of deep crustal
thrust and basin-controlling normal fault.

Figure 5.6

Seismic reflection data from the southern North Sea illustrating two episodes of crustal
compression (basin inversion) forming early inversion structures A1 to A5 and later inversion
structure B. Note flat-lying younger strata (< 10 Ma old). (Modified from Badley et al. 1989).

Figure 5.7

Summary focal mechanisms for selected UK earthquakes, plotted on the upper focal
hemisphere. Compressional quadrant black, dilatational quadrant white. Also shown are the
maximum (P1) and minimum (P3) principal stresses projected onto a horizontal plane. Data
abstracted from Assumpcao 1981; Marrow & Roberts 1984; Turbitt et al. 1985; Redmayne &
Musson 1985; Ritchie et al. 1990; Walker 1993, 1994, 1995).

Figure 5.8

Superimposed focal mechanism plots for a) earthquakes in Cornwall
b) earthquakes in North Wales. Black shading denotes common areas of dilatational quadrants,
stippled shading denotes common areas of compressional quadrants. Composite orientations of
maximum and minimum horizontal principal stresses also shown (from Ritchie & Walker
1991).

Figure 5.9

Proportions of earthquake mechanisms categorised by magnitude. Reproduced by written
permission of Nuclear Electric. [source: Seismic Hazard Working Party, Report on Seismic
Hazard Assessment, Volume 3J, >A review of the seismotectonics of Britain in the context of
NW Europe=. Report prepared for Nuclear Electric 1993].

Figure 5.10

Crustal stress data from boreholes (adapted from Evans 1987). Note that at depths greater than
about 500 m, the vertical stress is intermediate between the two horizontal stresses.

Figure 5.11

Schematic diagrams of crustal stress.
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Figure 5.12

Displacement modes for vertical faults in strike-slip regimes.
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Figure 6.2

Generalised seismotectonic zones related to the principal upper crustal faults and shear-zones
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1. INTRODUCTION
1.1 AIMS AND OBJECTIVES
The aims of the contract, described fully in the BGS Tender Proposal (Document
PG/82ST/CON/5), can be summarised as follows:
a) To prepare maps of the major crustal and uppermost mantle structures of the UK, utilising,
as principal data sources, the BIRPS and BGS deep seismic reflection profiles, BGS
potential-field data and the BGS Tectonic Map database.
b) To integrate these maps with measurements of historical and instrumentally-recorded
earthquakes, heatflow and crustal stress to determine whether a causal relationship can be
established between known deep structure and observed seismicity, and to obtain greater
understanding of seismotectonic zones and zone boundaries.

1.2 REPORT STRUCTURE
The Main Text of the report comprises an account of the interpretive aspects of the project,
together with discussions and conclusions. The account has been kept as concise as possible,
with only essential references to external data, but where appropriate, basic principles of
lithospheric mechanics and fault behaviour are reviewed. A brief glossary of geological terms
has also been included to assist the reader. The bulk of the project deliverables are held in
Appendices which form an integral part of the report and can be regarded as holding the
factual information (and direct interpretations thereof) upon which the more interpretive
Main Text is based.
Within the Main Text, following this introductory chapter, Chapter 2 summarises data
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sources and interpretative methodologies and directs the reader to the relevant appendices for
more detailed information. Chapter 3 gives a concise summary of lithospheric structure and
rheology beneath the UK, followed by a more detailed examination of upper crustal structure
and evolution. Chapters 4, 5, 6 and 7 form the principal part of the Main Text; the
reader interested purely in present-day seismotectonics may wish to turn directly to
these. Chapter 4 provides a factual, descriptive account of observed spatial relationships of
earthquakes with deep subsurface structure. This is carried out by examining the spatial
correlation of earthquakes firstly with bulk crustal properties (upper and lower crustal depths,
thicknesses, heatflow), secondly with upper crustal structural provinces, thirdly with deep
fault structures or shear-zones, and finally with potential-field images. Chapter 5 is
interpretive, and assesses the main driving mechanisms of UK earthquakes, using crustal
stress data and earthquake focal mechanisms to evaluate the likely effect of the present-day
tectonic stress field on the lithospheric structural framework. In Chapter 6 a map of putative
seismotectonic zones of the UK is presented, illustrating those aspects of crustal/
lithospheric structure deemed to correlate with observed seismicity. Chapter 7 summarises
the findings and conclusions of the report and identifies areas where further, more detailed
research might prove fruitful. Chapters 8 and 9 contain respectively a list of bibliographic
references and a glossary of the more important geological terms.
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2. SUMMARY OF DATA AND INTERPRETATION
The area of study covers the UK landmass and surrounding offshore region (Fig. 2.1). It
measures 1000 km from west to east and 1500 km from south to north, and is defined by coordinates 0 mE, 1000000mE, 5400000 mN, 6900000 mN on a UTM grid with central
meridian at 3Ε W. All of the interpretive map deliverables are at a scale of 1:2000000 and are
presented in the Appendices as enclosures. Selected maps are presented here in the Main
Text as supplementary enclosures and smaller-scale text figures.

2.1 TECTONIC MAP DATABASE
The BGS Tectonic Map database contains the locations of faults, folds and structural blocks
which have been mapped and compiled from surface outcrop, commercial seismic reflection
data and published information. Structures are categorised according to sense of displacement
(normal, reverse, strike-slip fault, etc.) and also age of development. Full details of the
database and the maps are given in Appendix A. Deliverables comprise three maps at a scale
of 1:2000000, illustrating upper crustal (basement) structural provinces (Enclosure A1),
Precambrian and Palaeozoic faults and folds (Enclosure A2) and Mesozoic and Cenozoic
faults and folds (Enclosure A3). The maps are also presented at 1:5000000 scale in Chapter 3
and, with superimposed earthquakes, in Chapter 4.

2.2 DEEP SEISMIC REFLECTION DATA
The deep seismic reflection data interpreted for the project are described fully in Appendix B.
The data are principally composed of nearly 10500 km of offshore profiles acquired for
BIRPS (the British Institutions Reflections Profiling Syndicate); generally reckoned to be the
most complete and high quality deep dataset yet acquired. The BIRPS data are augmented by
some 430 km of onshore profiles acquired on behalf of BGS (Enclosure A1, Fig. 2.2).
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Seismic reflection profiling is unique amongst geophysical remote-sensing methods in
providing explicit high-resolution images of subsurface geological structure. For readers not
familiar with the technique, a typical deep seismic reflection profile is illustrated (Fig. 2.3)
with some salient features identified. The seismic display represents a vertical cross-section
through the earth. Prominent on the display are black and white stripes which represent
reflections from subsurface interfaces between rock bodies of contrasting acoustic properties.
Typical reflective features include layered sedimentary cover strata, gently-dipping upper
crustal thrust-faults, sub-horizontal lower crustal features of uncertain origin, and gentlydipping probable thrust-faulting in the uppermost mantle. The horizontal axis of the seismic
display is measured in distance, but the vertical axis, rather than depth, is actually measured
in two-way travel-time (twtt), which represents the 'echo-time' taken for a seismic impulse at
the surface to travel down to a buried rock interface, reflect off it, and return to the surface.
To convert two-way travel-time to depth requires knowledge of the velocity of sound in rock.
For reflections in the sedimentary cover, twtt (seconds) can be roughly converted to depth
(km) by multiplying by 2; thus 2s (twtt) converts to about 4 km depth. For deep crustal
reflections twtt can be roughly converted to depth by multiplying by 3; thus 10s (twtt)
converts to about 30 km depth. The deep seismic reflection data were generally recorded to at
least 15 s twtt, giving a theoretical depth penetration of at least 45 km. On the example (Fig.
2.3) an equivalent depth scale is given alongside the twtt axis. Appendix B gives
interpretation notes on all of the structural features together with depth-converted
interpretations of every seismic profile (Enclosures B2 to B96). Specific illustrative examples
of structures imaged on the seismic reflection data are figured in Chapter 3.2.

2.3

POTENTIAL-FIELD DATA

The potential-field data utilised here comprise the BGS gravity and aeromagnetic databases,
processed and displayed to maximise specific aspects of structural information. Appendix C
gives full details of data processing, display and interpretation. Deliverables comprise a
series of processed gravity and aeromagnetic maps at a scale of 1:2000000 (Enclosures C1 to
C8) together with interpretations (Enclosures C9 and C10).
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For readers not familiar with potential-field information, as an example, the gravity field of
the UK is presented here as a colour-illuminated image (Fig. 2.4). High gravity values,
appear as >topographic highs= on the illuminated image and correspond to areas of denser
rock such as outcropping basement massifs, and on a more local scale, basic igneous
intrusions. Low gravity values appear as >topographic lows= on the illuminated image, and
correspond to low density rocks such as are found in sedimentary basins, or, on a more local
scale, felsic (granitic) igneous intrusions. Linear shadow-zones correspond to major faults
and are commonly interpreted as a set of lineations. Potential-field lineations are particularly
useful in detecting subsurface structures in basement terrains where seismic reflection data
are either absent or ineffective. They are also used for interpolating faults between individual
seismic lines and for delineating different basement provinces of characteristic structural
trend. Selected potential-field maps are presented with superimposed earthquake data in
Chapter 4.4.

2.4 INTEGRATED CRUSTAL STRUCTURE MAPS
The integrated crustal structure maps (Appendix D) form one of the main interpretive
products of the report. They were produced by integrating the interpretation of the deep
seismic reflection data (Appendix B) with interpretation of the potential field data (Appendix
C) and by incorporating selected information from the Tectonic Map database (Appendix A) .
The maps (Enclosures D1 to D7) comprise a series of five structure-contour maps (depth to
base upper crust and Moho; thickness of upper crust, lower crust and whole crust) and two
maps of major faults and shear-zones (crustal faults, upper mantle faults). The maps are also
presented with superimposed earthquake data in Chapter 4.

2.5 HEATFLOW DATA
Full details of the UK geothermal database are given in Appendix E, which includes maps of
heatflow determinations and heatflow contours (Enclosures E1 and E2 respectively). The
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heatflow contour map is also presented, with superimposed earthquake data, in Chapter 4.1.

2.6 CRUSTAL STRESS DATA
Details of crustal stress in the UK are given in Appendix F. Enclosure F1 gives a map of
maximum horizontal compressive stress at data locations, such as boreholes or earthquake
epicentres. This crustal stress information is incorporated into the discussion regarding
possible driving mechanisms for observed seismicity (Chapter 5).

2.7 EARTHQUAKE DATA
Details of the observed earthquake data are presented in Appendix G. Both historical and
more recent instrumentally recorded information have been incorporated into the project
database. Maps have been prepared of non-coalfield instrumental events of ML>1.5
(Enclosure G1), instrumental events of ML>2.5 (Enclosure G2) and historical events of
ML>4.0 (Enclosure G3), the latter two maps showing near-complete datasets for the onshore
area. In addition, a composite map has been produced (Enclosure G4, Fig. 4.1) showing both
instrumental (ML>1.5) and historical earthquakes (ML>4.0). Enclosures G1 to G4 are
available both as paper and transparent copies, the latter for overlay onto other maps. The
composite dataset is utilised heavily in Chapters 4 and 6, to evaluate possible correlations of
observed seismicity and crustal structure, and to establish putative seismotectonic zones.

British Geological Survey

6

Date of Issue: February 10, 2006

BGS Report No. WA/96/3C: Issue 1.0
Main Text

Nuclear Electric - in confidence
CONTRACT BL/G/30515/S

3. SUMMARY OF THE STRUCTURE AND EVOLUTION OF THE
CRUSTAL AND UPPER MANTLE LITHOSPHERE OF THE UK
3.1 GENERAL PRINCIPLES OF LITHOSPHERIC RHEOLOGY
A general appreciation of the lithospheric structural framework and the ways in which it has
deformed under applied tectonic stress in the past is fundamental to a proper understanding of
the present seismotectonics of the UK.

3.1.1 Thermal constraints
The main controlling factors on the rheology of the lithosphere (the way it develops strain in
response to an applied stress) are composition and temperature. Thus, in a qualitative way,
the mechanical properties of the lithospheric plate can be related to the proximity of the
lithospheric geotherm and the solidus (Figure 3.1a). At depths where the temperature of the
lithosphere is well below the solidus, the lithosphere is relatively strong and brittle, strength
increasing with confining pressure. Conversely, at depths where rock temperatures more
closely approach their melting point, the lithosphere becomes weaker and more ductile. Thus
crustal rocks (of felsic-intermediate composition) are strong and brittle at cool upper crustal
levels, but weaker and more ductile in the warmer lower crust (any fluids present will further
reduce crustal strength by lowering its melting point). The ultramafic mantle part of the
lithosphere has a high melting point and is therefore strong and brittle just beneath the Moho,
becoming progressively weaker with depth. The base of the lithospheric plate is thought to
coincide with the onset of partial melting (where the mantle geotherm and solidus intersect),
commonly taken at a temperature of 1333oC, and a depth of about 125 km beneath young
continental regions (such as northwest Europe). The onset of partial melting triggers a rapid
increase in ductility, thus defining the base of the lithosphere as a thermo-mechanical
boundary, rather than a compositional one like the Moho.
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More detailed theoretical studies have been carried out on the mechanical properties of the
lithosphere. Results are dependent on assumed crustal composition, heatflow and strain rate.
In general, simple compositional models have a strong upper crust, a weak lower crust and a
strong uppermost mantle (Fig. 3.1b). More complex compositional models suggest the
possibility of several lower crustal zones of weakness.

3.1.2 Lithospheric seismicity
Theoretical thermo-mechanical models of the lithosphere are strongly supported by
earthquake studies. Comparison of earthquake hypocentral depths and the mechanical models
(Figure 3.1b) reveals a strong correlation between earthquake seismicity and the stronger
parts of the lithosphere. In extensional tectonic settings the large majority of major
earthquakes are restricted to the upper and middle parts of the crust as demonstrated by a
study of large earthquakes (M > 5) in the western United States (Figure 3.2a). A worldwide
study of earthquakes in compressional settings (Chen & Molnar 1983), shows a similar
pattern with ubiquitous upper and middle crustal earthquake activity and a virtual complete
absence of lower crustal seismicity (Figure 3.2b). In addition however, there are several
occurrences of upper mantle seismicity. This may be because regions of compressive
tectonics are associated with high strain rates and low geothermal gradients (both of which
tend to encourage >brittle= modes of deformation).
It is likely that as the lithospheric plate is placed under tensional (or compressional) forces,
stress builds up in the strongest parts of the lithosphere (the deeper parts of the upper crust
and the uppermost mantle), eventually causing brittle failure (i.e. faulting and earthquakes).
In the weaker parts of the lithosphere (the lower crust and the lower mantle lithosphere)
stress release takes place aseismically by ductile strain mechanisms.

3.1.3 Modes of crustal deformation
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Combining earthquake and thermal modelling data with detailed studies of exposed faults
(exhumed from a range of crustal depths) in both ancient and presently active fault zones has
led to a good understanding of the mechanics of faulting (Figure 3.3). Earthquake studies
indicate that many crustal-scale normal faults are roughly planar down to depths of about 10
km. Fault displacement is by brittle failure, frictional sliding and cataclasis. At greater depths
(10-20km) there is a transition zone where the faults tend to flatten out, and fault
displacements occur by increasingly aseismic creep mechanisms (at these depths the general
term >shear-zone= is probably more applicable than >fault=). The relative importance of
brittle and ductile behaviour in the transition zone depends upon geothermal gradient and
strain rate (higher temperatures and lower strain rates favour ductile forms of deformation).
At depths greater than about 20 km, discrete faults die out within the lower crust which
deforms in a predominantly ductile (aseismic) manner.
Given that the brittle (seismogenic) upper crust makes an important (arguably the dominant)
contribution to overall lithospheric strength, it is likely that any pre-existing line of weakness
(old faults) in the upper crust will act as a locus of subsequent deformation. The pre-existing
basement rocks of the northwest European continental shelf are strongly anisotropic, having
been involved in several major orogenic events, including two in Phanerozoic (younger than
600 Ma) times (Chapter 3.3). Pre-existing orogenic structures are susceptible to reactivation
both in tensional and compressional stress fields. Low-angle thrusts appear to be particularly
important in this respect. For example, during the tensional reactivation of thrust-faults,
extensional sedimentary basins form preferentially in the hangingwall blocks of the earlier
thrusts. A prime example of this lies offshore of northwest Scotland where extensional
reactivation of the Outer Isles Thrust was accompanied by withdrawal of the footwall block.
The hangingwall-block consequently collapsed along a system of synthetic (short-cut) and
antithetic normal faults, forming the Minches Basin (Fig. 3.4 and Enclosure B11). Deep
earthquakes would probably nucleate at mid crustal depths on the fault surface with
shallower events developing in the hangingwall-block (possibly as aftershocks). A
consequence of this 'hangingwall collapse' mode of fault reactivation is that extensional strain
decreases upwards along the reactivated thrust (being transferred into the overlying normal
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faults) leaving the updip portion of the thrust virtually unaffected (the inactive zone).
Seismicity would similarly decrease upwards along the fault, with few, if any earthquakes
along the inactive zone. A further point of note is that the orientation of the major normal
faults is usually governed by the trend of the reactivated thrust rather than by the extension
vector, commonly resulting in oblique-slip on the normal faults.

3.2 UPPER LITHOSPHERE STRUCTURE AND RHEOLOGY IN THE UK
Both deep seismic reflection data and earthquake information suggest that the mechanical
behaviour of the upper part of the UK lithosphere (the crust and uppermost mantle) is similar
to that predicted by the theoretical and worldwide studies outlined above.

3.2.1 Deep seismic reflection images of the upper lithosphere
The shallowest features seen on the seismic data normally comprise sub-horizontal (locally
gently-folded), well-layered parallel reflections of the sedimentary cover sequence
(Figs. 3.5 to 3.8 ). These rocks typically lie between 0 and 2s twtt (0 and 4 km depth) though
locally as deep as 5s twtt (10 km depth). They blanket the underlying crystalline upper crust,
and typically infill fault-bounded basins (Figs. 3 .7 and 3.8). It is noticeable that the
sedimentary basins commonly form above major low-angle upper crustal thrust-faults (see
below).
The upper crust, as defined here, lies beneath the sedimentary cover sequence, locally
cropping out at surface. The upper crust comprises strongly folded, sheared and
metamorphosed rocks together with igneous intrusions, and in general, forms a seismically
poorly-reflective layer (Figs. 3.5, 3.8, 3.9) down to about 6-7s twtt (18-21 km depth). The
thickness of the upper crust varies dramatically from place to place, being markedly thinner
beneath sedimentary basins (Figs. 3.7 to 3.9). Although generally unreflective, the upper
crust is locally cut by prominent gently-dipping reflections (Figs. 3.9 and 3.10) which
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commonly extend downwards from the near-surface to the base of the upper crust (c. 20 km
depth) and sometimes deeper. These dipping reflections can be correlated from seismic line
to seismic line and can be mapped over a considerable lateral extent as sub-planar surfaces
with dips generally in the range 20 - 35Ε (Enclosure D6). They can locally be identified at
surface outcrop as thrusts, and are thus interpreted as major low-angle upper crustal faults or
shear-zones which initially formed during crustal compression associated with continental
collision. These faults or shear-zones commonly underlie and probably link to major surface
faults such as those derived from the Tectonic Map Database (Enclosures A2 and A3). They
are also commonly associated with major sedimentary basins in their hangingwall-blocks
(Figs. 3.9 and 3.10), the basins forming by extensional reactivation of the thrust as described
above (Fig. 3.4). These major structural features formed in Precambrian or early Palaeozoic
times and undoubtedly correspond to zones of weakness within the upper crust; they appear
to be susceptible to repeated tectonic reactivation (Chapter 3.3) and are likely to be of
fundamental seismotectonic importance. Detailed mapping of these upper crustal features is
described in Appendix D, Enclosure D6 showing structure-contours on the principal dipping
thrust-planes.
The lower crust lies beneath the upper crust, typically between 6 and 10s twtt (18-30 km
depth). On many seismic profiles (Figs. 3.5 and 3.9) the lower crust has a characteristically
'layered' appearance, with many well-developed sub-horizontal reflections, commonly of
limited, but some of considerable lateral extent. Where this seismic layering is welldeveloped, the top of the lower crust can be readily identified. On other seismic data however
the lower crust is not so seismically reflective (Fig. 3.8), and the base of the upper crust
cannot be identified with confidence. The base of the lower crust is a fundamental geological
boundary known as the Mohorovicic Discontinuity (Moho). Where lower crustal layering is
well-developed, the Moho is readily identified as the base of this layering (Figs. 3.5 and 3.9).
On other seismic profiles the Moho corresponds to a discrete seismic reflection (Figs. 3.10).
Only on a minority of the data can the Moho not be clearly identified (e.g. part of Fig. 3.8).
Because of its great depth, and the fact that it has never been sampled 'in situ', the nature of
the lower crust is largely a matter of conjecture. The well-developed seismic layering, noted
above, has been ascribed to igneous differentiation during partial melting (Chadwick et al.
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1989), the presence of basic igneous intrusions, or even the presence of fluids (Warner 1990).
Of greater significance may be the fact that the well-developed sub-horizontal reflections
suggest a dominantly sub-horizontal structural fabric. This is consistent with lower crustal
rocks showing severe ductile flattening beneath dominant vertical loading forces. Further
evidence of ductile behaviour in the lower crust lies in the fact that many of the upper crustal
faults or shear-zones, flatten out within the uppermost part of the lower crust, or die out
within it (Figs. 3.9 and 3.10). This suggests that brittle strain related to fault displacements in
the upper crust actually passes downwards into ductile, more distributed, modes of
deformation in the lower crust. Locally, however, prominent dipping thrusts of the upper
crust do penetrate deep into the lower crust as shear-zones (Fig. 3.11). It is suggested here
that these structures formed during continental collision, when very high strain rates and low
geothermal gradients forced even the lower crust to behave in a brittle manner.
Beneath the Moho lies the mantle, comprised of rocks markedly denser and more refractory
(with a higher melting point) than the crust. Seismically, the uppermost mantle appears to
have more in common with the upper crust, than the lower crust, in that it is largely
unreflective (Figs. 3.9 and 3.10). Like the upper crust, there are localised gently-dipping
reflectors (Figs. 3.9 and 3.12) which are similarly interpreted as faults or shear-zones. Such
structures are typified by the Flannan Thrust (Fig. 3.12) which is a prominent feature on
seismic reflection data northwest of Scotland and can be traced over a considerable distance
(Enclosure D7). In general, however, mantle structures are less common than the upper
crustal structures and detectable over more limited areal extents. Whether this is the real
situation, or merely attests to the difficulty in obtaining reflections from very deep structures
is uncertain. It is noticeable that the mantle faults tend to be closely associated with overlying
major crustal faults (Enclosures D6 and D7). Thus, northwest of Scotland, the Flannan Thrust
lies beneath the Outer Isles Thrust (Fig. 3.12) and beneath the Irish Sea, the Variscan Front
Mantle Thrust lies beneath the Variscan Front Thrust (Fig. 3.9). It appears that these spatially
associated major thrusts in crust and mantle may signify areas of particularly high strain rate
in the past; they presumably formed together during lithospheric compression associated with
continental collision. The fact that mantle thrusts are less common than upper crustal thrusts
suggests that the uppermost mantle is less brittle than the upper crust. Our lack of
British Geological Survey

12

Date of Issue: February 10, 2006

BGS Report No. WA/96/3C: Issue 1.0
Main Text

Nuclear Electric - in confidence
CONTRACT BL/G/30515/S

understanding of the mantle however is perhaps exemplified by the W-reflector, seen on
several seismic profiles northwest of Scotland (e.g. Fig. 3.10). This large, sub-horizontal
feature lies at a depth of about 45 km; there is still no convincing explanation of its origin.
Detailed mapping of these upper mantle features is described in Appendix D, Enclosure D7
showing structure-contours to dipping mantle structures.

3.2.2 Earthquake depth determinations
Focal depth determinations of UK earthquakes are given in Appendix G (Tables G1 to G3)
and are summarised by Musson (1993) and Musson & Winter (1994). These workers quote a
depth range for events of ML $ 4.0, of 5 - 25 km, with a mean depth of 15 km and a modal
depth of 10 km. This signifies a marked concentration of seismicity in the upper crust, with
far fewer lower crustal, and no upper mantle events.
A problem with focal depth determinations is their generally low relative accuracy, with
uncertainties commonly of a few kilometres (A.B. Walker pers. comm.). Table 3.1 shows
data for earthquakes selected on the basis of having relatively well-determined focal depths
and being of reasonable size (>2.5 ML). These events have quality flags of B*B or better, as
defined in the BGS annual bulletins of British earthquakes (e.g. Walker 1993). Fig. 3.13
illustrates the magnitude-depth relationship of these well-determined events. The event
hypocentres are all situated beneath Wales or central England, where the base of the upper
crust is estimated to lie at depths of about 18 - 20 km (Enclosure D1) and the base of the
lower crust (Moho) between about 31 and 34 km (Enclosure D2). The earthquake foci
therefore lie within the upper crust and the uppermost part of the lower crust. No seismicity
has been observed to originate from the deeper part of the lower crust or the mantle. Of the
>lower crustal= earthquakes, ten are associated specifically with the Lleyn earthquake swarm
of 1984, which must be regarded as having unusually deep sources. Nine of the remaining ten
events are located within the upper crust, which is in agreement with numerous welldetermined published hypocentral depths of 10-20 km from North Wales and 11-18 km from
Somerset (Aspinall et al. 1990). Moreover, because of the generally sparse deep seismic
British Geological Survey

13

Date of Issue: February 10, 2006

BGS Report No. WA/96/3C: Issue 1.0
Main Text

Nuclear Electric - in confidence
CONTRACT BL/G/30515/S

reflection coverage in these parts (Enclosure B1, Fig. 2.2), the depths of the upper/lower crust
interface is poorly-constrained (it is not imaged directly and is constructed by extrapolation
from surrounding areas). The lower than average heatflow (typically # 60 mWm-2) in Wales
and central England (Enclosure E2), is consistent with a brittle (seismogenic) upper crust
rather thicker than indicated by Enclosure D1. Bearing these factors in mind, it is concluded
that the focal depth data for medium to large earthquakes are generally consistent with the
rheological behaviour of the UK lithosphere as predicted from the seismic reflection data
(Chapter 3.2.1).

3.2.3 Discussion
As evidenced by a variety of independent observations, the UK upper lithosphere appears to
have behaved, in the geological past, essentially as a three-layer entity. Neglecting the
sedimentary cover, the brittle (seismogenic) upper crust forms the strongest part of the
lithosphere. Stress applied to the lithosphere is concentrated in this upper crustal layer
(Kuznir & Bott 1977), whose deformation thereby becomes the dominant controlling factor
in lithospheric deformation. Thus, major dipping thrusts and other faults which cut the upper
crust (Enclosure B6), act as fundamental lines of lithospheric weakness, and are susceptible
to repeated reactivation during lithospheric deformation. The lower crust is weaker and more
ductile than the upper crust (though with the potential for localised brittle behaviour,
particularly when subjected to very rapid strain rates). Its deformation is controlled by, and
essentially accommodates, deformation in the upper crust. The uppermost mantle appears to
be more brittle than the lower crust, though less so than the upper crust. The location of
major fractures within the mantle appears to be controlled by the location of similar,
overlying features in the upper crust.
The overall response of the UK upper lithosphere to applied stresses can be summarised
schematically by viewing the effects of both extension and compression on a crustal section
with a pre-existing deep crustal thrust-fault (Figs 3.14 and 3.15). Implicit is the likelihood
that the brittle-ductile transition in the crust lies at a shallower depth during extension than
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during earlier thrusting (when the high strain rates associated with continental collision
(compression) may have forced much of the crust to exhibit short-term brittle behaviour).
Note also the tendency of earthquakes to occur both on the crustal fault itself and also at
shallower depths in its hangingwall block (on the sedimentary basin-controlling faults).
At the present-day, it is considered that the UK lithosphere is not undergoing either strong
compression or extension and strain rates are, compared to earlier periods of its geological
history, quite low (Chapter 5.1.2). This, and the lack of observed seismicity at depths greater
than about 25 km (Fig. 3.13), suggests that at the present time, both the lower crust and
uppermost mantle are behaving in a dominantly ductile (aseismic) manner, with brittle modes
of strain restricted generally to the upper crust.

3.3 UPPER CRUSTAL STRUCTURE AND EVOLUTION
A simplified geological timescale (slightly modified after Harland et al. 1989) is presented in
Fig. 3.16, and schematically depicts the various tectonic episodes described below. The
principal upper crustal (basement) provinces of the UK are depicted on Enclosure A1 and
Fig. 3.17. Structures, principally compressional folds and faults generated in the Caledonian
and Variscan orogenies, but also including Devonian and Carboniferous extensional
structures, are depicted on Enclosure A2 and Fig. 3.18. Structures generated during Permian,
Mesozoic and Cenozoic times, principally extensional faults, but including some inversion
structures, are depicted on Enclosure A3 and Fig. 3.19.

3.3.1 Evolution of the UK crust
The UK crust is a complex mosaic assembled during the long Caledonian and Variscan
orogenic (mountain-building) cycles by plate-tectonic processes. Each of the crustal blocks
(or 'terranes', following American usage) forming this mosaic may have an early geological
history quite different from those of the adjoining blocks, and each differs in its gross
physical properties and tectonic structure. The geographical origin of these terranes, and the
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magnitude of linear and rotational displacements between them, is currently the topic of
much debate (e.g. Bluck et al. 1992). The boundaries of terranes are faults or shear-zones,
some of which may have very large lateral displacements. Some terranes inherited
Precambrian crust from more ancient continents, while others incorporated younger accreted
crustal components, such as oceanic volcanic arcs and marginal-basins.
Faunal (fossil) and palaeomagnetic evidence indicate that for much of early Palaeozoic time,
the ancient continents of Laurentia (proto-North America), Avalonia (proto-England and
Newfoundland) and Baltica (proto-Scandinavia), were separated by the Iapetus Ocean (e.g.
Cocks & Fortey 1982), the complex closure history of which is recorded by the polyphase
Caledonian Orogeny. The terranes which now comprise most of Scotland originally
developed along the Laurentian continental margin, on the northern side of the ocean. The
Highland terranes were most strongly affected by deformation of the Grampian Phase (Fig.
3.16) in Ordovician time (490-440Ma), depicted as blue structures on Enclosure A2 (Fig.
3.18). The Midland Valley and Southern Upland Terranes were, by contrast, most strongly
affected by later Caledonian (Acadian) deformation, in late Silurian to mid-Devonian time
(410-390Ma), shown in cyan on Enclosure A2 and Fig. 3.18.
The terranes comprising England and Wales developed along the margin of the
microcontinent of Avalonia, on the southern side of the Iapetus Ocean, closure of which at c.
435 Ma brought the disparate terranes described above into juxtaposition along a structurally
complex >suture=. South of the Iapetus Suture most of Caledonian structures were produced
during the Acadian phase in latest Silurian to mid-Devonian time (c. 385 Ma). Folding and
transcurrent faulting are found throughout the Caledonides of Britain. Displacements on
some of the most important terrane boundaries may be of the order of hundreds to thousands
of kilometres (see below). By mid-Devonian time, a new continent, Laurussia, or the 'Old
Red Continent', had been assembled from this terrane mosaic.
The crust of southern Britain is a product of the Variscan Orogeny, reflecting the final
closure of the Rheic Ocean (McKerrow & Ziegler 1972) separating Laurussia (incorporating
Scotland, northern England and the Midlands Microcraton) and the microcontinents of
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southern Europe. Late Precambrian (Cadomian) crust was accreted together with juvenile late
Palaeozoic crust as the Armorican and Iberian microcontinents successively collided with
Laurussia to complete the supercontinent of Pangaea (Soper et al. 1992) in late Carboniferous
times (290 Ma). The Cornubian Massif (Devon and Cornwall) is correlated with the
Rhenohercynian zone of continental Europe (Enclosure A1, Fig. 3.17). The crust of the
southwestern English Channel and Armorica (North Armorican Composite Terrane)
comprises Precambrian basement, here correlated with the continental Saxothuringian zone.
Terranes accreted during the Caledonian Orogeny subsequently formed the relatively
undeformed foreland of the Variscan Orogen. Structures generated during the Variscan
Orogeny are shown in brown on Enclosure A2 (Fig. 3.18), and include both normal faults
controlling deposition of the mid-Devonian to Carboniferous extensional basins and
compressional Variscan orogenic structures ranging in age from mid Devonian to latest
Carboniferous (386-290 Ma).
Subsequent phases of crustal extension, compression and magmatic activity through Permian,
Mesozoic and Cenozoic (c.290 Ma to present) times resulted in reactivation of the more
ancient crustal structures with relatively minor displacements, of the order of a few tens of
kilometres. Since Permian times the crust has experienced several episodes of extension and
subsidence, associated with the break-up of the continent of Pangaea and the phased opening
of the North Atlantic (Ziegler 1982), separated by periods of tectonic quiescence. Most of the
sedimentary basins which developed over this long period of time were controlled by major
syndepositional normal faults which probably represent reactivations of older fault zones in
the basin floor (Fig. 3.4). The orientation of the pre-existing structures with respect to the
extensional stresses field strongly controlled the nature and magnitude of their reactivation.
Basin development was interrupted by episodes of regional crustal uplift e.g. due to midJurassic volcanism in the North Sea, and by compressional stresses associated with orogenic
activity outside the British region e.g. the Alpine events in southern Europe. Tectonic
structures of Permo-Triassic and Jurassic-Cretaceous ages, principally basin-controlling
faults, are depicted in pale green and dark green respectively on Enclosure A3 (Fig. 3.19).
Structures of Cenozoic age, which also include Alpine compressional structures, reverse
faults and folds, are depicted in orange.
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3.3.2 Description of UK crustal terranes

a) Hebridean Terrane
The Hebridean Terrane (Enclosure 1, Fig. 3.17), originally part of the Laurentian Shield of
North America and Greenland, comprises the ancient Precambrian (2850-1750 Ma)
structurally complex Lewisian gneiss, recrystallised under lower crustal metamorphic
conditions and subsequently uplifted. The most significant structural heterogeneities in the
gneiss are westnorthwest-striking antiformal folds and ductile shear zones resulting from the
Laxfordian Orogeny (c.1750 Ma)(Enclosure A2, Fig. 3.18). The gneiss complex is overlain
by younger Precambrian and Cambro-Ordovician (900-475 Ma) strata.
The Outer Isles Thrust (Enclosure A2, D6, Fig. 3.18) may have originated as a compressional
shear zone during Grenville (c.1100 Ma) deformation, with subsequent normal displacement
during deposition of thick Precambrian sedimentary strata in the Minch Trough (Enclosure
B11) and possible reverse reactivation during the Caledonian Orogeny at c.400 Ma. PermoTriassic extensional reactivation of the Outer Isles Thrust is evidenced by the thick PermoTriassic sequences within west-tilting asymmetric grabens of the Minches and North Lewis
Basins (Enclosures A3, B18, Fig. 3.19) which lie in its hangingwall-block.

b) Ketilidian Orogen and Colonsay-W Islay Terrane
At the southern end of the Outer Hebrides Platform, in the vicinity of the Stanton Banks, the
gneissose crust may form part of the c. 1800 Ma, Ketilidian Orogen (Enclosure A1, Fig. 3.17)
though this is uncertain. Gneisses similar to the Colonsay-W Islay Terrane (Enclosure A1,
Fig. 3.17) on the southern side of the Great Glen Fault (Muir et al. 1994), may form a
crystalline basement to much of the Central Highlands Terrane.
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c) Northern Highland Terrane
Both the Northern and Central Highlands (Enclosure A1, Fig. 3.17) terranes comprise late
Precambrian sedimentary rocks, strongly deformed during both Precambrian and early
Palaeozoic (Grampian) episodes. The Northern Highland Terrane contains, in addition,
tectonic slices of Lewisian gneiss derived from the Hebridean Terrane, incorporated in a
number of thrust nappes, each translated northwestwards on major ductile shear-zones i.e. the
Naver and Swordly Thrusts.
The Moine Thrust (Enclosures A1, A2, B2, D6, Figs. 3.17, 3.18) defines the western
boundary of the Northern Highlands Terrane. Final movement on the thrust postdated
intrusions emplaced c. 430 Ma (Van Breemen et al. 1979) with estimated minimum
northwestward displacement of about 70 km (Elliott & Johnson 1980). The thrust is
traditionally regarded as the western limit of Caledonian deformation, but McBride &
England (1994) have argued from deep seismic reflection evidence that the Caledonian
deformation front may lie farther west, perhaps at the Outer Isles Thrust. The component
basins of the Permo-Trias-filled West Orkney Basin (Enclosures B2, B8-10, B17-19) lie in
the hangingwall blocks of the reactivated Moine, Swordly and Naver Thrusts.
The Great Glen-Walls Boundary Fault System (Enclosures A1, A2, Figs. 3.17, 3.18) is a
complex zone of Caledonian and later transcurrent faulting extending 1100 km from the shelf
northwest of Ireland to the Shetland Platform. The fault system defines the southeastern limit
of the Northern Highlands Terrane, except locally e.g. in Shetland, where late Palaeozoic
displacements have left flakes of the terrane stranded to the east of the fault system
(Enclosure A1, Fig. 3.17).The magnitude of Caledonian displacement is uncertain, but could
be substantial, exceeding 100 km of sinistral movement. Maximum displacement may have
been much greater (Dalziel et al. 1994). Numerous late Caledonian faults, e.g. the
Strathconon Fault, have a northeast trend sub-parallel to the Great Glen Fault System, and
were probably initiated during the Acadian sinistral transpressive regime (Soper et al. 1987).
The Great Glen Fault (GGF) controlled the southern margin of the Inner Hebrides Trough,
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Malin and Colonsay Basins (Enclosures A3, B20, B24, Fig. 3.19), which contain thick
Permo-Triassic strata. A splay of the system, passing south of Colonsay and contiguous with
the Leannan Fault in Northern Ireland, controlled the northwest margin of the Permo-Triassic
Loch Indaal Basin. The GGF and subsidiary splay-faults such as the Helmsdale Fault also
influenced the early Cretaceous evolution of the northern margin of the Inner Moray Firth
Basin. A component of northerly downthrow affects strata of Palaeogene age in the Colonsay
Basin, indicating Cenozoic movements on the fault. The Walls Boundary Fault and its splays
controlled the eastern margin of the elongate Permo-Triassic West Fair Isle Basin (Enclosure
B42-43). Splay faults, e.g. the Nesting Fault in Shetland, collectively indicate about 16 km of
post-Caledonian dextral displacement.

d) Central Highlands Terrane
In the Central Highlands Terrane (Enclosure A1, Fig. 3.17), Grampian structures affecting
late Precambrian metamorphosed sedimentary rocks include several large complex fold
nappes e.g. the Tay and Banff Nappes, initiated c.490 Ma ago. Emplacement of 'Newer
Gabbros' (c.470 Ma) into the Banff Nappe (Rogers & Pankhurst 1993), coincident with the
amphibolite facies metamorphic peak, was followed by southeastward translation of the Tay
Nappe. Uplift of the metamorphic core complexes from 460-430 Ma preceded intrusion of
voluminous bodies of 'Newer Granite' (Enclosure A1, Fig. 3.17), which persisted into early
Devonian time (430-400 Ma).
The southern boundary of the terrane is the Highland Boundary Fault (Enclosure A1, Figure
3), which is inferred to be a low-angle thrust at depth (Dentith et al. 1992) (Enclosures B43,
46, D6). Pre-Devonian sedimentary rocks in the Midland Valley show no sign of Highland
detritus before Devonian (c. 409 Ma) times, which to Bluck et al. (1992) indicated significant
distance between the Highland and Midland Valley Terranes until such time. In contrast to its
late Palaeozoic history, the Highland Boundary Fault had little obvious control on the
evolution of Mesozoic basins.
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The Viking (Enclosures A3, B37-40, Figs. 3.7, 3.19) and Central (Enclosures B52-53, 55-56)
graben systems were initiated in late Triassic times (Ziegler 1982). Extension at first was
concentrated in the Unst Basin and Magnus Half-Graben controlled by the Pobie Fault
(Roberts et al. 1995), a structure which parallels the northeast-southwest Caledonian strike.
The present geometry of the graben was established in late Jurassic times when the riftstructures established in Triassic times were crosscut by faults with a northerly trend.The
significant Jurassic extension in this region is reflected in the intensity of normal faulting
(Enclosure A3, Fig. 3.19). In the Outer Moray Firth Basin, Jurassic and early Cretaceous
north-south extension was oblique to the inferred Caledonian basement grain. Because of the
deep burial of the pre-Mesozoic basement in this region, the relationship of the JurassicCretaceous faults to underlying structures in the Caledonian basement is uncertain.
Northward propagation of the oceanic rift in Aptian-Albian time produced margin-parallel
half-graben such as the Faeroe-Shetland and Møre basins influenced by the northeastsouthwest Caledonian basement grain.

e) Midland Valley Terrane
The Midland Valley Terrane (Enclosure A1, Fig. 3.17) comprises upper Palaeozoic
sedimentary rocks and thin early Palaeozoic strata resting on a crystalline basement of
possible Grenville (c. 1100 Ma) age (Davidson et al. 1984; Aftalion et al. 1984). Silurian and
early Devonian sedimentary rocks were first deformed during the Acadian phase, when the
Strathmore Syncline was initiated. The Devono-Carboniferous Midland Valley Basin and its
offshore extensions, the North Channel and Forth Approaches basins, lie in a rift controlled
by reactivation of the Highland Boundary and Southern Upland faults (see below), neither of
which are well-imaged on the deep seismic reflection data (Enclosures B43, B46, B49-51).
In addition, neither fault system appears to have influenced Mesozoic sedimentation, except
perhaps for the Highland Boundary Fault in the north Firth of Clyde.

f) Southern Upland Terrane
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The Southern Upland Fault (Enclosures A1, A2, B49-51, D6, Figs. 3.17, 3.18 ) defines the
northern boundary of the Southern Uplands Terrane, which comprises numerous thrustfaulted slices of Ordovician and Silurian sedimentary rocks (Leggett et al. 1979). The fault
may have up to 400 km of sinistral displacement since 465 Ma (McKerrow & Elders 1989).
Most of the thrust faults were steepened to vertical during accretion, became locked and
appear not to have suffered significant reactivation subsequently.
The structure of the collision zone between Laurentia and Avalonia is poorly understood
because it is buried beneath an extensive Upper Palaeozoic sedimentary cover. While the
Iapetus Suture is usually represented as a linear feature on Caledonian reconstructions
(including Enclosure A1, Fig. 3.17), seismic reflection profiling has imaged a rather broad
zone of northward-dipping reflections (shear zones) in the middle and lower crust (Freeman
et al. 1988), the most southerly of which has been mapped here as the Iapetus Thrust
(Enclosures B49-51, D6, Fig. 3.11).
The North Channel, Luce, Thornhill, Dumfries and Lochmaben basins form an en-echelon
series of basins along the western seaboard of Britain. The north and northnorthwesterly
trend of these basins is orthogonal to the southwesterly Caledonian grain associated with the
Southern Uplands Terrane, and Permian rifting appears to have made a clean break across the
basement grain. In contrast, the predominantly Permo-Trias filled Solway and Peel basins
have a southwesterly trend which mirrors the grain of the Iapetus Collision Zone. From this it
can be inferred that the shear zones underlying the collision zone may be more prone to
reactivation (and the crust inherently weaker) than those of the Southern Uplands Terrane.
There is evidence that the Iapetus Thrust in particular suffered several subsequent extensional
reactivations. The thick Northumberland-Solway sedimentary basin lying in its hangingwallblock (Chadwick et al. 1995), attests to Carboniferous reactivation, the Peel Basin to PermoTriassic reactivation.
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g) Lakesman Terrane
South of the Iapetus Suture, the crust of southern Britain formed part of the Avalonia
Microcontinent during early Palaeozoic time and had a very different Precambrian history to
the Laurentian terranes described above. The Lakesman Terrane (Enclosure A1, Fig. 3.17)
occupied the northern passive margin of the microcontinent in Cambrian time, bordering on
the opening Iapetus Ocean. The latter began to close in early Ordovician time, and the margin
turned into a destructive one, with development of a volcanic arc associated with the
southward subduction of Iapetus oceanic lithosphere. The Causey Pike Thrust (Enclosure A2,
Fig. 3.18) is an important Ordovician syn-depositional structure reactivated as an Acadian
thrust and possibly links at depth with the Iapetus Thrust (Fig. 3.11). Numerous granitic
batholiths were emplaced into the terrane (Enclosure A1, Fig. 3.17) during Ordovician arcmagmatism associated with southward-directed subduction of Iapetus lithosphere (e.g. early
plutons of the Lake District and Wensleydale Batholiths) and in early Devonian time,
associated with Acadian deformation and crustal thickening (e.g. the Skiddaw, Shap and
Weardale Granites). The control exerted by the southwest-trending Caledonide basement
grain in northwest England is evident from the trend of early Carboniferous extensional
structures in the Craven Basin and the various basins of the Solway Line overlying the
Iapetus Collision Zone e.g. the Northumberland Trough and Solway Basin (Chadwick et al.
1995). The Caledonian granitic plutons described underpin and stabilise to some extent the
footwall-blocks of these basins (e.g. the Alston and Askrigg blocks).

h) Monian Terranes
The Monian Terranes (Enclosure A1, Fig. 3.17) of North Wales (Anglesey, Lleyn) are similar
in age to the late Precambrian terranes which comprise most of southern Britain and northern
Armorica, but are lithologically distinct. They comprise gneisses, intrusions and a younger
metasedimentary sequence of latest Precambrian or early Cambrian age. They are bounded to
north and south by ductile shear zones (e.g. Lleyn Shear Zone, Enclosure B23, D6, Fig. 3.8)
with a poorly constrained history of displacement prior to 500 Ma. Ordovician strata were
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folded, cleaved and thrust-faulted during the Acadian Phase. Significant sinistral
transpression is likely to have occurred on the southwest-northeast orientated strands of the
Menai Straits Fault System, which represent Caledonian reactivations of the Precambrian
shear zones. Further reactivation of the Lleyn - Menai Straits fault system occurred in Lower
Carboniferous time, when it played a syndepositional control on the southern edge of the
Irish Sea Basin. It is unknown if the Monian terranes extend towards the northeast and
underlie northern England. The geometry of the St George's Channel and Central Irish Sea
basins clearly reflects inheritance from the Precambrian and Caledonian southwest-northeast
structural grain. Minor Cenozoic reverse fault movement is recognised in the Celtic Sea and
eastern Irish Sea basins.

i) Midlands Microcraton and adjacent Avalonian crust
The late Precambrian crust of southern Britain comprises volcanic and associated
sedimentary rocks, accreted during the Avalonian Orogeny (c. 600 Ma). The Midlands
Microcraton (Enclosure A1, Fig. 3.17), is a part of the Avalon Composite Terrane which
exhibited distinctive behaviour during early Palaeozoic sedimentation and Acadian
deformation, its degree of deformation and metamorphism being, in general, low. Acadian
deformation was most intense around and adjacent to the microcraton, giving rise to the slate
belts of North Wales, northern England and the concealed Caledonides of eastern England
(Pharaoh et al. 1995). The Midlands Microcraton formed a deformation-resistant rigid
indenter about which a cleavage-arc was moulded (Soper et al. 1987).
The microcraton is bounded to northwest (Enclosures A1, A2, B94) by the Church Stretton
and Pontesford-Linley Faults, components of the Welsh Borderland Fault System (Woodcock
& Gibbons, 1988), which may have been initiated in Precambrian times. Following dextral
transpression in late Ordovician time, the fault system exerted syndepositional control on the
Welsh deep water basin. Sinistral transpression occurred in early Devonian time during the
Acadian deformation phase. The presence of a comparable fault structure on the northeastern
margin of the microcraton (Enclosure A1, Fig. 3.17) has been inferred, e.g. the Thringstone
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Reverse Fault (Smith 1987)..
Variscan pervasive deformation is absent on the Midlands Microcraton.Variscan movements
were generally restricted to reactivated pre-Variscan lineaments, though folding affects the
coalfield basins in Kent, Berkshire-Oxfordshire and South Wales. The Wales-Anglo-Brabant
Massif has been a persistent structural high since mid-Devonian times. The floor of the
Worcester Basin was uplifted on transpressional faults along its western and eastern margins
to form a large positive 'flower structure' (Chadwick and Smith 1988), controlled at least in
part by reactivation of basement faults e.g. the Malvern Lineament, active in Precambrian
and Lower Palaeozoic times (Enclosure A2, Fig. 3.18). Thick sequences of Permo-Triassic
strata accumulated in the Worcester Basin following extensional reactivation of this Variscan
structure. The eastern margin of the Cheshire Basin, the Wem-Red Rock Fault, has clearly
been influenced by reactivation of the Welsh Borderland Fault System at the margin of the
microcraton.
Within the shelf-basin complex of the south Pennines and east Midlands, early Carboniferous
extension was concentrated on a number of major normal faults, with a trend determined by
the Caledonian structural grain, e.g. in the Widmerpool, Edale and Gainsborough half-graben
structures (Fraser et al. 1990). Variscan fault reversals were most pronounced on northwest
and northnorthwest-trending faults e.g. the Southwell (Eakring) Thrust, again representing
reactivated Caledonide basement trends. By contrast, very minor reactivation of these
structures occurred during Mesozoic and Cenozoic times, the region forming part of the
extensive Eastern England Shelf, bordering the southern North Sea Basin (Enclosure A3, Fig.
3.19).

j) Southern North Sea Terrane
Major contrasts in geophysical properties in the crust on either side of the Dowsing Fault
Zone (Enclosures A3, B59-62, D6, Fig. 3.19) led Pharaoh et al. (1995) to infer the presence
of a possible suspect terrane, the Southern North Sea Terrane (Enclosure A1, Fig. 3.17)
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incorporated during collision of Avalonia with Baltica in late Ordovician time. In the
southern North Sea Basin, late Carboniferous strata are thickest beneath the Anglo-Dutch
Basin, east of the Dowsing Fault Zone which may have exerted a syndepositional control.
Crustal shortening produced major Variscan folds e.g. the Murdoch Anticline, on a northwest
trend inherited from the Caledonian orogenic grain. The fault zone underwent late Triassic
and Jurassic syndepositional normal movements. Relatively thick sequences of Jurassic strata
were deposited in the adjacent Sole Pit and Cleveland Basins, the geometry of which was
strongly influenced by the northwest-trending Caledonide basement grain and its
Carboniferous cover. An early phase of inversion (Eo-alpine or Laramide) affected the Sole
Pit Basin in late Cretaceous/earliest Cenozoic time. The Miocene climax of the Alpine
Orogeny caused major inversion of the Cleveland and Sole Pit Basins, accompanied by salt
tectonism.

k) Variscan Rhenohercynian Terrane
Within the Variscan Orogen, the Rhenohercynian Terrane (Enclosure A1, Figs. 3.9, 3.17)
comprises Upper Palaeozoic rocks metamorphosed at relatively low grade, developed in a
foreland thrust belt correlated with the Rhenohercynian Zone of central Europe.
The Variscan Front Thrust, in southern Britain, defines the northern limit of intense Variscan
deformation and metamorphism in the Variscan fold/thrust belt (Enclosure A1, D6, Fig.
3.17). In southwest England, Leveridge et al. (1984) have presented evidence for a thinskinned Variscan foreland thrust belt, which has overridden the Precambrian and Caledonian
crust of the Avalonia Microcontinent in a northerly direction. Seismic profiles in central
southern England (Enclosures B64-67) (Chadwick et al. 1983) and SWAT profiles in the
Celtic Sea (Enclosures B28-29, Figs. 3.8, 3.9) demonstrate that the Variscan thrusts are
planar, penetrating to the top of the lower crust at moderately low angles (25-30o). The
Variscide nappes of the Cornubian Massif comprise sedimentary rocks and basic volcanic
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rocks, of Devonian and Carboniferous age. The Lizard Ophiolite was emplaced soon after
formation in an oceanic marginal basin at c.375 Ma, accompanied by nappes of sedimentary
rocks. Three extensive nappe sheets (Enclosure A2, Fig. 3.18) are recognised onshore, and
correlated with south-dipping structures imaged on offshore seismic profiles: the Carrick,
Dodman and Lizard thrusts (Enclosures A2, B31-34, Fig. 3.6). Farther west, the Melville,
Haig Fras and Normannian thrusts are interpreted from deep seismic reflection data and
strike northeast, oblique to the Variscan Front. The Cornubian Massif and adjacent offshore
area is intruded by a batholith comprising voluminous late tectonic granites e.g. the Dartmoor
Granite, emplaced between 290 and 277 Ma (Enclosure A2), resulting in the rigid behaviour
of the massif during subsequent Mesozoic extension, and the high heat-flow values observed
presently (Enclosure E2). Several northwest-trending dextral transcurrent faults segmented
the predominantly east-west trending thrusts, resulting in a complex mosaic of rhomboidal
fault-bounded blocks.
Strong control by Variscan basement structures on the evolution of overlying Mesozoic
sedimentary basins is inferred in the North and South Celtic Sea, Bristol Channel, Central
Channel Basin and Wessex Basin (Enclosures A3, B28, B29, Figures 3.6, 3.8, 3.9, 3.19)
where thick sequences of Jurassic strata were deposited (Whittaker, 1985). In the Weald
Basin, subsidence was most rapid in early Cretaceous time. The northern marginal faults
adjacent to the London Platform are interpreted as short-cut faults in the hangingwall of the
reactivated Variscan Front Thrust (Figure 3.14). Subsequent inversion of these basins during
Alpine crustal shortening was also facilitated by these structures (Figure 3.15).
During Cenozoic times, the Hampshire-Dieppe (Mesozoic) structural high subsided to form a
basinal depocentre. Small but deep transtensional basins e.g. the Stanley Banks and Bovey
basins developed by sinistral transtension along reactivated late Variscan dextral transcurrent
faults e.g. the Sticklepath-Lustleigh Fault. Early pulses of Alpine deformation during late
Cretaceous, Eocene and Oligocene time caused local inversion in the Western Approaches
Trough and the southern North Sea Basin. The Miocene climax of the Alpine Orogeny
caused major inversion of the Weald and Central Channel Basins. Reverse reactivation of
Variscan basement structures and Mesozoic basin-controlling normal faults (with up to 1 km
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of vertical displacement) generated prominent monoclinal folds in the Mesozoic-Cenozoic
sedimentary cover near the Variscan Front Thrust and elsewhere (Chadwick 1993).

l) Variscan Saxothuringian Terrane
The crust of the North Armorican Composite Terrane (Enclosure A1, B31-35, Fig. 3.17),
correlated with the Saxothuringian Zone of Europe, is largely the product of the Cadomian
Orogeny (c.600 Ma) with arc plutonic complexes and their marginal-basins, well represented
in the Channel Isles. Gneisses of comparable age crop out in the western English Channel.
Relics of more ancient (c. 2000 Ma) Icartian gneisses are locally preserved. The
northwestern boundary of this terrane is defined by the Melville-Normannian-Lizard-StartDodman Thrust System (Enclosure D6, BGS 1996), of which the Central Channel Fault
Zone, further east, may represent a Mesozoic reactivation. The tectonic evolution of the
Western Approaches Trough in Triassic time was strongly influenced by the extensional
reactivation of east-west striking Variscan thrusts. Extensional reactivation of the Melville
and Normannian thrusts allowed great thicknesses of Triassic strata to accumulate in the
various component basins (Fig. 3.6).
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4. SPATIAL RELATIONSHIPS OF UK EARTHQUAKES WITH DEEP
SUBSURFACE STRUCTURE
This chapter investigates whether spatial relationships can be established between observed
earthquake epicentres and the various key elements of deep subsurface structure, by
superimposing the composite earthquake database (Figure 4.1) on to the integrated crustal
structure maps, the Tectonic Database maps and a selection of geophysical anomaly maps.
The composite earthquake database includes both historic and instrumentally-recorded events
(Appendix G). It is not complete in the strict sense, but is well-populated and the fact that the
smaller earthquakes show a very similar distribution to the larger events (with the usual
provisos about higher detection thresholds offshore), suggests that it provides a valid
representation of the type of seismicity which has been encountered at any given locality.
Maps are presented both as enclosures (at a scale of 1:2000000) and text figures (at a scale of
1:5000000).

4.1 EARTHQUAKES AND BULK CRUSTAL STRUCTURE
Possible associations between earthquakes and a selection of bulk (large-scale) crustal
parameters are examined below.

4.1.1 Depth to base upper crust (Enclosure 4.1, Figure 4.2)
The upper crust probably constitutes the strongest part of the lithosphere (see Chapter 3.1)
and its base corresponds, at least nominally, to the brittle/ductile transition (Figs. 3.14 and
3.15). Neglecting the presence of other types of structure, therefore, greater depth values here
ought to correspond broadly to areas of relatively stronger lithosphere, with small values
signifying areas of relatively weaker lithosphere. Depth to base upper crust is, therefore, a
parameter of potential seismotectonic significance.
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Mapped depths to base upper crust (corresponding closely to upper crustal thickness
including sedimentary cover rocks) vary from less than 10 km in the far northwest, to more
than 20 km beneath several localities scattered across the region. Earthquake epicentres are
found in localities with a wide variety of base upper crustal depths, ranging from 24 km to
less than 14 km, with no pronounced bias towards either high or low values. There is,
therefore, no discernible relationship between seismicity and base upper crustal depth,
although it may be that any such relationship is obscured by much stronger seismotectonic
factors (such as major faults, thick sedimentary basins etc). Moreover, it should be stressed
that this map is both rather poorly-constrained (particularly where lower crustal layering is
not well developed, see Fig. 4.6) and also that the mapped surface may not actually
correspond to the real brittle-ductile transition (Appendix D). In any case, upper crustal
thickness (Chapter 4.1.3) would be expected to be a related and more powerful
seismotectonic discriminator.

4.1.2 Depth to base lower crust (Moho) (Enclosure 4.2, Figure 4.3)
The crust forms a distinctive upper layer to the lithosphere and, since it encompasses
probably the strongest part of the lithosphere (Chapter 3.1), Moho depth may be a parameter
of potential seismotectonic significance. A complicating counteracting factor however is the
presence of shallow, cool and potentially strong mantle material in areas with a shallow
Moho.
Mapped depths to base lower crust (which correspond closely to whole crustal thickness
including sedimentary cover) vary from less than 20 km beneath the Viking and Central
grabens of the North Sea, to more than 30 km beneath much of the UK landmass and locally
up to 36 km. Earthquake epicentres are found in localities with a wide variety of Moho
depths, ranging from 35 km to less than 20 km. Most epicentres are located where the Moho
depth is in excess of 30 km, but the fact that this corresponds mostly to the UK landmass
suggests that detection effects are an important factor. The concentration of epicentres in the
northern North Sea, above the shallow Moho of the Viking Graben, is not clearly mirrored in
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similar areas elsewhere and so is likely to be a consequence of other structural influences
(Chapter 4.3.4), rather than Moho depth sensu stricto. Nevertheless localities with a deep
Moho (∃ 35 km) such as the East Shetland Ridge, eastern Scotland and southeast England do
show a slight tendency to reduced seismicity. There may, therefore, be a weakly discernible
relationship between seismicity and Moho depth. It may be that any such relationship is
obscured by much stronger seismotectonic factors (such as major faults, thick sedimentary
basins etc). Whole crustal thickness (Chapter 4.1.5) would be expected to be a related and
more powerful seismotectonic discriminator.

4.1.3 Upper crustal thickness (Enclosure 4.3, Figure 4.4)
The upper crust probably constitutes the strongest part of the lithosphere (see Chapter 3.1).
Upper crust as defined here does not include sedimentary cover rocks, so neglecting the
presence of other structures, large thickness values ought to correspond broadly to areas of
relatively stronger lithosphere, with small values signifying areas of relatively weaker
lithosphere. This effect will however be counterbalanced by the presence of shallow, cool
and probably strong mantle material if areas of thin upper crust are underlain by a shallow
Moho. Nevertheless, upper crustal thickness has the potential to be one of the most powerful
of the bulk property seismotectonic discriminators.
The upper crust shows dramatic geographical thickness variation, ranging from less than 10
km thick beneath the deeper sedimentary basins to typically more than 18 km thick beneath
basement massifs. Because of this, the upper crust is, in general, thicker beneath the UK
landmass than offshore. Earthquake epicentres are found in localities with a wide variety of
upper crustal thicknesses, ranging from 22 km to less than 5 km, with no pronounced bias
towards either high or low values. Most epicentres are located where upper crustal thickness
is in excess of 15 km, but the fact that these thicknesses occur mostly beneath the UK
landmass suggests that detection effects are an important factor. The concentration of
epicentres in the northern North Sea, above the thin upper crust of the Viking Graben, is not
mirrored in similar areas elsewhere and so is likely to be a consequence of other structural
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influences (Chapter 4.3.4), rather than upper crustal thickness sensu stricto. There is,
therefore, no discernible relationship between seismicity and upper crustal thickness,
although it may be that any such relationship is obscured by much stronger seismotectonic
factors (such as major faults, thick sedimentary basins etc).

4.1.4 Lower crustal thickness and reflectivity (Enclosure 4.4, Figure 4.5)
The lower crust probably constitutes a rather weak part of the upper lithosphere (see Chapter
3.1), deformation occurring in response to brittle deformations in the upper crust (and
possibly also in the underlying uppermost mantle). Lower crustal properties therefore seem
unlikely to influence significantly the overall strength of the lithosphere and so are expected
to be of minor seismotectonic importance.

a) Thickness
Mapped lower crustal thicknesses show a much smoother geographical variation than the
upper crust, ranging typically from less than 10 km beneath the deeper sedimentary basins to
more than 13 km beneath basement massifs. Earthquake epicentres are found in localities
with a wide variety of lower crustal thicknesses, ranging from 18 km to less than 7 km, with
no pronounced bias towards either high or low values. The concentration of epicentres in the
northern North Sea, above the thin lower crust of the Viking Graben, is not mirrored in
similar areas elsewhere and so is likely to be a consequence of other structural influences
(Chapter 4.3.4), rather than lower crustal thickness sensu stricto. There is, therefore, no
discernible relationship between seismicity and lower crustal thickness.

b) Reflectivity
In addition to thickness, it is also possible to map, in a qualitative way, lower crustal
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reflectivity, expressed as areas of >high=, >average= and >low= reflectivity (Fig 4.6). It
must always be borne in mind however, that apparent changes in lower crustal reflectivity
may in places arise from variable data quality, rather than real geological variation. The
northern North Sea earthquakes are situated above both reflective and unreflective lower
crust. Similarly, events in the south of the study region occur both above the reflective crust
of the English Channel and the much less reflective lower crust of South Wales. Many of the
onshore earthquakes (in northern England and Scotland) occur where lower crustal
reflectivity is not well-constrained so little can be deduced about these areas. Taking into
account the considerable uncertainties inherent in assessing lower crustal reflectivity, it is
concluded that no useful correlation with seismicity can be identified.

4.1.5 Whole crustal thickness (Enclosure 4.5, Figure 4.7)
Whole crustal thickness is defined as the sum of upper and lower crustal thicknesses, and as
above, does not include sedimentary cover rocks. Neglecting the presence of other structures,
as with the upper crust, large thickness values ought to correspond broadly to areas of
relatively stronger lithosphere, with small values signifying areas of relatively weaker
lithosphere. Whilst the whole crustal thickness parameter does not focus so tightly on the
strongest part of the lithosphere as upper crustal thickness, it is rather better constrained,
because the Moho can be mapped more accurately than the base of the upper crust.
Notwithstanding the effects of shallow, cool and probably strong mantle material in areas of
thin crust (shallow Moho depths), whole crustal thickness has the potential to be a bulk
crustal parameter of some seismotectonic significance.
The crust shows dramatic geographical thickness variation, ranging from less than 20 km
thick beneath the deeper sedimentary basins to typically more than 30 km thick beneath
basement massifs. Because of this, the whole crust is, in general, thicker beneath the UK
landmass than offshore. Earthquake epicentres are found in localities with a wide variety of
whole crustal thicknesses, ranging from 34 km to less than 15 km, with no pronounced bias
towards either high or low values. Most epicentres are located where the crustal thickness is
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in excess of 28 km, but the fact that these thicknesses are found mostly beneath the UK
landmass suggests that detection effects may be a significant factor. The concentration of
epicentres in the northern North Sea, above the thin crust of the Viking Graben, is not
mirrored in similar areas elsewhere and so is likely to be a consequence of other structural
influences (Chapter 4.3.4), rather than whole crustal thickness sensu stricto. There is,
therefore, no clearly discernible relationship between seismicity and whole crustal thickness.
Nevertheless, as noted for the Moho depth map, two areas of very thick crust (∃ 35 km), in
central Scotland and southeast England are characterised by a lack of seismicity. It may be
that other weak relationships exist, but are obscured by much stronger seismotectonic factors
such as major faults.

4.1.6 Heatflow (Enclosure 4.6, Figure 4.8)
The final bulk crustal parameter to be examined is heatflow (Appendix E). The main features
of the UK heat flow map are the zones of elevated heatflow (>100 mWm-2) over the known
radioactive granites of southwestern and northern England. The occurrence of a zone of
elevated heat flow in central England is partly supported by the smoothed map and shows
some indications of northwest- and northeast-trending boundaries. The regional heatflow
anomaly in the North Sea should be considered unproven on the basis of the quality and
distribution of the existing heatflow estimates.
To some extent, individual near-surface heatflow observations provide only an apparent
conductive heat flow, modified to a varying degree by thermal convection due to fluid flow.
Correlation of near-surface heatflow with tectonic zones is problematical and implications of
bulk crustal parameters from a heatflow distribution should be made with care; regional
heatflow variations are probably fair indicators of deep subsurface temperature, but local
anomalies may well have a convective origin. Another drawback of considering the raw
heatflow parameter is that is does not bear a direct relation to subsurface temperature.
Thermal conductivity is also of prime importance, in particular, sedimentary basins, which
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have low thermal conductivity act as insulating >blankets=. Thus for a given heatflow, deep
crustal rocks beneath a thick cover sequence will have considerably higher temperatures than
similar rocks, at similar depth, beneath outcropping basement massifs. To isolate properly
subsurface temperatures requires some form of thermal modelling, outside the scope of this
work.
The above provisos notwithstanding, areas of high conductive heatflow will in general be
characterised by higher subsurface temperatures than elsewhere. Such areas should have a
shallower brittle-ductile transition and, for any given depth, rather weaker crustal rocks.
Heatflow therefore, in principal, could be of seismotectonic significance.
As with the other bulk crustal parameters, there is no clear-cut correlation of heatflow with
seismicity. Earthquakes are associated with virtually the full range of heatflow values. There
is a correlation of seismic activity with the flanks of high heatflow anomalies, for example in
southwest England, northern England and the southern North Sea. These anomalies are
associated with high heat production granites which are nevertheless relatively more rigid
than surrounding rocks, and it may be that seismicity is clustering around their (commonly)
faulted margins (see also Chapter 4.2).

4.2 EARTHQUAKES AND UPPER CRUSTAL STRUCTURAL PROVINCES
(Enclosure 4.7, Figure. 4.9)
The upper crust forms the crystalline basement which lies concealed beneath the sedimentary
cover succession (though in places, particularly Scotland and Wales, at surface outcrop). It is
possible to divide the upper crust geographically into provinces, or blocks, which are
composed of rocks of markedly different type and mechanical properties. These provinces are
generally bounded by major faults or suture-zones, but are themselves also cut by large faults
and shear-zones, so they cannot be thought of as internally rigid entities. Nevertheless, the
upper crust is the strongest part of the lithosphere and the distribution of its fundamental
>building-blocks= ought to be of considerable seismotectonic significance.
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The Hebridean Terrane (Chapter 3.3) forms the northwestern continental margin of the UK,
and is bounded to southeast by the Moine Thrust, which separates it from the Caledonian
Orogenic Belt. Its upper crust comprises a high-grade, heterogeneous metamorphic
crystalline basement comprising complexly deformed, foliated gneisses with numerous
ductile shear-zones. Intrusions (mostly basic) are small and abundant. The sedimentary cover
is typically thin, except for the long-lived Minches Basin, developed above the reactivated
Outer Isles Thrust, and the rift-basins west of Shetland. The province appears to be
seismically rather quiet except where the northern part of the northwest Scotland high
seismicity area impinges upon its eastern edge. The province is cut by the Outer Isles Thrust
(Chapter 4.3), but this, surprisingly, does not appear to be directly associated with significant
seismicity.
The North Highlands Terrane (Chapter 3.3) forms the northwesternmost province of the
Caledonian Orogenic Belt, bounded to the west by the Moine Thrust and to the southeast by
the Great Glen Fault. Its upper crust comprises a heterogeneous medium-grade crystalline
basement complex, comprising mainly schistose metasedimentary rocks, with occasional
ductile shear-zones. Intrusions (granite) are not abundant. The sedimentary cover is typically
thin, except in the West Orkney Basin, developed above reactivated Caledonian thrusts, and
in the Orcadian Basin The province is characterised by a geographical variation in seismicity,
being quiet in the north, but markedly seismically active in its southwest corner, where a
large cluster of earthquakes lies mostly in the acute angle formed by the converging Moine
Thrust and Great Glen Fault. Most of the events are situated in the hangingwall-block of the
Moine Thrust, but some lie to the east of this and may be associated more specifically with
the Great Glen Fault (Chapter 4.3).
The Central Highlands Terrane lies between the Great Glen and Highland Boundary faults
(Chapter 3.3) Its upper crust comprises a heterogeneous medium-grade crystalline basement
complex, comprising mainly schistose metasedimentary rocks, with occasional ductile shearzones. Intrusions of granite are abundant and voluminous, of gabbro, more localised.
Sedimentary cover is thin (Aberdeen Platform) except for the Viking and Central Graben,
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which may be located above the reactivated Highland Boundary Fault. Again, there is a
marked geographical variation of seismicity within the province. The southwestern part,
where the Great Glen and Highland Boundary faults converge somewhat, is seismically
active. To the northeast of this, the granite-annealed Aberdeen Platform is virtually aseismic.
Far to the northeast in the northern North Sea, seismicity associated with the Viking graben
may also lie within this basement structural province.
The Midland Valley Terrane lies between the Highland Boundary and Southern Upland
Faults (Chapter 3.3). The upper crust of the Midland Valley Terrane is inferred to be a
homogeneous high-grade crystalline block. The intensity of deformation, shearing and
intrusion is unknown. The terrane formed the site of a major graben in late Palaeozoic time,
but has only a thin Mesozoic cover. Seismicity is generally low, with a few scattered events
south of the Highland Boundary Fault.
The Southern Uplands Terrane lies between the Southern Upland Fault and the Iapetus
Suture Zone (Chapter 3.3). Its upper crust is a homogeneous low-grade cleaved
metasedimentary complex containing abundant thrust-faults. Granite intrusions are large and
moderately abundant. Late Palaeozoic basins (Northumberland Trough etc) are concordant,
and Permo-Triassic basins discordant, to the grain of the Iapetus Suture Zone. In general, the
terrane, particularly the granitic intrusions (e.g. Southern Uplands, Cheviot), appears to be
seismically quiet, but an area of enhanced seismicity lies along thenorthward prolongation of
the Pennines (Chapter 6.1).
The Lakesman Terrane lies to south of the Iapetus Suture Zone, and extends an uncertain
distance to the south. Its upper crust is a heterogeneous low-grade cleaved metasedimentary
complex, locally containing abundant thrust faults. Intrusions (granite) are small and
moderately abundant. Late Palaeozoic sedimentary cover is thin, Permo-Triassic cover only
thick in localised basins (Vale of Eden etc). Seismic activity is scattered across much of the
area, but with marked local variations. The granite-cored Alston and Market Weighton blocks
and northern East Anglia appear to be seismically quiet. The Lake District and Askrigg
blocks are not as seismically quiet as the equivalent granitic intrusions in the Southern
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Uplands (but see Chapter 4.3).
A seismically active area of particular interest is centred on the Pennines. Here, numerous
earthquakes with a range of magnitudes (ML < 2.0 to ML > 4.0), are concentrated
immediately north of the northern apex of the Midlands Microcraton (MMc), extending
northwards in a linear trend to the Southern Uplands Terrane. Secondary trends run
southwest along the northwest margin of the MMc, and southeast along its northeast margin.
This pattern of seismicity is strongly suggestive of stress/strain interactions between these
two structural provinces (Chapter 6.1).
The relationship of the Monian Terranes to the Lakesman Terrane is uncertain, but by
inference from the equivalent terranes in Ireland, they are probably fault-bounded. The
Monian Terrrane of Anglesey appears to be seismically rather quiet, away from its southern
margin where the Lleyn Shear-zone (Chapter 4.3) is a markedly seismically active area.
The upper crust of the Midlands Microcraton is a homogeneous low-grade igneous
basement complex, with localised shear zones. The Palaeozoic and Mesozoic sedimentary
cover is thin and only slightly deformed. The upper crust of the Avalonian terrane adjacent to
the microcraton is a heterogeneous low-grade cleaved metasedimentary complex, locally
containing abundant thrust faults. Intrusions are small and rare. Late Palaeozoic sedimentary
cover is locally thick above reactivated basement thrusts and Mesozoic cover is thin (AngloBrabant Massif). The area is geographically seismically heterogeneous. A marked
concentration of events close to its northern apex is contiguous with those of the southern
Pennines immediately to the north. The southwestern part of the province is also seismically
active, close to its northwestern margin marked by the Welsh Borderland Fault System and
its southern margin marked by the Variscan Front Thrust. As is the case farther north, there
appears to be some correspondence between seismicity and converging or intersecting major
faults. The southeastern part of the province is seismically quiet.
The upper crust of the Variscan Rhenohercynian Terrane is a homogeneous low-grade
cleaved metasedimentary complex, with abundant thrust-faults. Granite intrusions are locally
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common and voluminous. The Permian to Mesozoic sedimentary cover is generally thin,
except above reactivated Variscan Thrusts (Celtic Sea, English Channel basins etc). The
upper crust of the Variscan Saxothuringian Terrane is a medium-grade metamorphic
crystalline complex, containing numerous ductile shear-zones. Intrusions (granite) are large
and abundant. Permo-Triassic sedimentary cover is very thick in basins developed above
reactivated Precambrian and Variscan shear zones. The area is of variable seismicity, being
quite active beneath southwest England, the western and southern English Channel and the
neighbourhood of the Dover Straits. Seismically quieter areas include the eastern part of the
Cornubian granite batholith, and also the central part of the Variscan foldbelt, south of the
Midlands Microcraton. Seismicity hereabouts appears to be related to the reactivation of the
numerous east-west trending Variscan thrust-faults (Chapter 4.3).
Table 4.1 gives details of the major terrane-bounding faults and aspects of their displacement
histories.

4.3 EARTHQUAKES AND FAULTS, FOLDS AND SHEAR-ZONES
Possible associations between earthquakes and specific upper lithospheric fault-structures is
examined below.

4.3.1 Deep crustal faults/shear-zones (Enclosure 4.8, Figure 4.10)
Deep crustal faults and shear-zones mark fundamental lines of weakness in the upper crust
and, therefore, the lithosphere. They show evidence of repeated reactivation in normal,
oblique and reverse modes through geological time (chapters 3.1 and 3.2) and might be
expected to constitute important (possibly the most important) seismotectonic features. Many
upper crustal faults and shear-zones are gently inclined (Chapter 3.2). When placed under
strong compressive or tensile stresses they are reactivated in a specific manner, involving
earthquake generation at considerable depth both on the faults/shear-zones themselves, and
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also at shallower depths, in their hangingwall-blocks, on associated basin-controlling faults
(Figs. 3.14 and 3.15). Steeper (sub-vertical) transcurrent faults are likely to be reactivated in
strike-slip mode.
Examination of the maps (Enclosure 4.8, Fig. 4.10) reveals that, whilst some earthquakes are
situated in the hangingwall-blocks of major dipping structures, or close to vertical structures,
many are not. Any relationship between earthquakes and these structures therefore appears to
be more complex than a simple reactivation mechanism would produce.
In the far north of the study region the major earthquake swarm of the northern North Sea
may be separable into two distinct components. In the east, numerous events lie close to the
Norwegian coast. The deep seismic reflection data do not tell us whether deep crustal
structures are present here, but many authors have suggested that these earthquakes are
associated with glacio-isostatic rebound; we have no reason to dispute this. Farther west,
several deep crustal structures (at both upper and lower crustal depths) have been identified
(e.g. Enclosures B37,B38,B40,B47; Fig. 3.7), but are difficult to map in detail. It may that the
earthquakes hereabouts are associated with these, but many of the events are probably more
closely linked to the overlying basin-controlling faults (see Chapter 6.1). Of particular
interest is the putative northeasterly continuation of the Highland Boundary Fault, which
appears to be associated with considerable seismicity along its north-south trending northern
segment (north of 6400000 mN). Most of these events appear to lie in its hangingwall-block,
but bearing in mind the considerable uncertainty attached to the subsurface positions of both
the fault and of the earthquakes, this cannot be proven.
To the northwest of Scotland, lying within the basement Hebridean Terrane (Chapter 4.2) the
northnortheast-trending Outer Isles Thrust (OIT) dips gently to the eastsoutheast and forms
one of the largest and most clearly mappable deep crustal structures in the UK (e.g.
Enclosures B2,B11-15,B18-19,B20, D6, Fig. 3.12). Apart however from two or three
scattered events offshore, it does not appear to be seismically active. The lack of historical
earthquake data may reflect poor detection in a sparsely populated area, but the lack of
instrumental data cannot be so explained. It may be that this lack of activity is in some way
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connected with the considerable (perhaps complementary?) seismicity on the nearby Moine
Thrust (Chapter 6.1).
The Moine Thrust (MT) lies sub-parallel to the OIT, some 80 km to the east, and mappable
over a similar distance. This major crustal structure dips eastsoutheast and marks the western
boundary of the Caledonian Orogen at the surface. It is not as prominent on the seismic
reflection data as the OIT (Enclosure B2, D6; Fig. 3.10), but is associated spatially with
considerably more seismic activity, with earthquakes ranging in size from ML < 2.0 to ML >
4.0. A few earthquakes lie to the west of the Moine Thrust outcrop, in its footwall-block. It is
difficult to argue that these events are associated with direct reactivation of the thrust itself.
They may be associated with reactivation of the very deep root of the Outer Isles Thrust, or
perhaps more likely, with smaller, unidentified thrusts in the upper crust (Enclosure B2).
Most of the events are situated to the east of the MT surface outcrop. Depth estimations on
these events are probably insufficiently precise to determine whether these events originate
from the fault-surface itself, within its hangingwall-block, or within its footwall-block.
Earthquakes are particularly numerous in the acute angle between the converging Moine
Thrust and Great Glen Fault, close to the southwestern apex of the North Highlands Terrane.

The Great Glen Fault (GGF) is not clearly imaged by the seismic reflection data, but is
believed to constitute a northeast-trending sub-vertical transcurrent fault system penetrating
to lower crustal depths (possibly even deeper) and separating the Northern and Central
Highlands terranes of the Caledonian Orogen. Significant seismicity is associated with the
GGF, though it is limited to certain segments of the fault, other segments, notably its
continuation north of Inverness, remaining quiescent. Several large events (ML ∃ 4.0) have
epicentral locations within a few kilometres of the surface trace of the fault. Bearing in mind
the positional uncertainty both of the earthquakes and also of the GGF at depth (where it
could well comprise an anastomosing network of faults and shear-zones of considerable total
width), the earthquakes could be interpreted to have a causal relationship with the fault. Of
particular interest is the occurrence of two large events (ML ∃ 4.0), the Oban earthquakes,
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which co-incide with the intersection at seismogenic depth (15-18 km) of the Moine Thrust
and the Great Glen Fault. It may be that these large (possibly deep) earthquakes are
indicating similar structural interactions as the smaller (possibly shallower) earthquakes
which are concentrated between the converging surface traces of these two faults (see above).
Where mapped at outcrop in central Scotland, the northeast-trending Highland Boundary
Fault (HBF) lies within the Caledonian Orogen, separating the Central Highland Terrane
from
the Midland Valley Terrane. Onshore the subsurface geometry of this major structure is
uncertain, but interpreted deep seismic reflection data offshore suggest that it dips rather
gently to the northwest (Enclosures B43, B46, D6). If this is also the case onshore, then the
Comrie earthquake swarm lies in its (northwestern) hangingwall-block and is possibly
associated genetically with the fault. Other, smaller earthquakes are scattered about the fault,
some in its hangingwall-block and others in its footwall-block; large sections of the fault
elsewhere however have no associated events. Because of the positional uncertainty attached
to these events a direct link cannot be proven. Immediately offshore to the northeast, the
Highland Boundary Fault appears to be seismically quiet, but farther northeast still, its
putative prolongation is associated with considerable seismicity (see above). It is noticeable
that this increase in seismicity offshore corresponds with the trend of the HBF veering from
northeast to north.
The northeast-trending Southern Uplands Fault (SUF), is of uncertain subsurface geometry,
but from the offshore seismic reflection data is interpreted to dip gently to the northwest
(Enclosure B49-B51), in a manner similar to the Highland Boundary Fault. Minor
earthquakes lie in the postulated hangingwall-block of the SUF but these may be more related
to the Pennine earthquake swarm to the south (Chapter 6.1).
The eastnortheast-trending Iapetus Thrust (IaT) is believed to be a major feature of the
Caledonian Orogen in northern England. Mappable in the subsurface both onshore and
offshore it dips gently northnorthwest penetrating to considerable depths (Enclosures B49-51,
D6, Fig. 3.11), possibly to the Moho. There is significant seismicity in its hangingwall-block
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with some large events. Of particular interest are three large (ML∃ 4.0), events, the
Cumberland, Appleby and Carlisle earthquakes, which lie roughly along the subsurface
intersection of the IaT with the perpendicular Pennine Fault. These signify, as noted above,
that the intersections of major crustal faults appear to act as the loci of earthquake activity.
A north-south trending complex of faults and folds known as the Pennine Line links
northward to the Pennine Fault. Due to a paucity of seismic reflection data the structures are
mostly poorly-understood, but were certainly active in both normal and reverse modes during
late Palaeozoic times and have been reactivated subsequently. How the considerable
seismicity in the Pennine area is connected to movements along the Pennine Line is a matter
for conjecture, but it is certainly an important influence on earthquake distribution in the area
(Chapter 5.3).
The northeast-trending Lleyn Shear-zone (LSZ) and the associated Menai Straits Fault
System, crop out in the Lleyn Peninsula of North Wales and is assumed to correspond to a
prominent northwest-dipping upper crustal thrust seen on the offshore seismic reflection data
(Enclosure B23 and Fig. 3.8). In the Irish Sea, several earthquake epicentres lie on the
hangingwall-block of the LSZ, the largest event (near to the Irish coast) is situated close to
where the LSZ penetrates to seismogenic depths. These events therefore may originate
directly from reactivation of the LSZ. The area around the Lleyn Peninsula is characterised
by major seismicity, with numerous large events occurring in both historical and more recent
times (Appendix G). They do however appear to originate within the footwall-block of the
LSZ, rather than on the thrust itself, or in its hangingwall-block, as predicted by the thrust
reactivation models (Figs. 3.14 and 3.15). One explanation is that the seismically-imaged
dipping structure does not correspond to the outcropping LSZ, but rather lies some distance
to the southeast, and has not been recognised at surface. More likely, it may be that whilst the
LSZ is spatially associated with the observed seismicity in a general way, though some of the
(larger) earthquakes do not originate directly from a process of simple thrust reactivation.
This is discussed further in Chapter 5.2.1

British Geological Survey

43

Date of Issue: February 10, 2006

BGS Report No. WA/96/3C: Issue 1.0
Main Text

Nuclear Electric - in confidence
CONTRACT BL/G/30515/S

The northeast-trending Craven Line (CL) is interpreted to form the northeasterly
continuation of the Lleyn Shear-zone. Because of the lack of deep seismic reflection data
hereabouts the subsurface nature and geometry of the structure is uncertain, but judging from
the geometry of the overlying Carboniferous basin-margin faults, it is likely to dip
northwestwards in a manner similar to the LSZ. Earthquakes do occur in the hangingwallblock of the CL, but as with the LSZ, several medium to large events are situated within the
footwall-block. These events lie close to the apex of the triangular area formed by the
intersection of the CL with the South Craven Fault.
The deep structure of the northwest-trending Dowsing Fault Zone (DFZ) is not well-imaged
by the seismic reflection data. A northeast-dipping fault zone cuts the sedimentary cover
sequence (Enclosures B57-B58), but no clear deeper reflection is visible in the upper crust
beneath. The presence of underlying mantle reflectors (Chapter 4.3.2) attests however to the
DFZ=s structural importance, as does an associated northwest-trending zone of seismicity.
The earthquakes are of various magnitudes, lie in the hangingwall-block of the DFZ, and are
interpreted to be genetically associated with it. One of these events was the largest recorded
UK earthquake, the 6.1 ML event of 7 June 1931.
The northeast-trending Church Stretton Fault Zone (CSFZ) together with parallel and
related structures such as the Pontesford-Linley Fault (PLF) together comprise the Welsh
Borderland Fault System at the northwest margin of the Midlands Microcraton, separating
it from the Caledonian Orogen to the northwest. These structures crop out in the Welsh
Borderlands, but their subsurface geometry is poorly-understood. A single seismic reflection
profile crosses the CSFZ and PLF (Enclosure B94) and indicates that the CSFZ dips to the
northwest as a probable thrust (Smith 1987). Considerable seismicity appears to be associated
with these faults, epicentres generally lying in their hangingwall-blocks. Of particular interest
is the recent (1990) 5.1 ML Bishop=s Castle earthquake (Ritchie et al. 1990). The epicentre
of this earthquake is believed to lie on the hangingwall-block of the Church Stretton Fault
Zone (contra the cross-section in Ritchie et al. 1990), but if its estimated hypocentral depth
of 14 km is correct then it probably originated within the footwall-block. As discussed in
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Chapter 5.2, therefore, the earthquake does not appear to have resulted from movement on
the fault surface itself.
The Malvern Lineament (MaL) is an ancient basement fault-structure, possibly separating
Precambrian terranes of different types and transecting the central part of the Midlands
Microcraton from north to south.. Its deep subsurface geometry is uncertain, but outcrop and
seismic reflection data (Chadwick & Smith 1988) indicate that it dips to the east at shallow
depths, possibly steepening downwards. A similar, parallel structure lies some 50 km to the
east, this is likely to dip west, possibly linking to the MaL at depth (Chadwick & Smith
1988). Both of these structures have been subjected to repeated tectonic reactivation in the
geological past and appear in a general way (together with possible undiscovered adjacent
structures), to be associated with seismicity hereabouts.
The westnorthwest-trending Variscan Front Thrust (VFT) can be mapped for more than
700 km from southern Ireland to northern France (and beyond) and marks the northern edge
of the Variscan Orogenic Belt (Enclosure 4.7). It is perhaps more clearly imaged in the
subsurface than any other major crustal structure in the UK, being clearly seen on the BIRPS
data (Enclosures B28-B29, D6; Figs. 3.8,3.9) and also on seismic reflection data onshore in
southern England (Enclosures B64-67; Chadwick et al. 1983, Donato 1988). Understanding
the complex seismicity of the VFT is potentially of considerable value, in that it appears to
encapsulate many of the patterns of seismicity observed on faults elsewhere in the UK (see
above). The VFT dips roughly southwards penetrating from the base of the sedimentary
cover (locally from the surface) to the top of the lower crust (Fig. 3.9). Along much of its
length it is intersected by northwest-trending near-vertical transcurrent faults which have the
effect of dividing the VFT into structurally distinct segments and may contribute to the
marked variation in seismicity along its length. In the west (southern Ireland and the Irish
Sea) the Variscan Front Thrust appears to be seismically quiet; this may be a detection
artefact in the Irish Sea, but not in southern Ireland where even very small earthquakes have
been historically well-documented on account of their rarity. To the east of this (south Wales
and the Bristol Channel) the VFT is associated with considerable seismicity. Small to
medium (ML <1.5 to 3.0) earthquakes have epicentres in its hangingwall-block, with
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particular concentrations of activity close to intersections with the northwesterly transcurrent
faults. Larger earthquakes also occur, generally just to the north of the VFT outcrop, in its
footwall-block; a situation reminiscent of the large earthquakes associated with the Lleyn
Shear-zone (see above). East of this, in central southern England, apart from one or two
scattered events in its hangingwall-block, the VFT is seismically quiet. Farther east still
however, around the Straits of Dover, much more seismicity is evident, several large
earthquakes (ML ∃ 4.0) having apparent epicentral locations north of the VFT, in its
footwall-block, close to the southeastern apex of the Midlands Microcraton (although the
locations of these offshore historical events is approximate). Two instrumentally determined
events lie to the south, in its hangingwall block. The VFT therefore has a highly variable
pattern of seismicity which is discussed further in Chapter 5.2.1.
South of the Variscan Front Thrust the Variscan Orogenic Belt is cut by numerous,
dominantly east-west trending thrusts some of which appear to be associated with seismicity.
Of particular note is one (possibly two) east-west trending, south-dipping unnamed thrust
(Enclosure B28) which approaches (and probably intersects) the north Cornwall coast, and
appears to be associated with both small and large (ML ∃ 4.0) earthquakes in its hangingwallblock. Alternatively, these events may be due to movements on the several northwesttrending transcurrent faults hereabouts which were identified on the potential-field data
(Enclosure C9). Again, there seems to be a propensity for earthquakes to cluster around fault
intersections. Farther south, the closely-spaced, sub-parallel Melville, Haig Fras, Lizard,
Carrick and Dodman thrusts form a complex imbricate stack of upper crustal faults
(Enclosures B31-34, D6, Fig. 3.6). Seismicity hereabouts may well be associated with
displacement on one or more of these features, but structural complexity and positional
uncertainties render it impossible to link specific events to individual thrusts. Finally, in the
southern English Channel several medium to large earthquakes have epicentres in the
hangingwall-blocks of the north-dipping Leon and La Hague thrusts (Enclosures B33-35),
and may be attributed to movement thereon.
Fig. 4.11 presents a summary synthesis map of the principal upper crustal structures of the
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UK. The map shows the locations (projected vertically up to the surface) of major dipping
faults within the upper crust, lying in the range 0 to 6s two-way travel-time (approximately 0
- 18 km depth), and major sub-vertical (or poorly-constrained) faults, the latter plotted as 20
km wide corridors of uncertainty (to allow for uncertainties in deep subsurface fault position
and also earthquake location error). Superimposition of the composite earthquake database
illustrates many of the points discussed above. Many earthquakes epicentres are located
above dipping faults, the interpretation being that their hypocentres are located either on the
fault itself, or in its hangingwall-block. Similarly, several epicentres are located close to
major sub-vertical faults and can be interpreted as having a genetic link with them. Many
other earthquakes lie close to the major dipping faults, but in their footwall-blocks rather than
their hangingwall-blocks. Modifying Figure 4.11 to include fault-parallel footwall-block
corridors 25 km wide (Fig. 4.12), has a dramatic effect, resulting in the inclusion of most
large (ML ∃ 4.0) events. This suggests that these major upper crustal structures have a prime
influence on the location of large earthquakes, though not necessarily via a simple faultreactivation mechanism (Chapter 5.2.1).

4.3.2 Uppermost mantle faults/shear-zones (Enclosure 4.9, Figure 4.13)
To judge from Table 3.1, all present UK earthquakes originate from within the crust,
suggesting that, in the present-day stress regime, the upper mantle is not behaving in a brittle
manner. Upper mantle faults probably formed under much higher strain-rates than operative
at present and are, therefore, not likely to be particularly seismotectonically significant.
Bearing in mind that small earthquakes are most unlikely to originate from mantle depths,
only larger events (ML ∃ 4.0) are shown on Figure 4.13. A limitation of the map stems from
the fact that mantle structures onshore have not been identified due to the lack of suitable
deep seismic reflection data. Nevertheless, the correspondence between earthquakes and
mantle faults is poor. The major Flannan Thrust (Enclosures B2-7,B11-15, B18-20, D7;
Fig. 3.12) is not spatially associated with significant seismicity, nor are the various mantle
faults beneath the Irish Sea. The strong seismicity of the northern North Sea does not
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correspond in any systematic way with numerous, scattered mantle features at depth. If
anything, seismicity appears to be more highly concentrated where mantle features have not
been identified. The Dowsing Mantle Reflectors (Enclosures B57-59,B62-63, D7) of the
southern North Sea do have a weak spatial association with earthquake activity, but it is
considered that the movements on the upper crustal Dowsing Fault Zone are a likelier cause
(see above). Similarly, spatial association of the Lizard Mantle Reflectors (Enclosure B32)
with scattered seismic events is probably coincidental, the overlying upper crustal Leon and
La Hague thrusts being a likelier cause.

4.3.3 Precambrian and Palaeozoic faults and folds (Enclosure 4.10, Figure 4.14)
The evolutionary history of these structures is explained in detail in Chapter 3.3. Suffice to
say here that the structures developed over a vast span of time from early Precambrian times
to the late Palaeozoic (more than 290 Ma ago). The oldest (Precambrian) structures affect
ancient basement rocks and formed in the period 2500-600 Ma. These structures may have
very large, commonly oblique-slip displacements, with several repeated phases of
displacement (reactivation). Caledonian structures developed between 600 and 380 Ma ago
and affect both Precambrian and Caledonian basement rocks. Mapped structures are
predominantly obliquely-compressive and associated with Caledonian continental
convergence and collision. Variscan structures formed between about 360 and 290 Ma ago
and are of two main types. Dominantly normal faults were associated with Carboniferous
extensional basin development; these suffered subsequent oblique-reversal with associated
folding during compressive Variscan basin inversion.
The mapped structures are near-surface features which link at depth to the major upper
crustal fault and shear-zones (Chapter 4.3.1); some are in fact the surface expressions of these
deeper structures (e.g. Moine Thrust, Great Glen, Highland Boundary faults etc.). The faults
provide evidence of brittle strain release which developed generally (though not exclusively)
in the shallower parts of the upper (basement) crust and the deepest, oldest parts of the
sedimentary cover in response to movements on the underlying major fault and shear-zones.
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Because these faults are the long-term consequence of repeated earthquake activity they
might be expected to show good correlation with present seismicity. Variscan structures,
which formed under north or northwest-directed maximum horizontal compression (Chapter
3.3) might provide particularly good analogues for recent seismicity bearing in mind the
roughly northwesterly orientation of the present-day maximum horizontal stress (Chapter
5.1).
In the northern North Sea these ancient faults are concealed beneath thick sedimentary cover
rocks and little can be said about any possible relationship to seismicity. Elsewhere however,
correlations are much more encouraging, nowhere more so than on the exposed ancient
basement rocks of northern and central Scotland. Here, as discussed above, large earthquakes
are commonly associated with specific major structures. Medium and smaller events are
commonly associated with clusters of closely-spaced smaller faults. Conversely, sparselyfaulted areas (such as the Aberdeen Platform) are seismically quiet. A definite correlation
between fault density and earthquake occurrence is therefore apparent.
Farther south similar, but less well-defined, correlations can be observed. In northern
England many of the large earthquakes are situated near to the surface traces of major faults
(discussed above), but this is not everywhere the case. Three large (ML ∃ 4.0) events on the
Askrigg Block are enigmatic (the Wensleydale earthquakes of 1768, 1780 and 1933).
However, location errors on all of these earthquakes could be sufficient to allow them to have
originated on the faults bounding the Askrigg Block, rather than close to its granite-cored
centre. Of particular interest is the south Pennine earthquake cluster which corresponds
closely to an area of complex and dense late Palaeozoic (including Variscan) faulting.
Elsewhere however in northern England structure and earthquake associations are not so
convincing. The complex late Palaeozoic (Variscan) structures of the Craven Basin for
example do not correspond to particularly enhanced seismicity. In north Wales the Lleyn
earthquakes lie close to the surface trace of the Lleyn Shear-zone, but as discussed above
their precise hypocentral locations are difficult to reconcile with any particular surface
structure. In South Wales seismicity correlates somewhat with the surface traces of major late
Palaeozoic structures, but particularly well with swarms of smaller faults. In southwest
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England good correlation can be seen between seismicity and the surface traces of major
structures and also the density of smaller-scale faulting.
Elsewhere (eastern, central, southern and southeast England) the map is of limited use,
because the faults are concealed beneath younger (Mesozoic and Cenozoic) sedimentary
cover, and cannot be adequately mapped.

4.3.4 Mesozoic and Cenozoic faults and folds (Enclosure 4.11, Figure 4.15)
The evolutionary history of these structures is discussed in Chapter 3.3. Suffice to say here
that the structures developed in the relatively more recent geological past (less than 290 Ma
ago) and, as well as cutting basement rocks, also affect strata of the sedimentary cover
sequence. Mesozoic faults have predominantly normal displacements, formed between 290
and 120 Ma, and were associated with widespread extensional basin subsidence. Cenozoic
faults and folds formed mostly in the period 65-10 Ma. The faults have predominantly
reverse displacements and developed, with associated folding, during sedimentary basin
inversion connected with Alpine compressional stresses (see also Chapter 5.1.2).
The structures are near-surface features which link at depth to concealed Precambrian and
Palaeozoic structures (Chapter 4.3.3) and ultimately to the major upper crustal fault and
shear-zones (Chapter 4.3.1). They provide evidence of near-surface brittle strain release
which developed in the younger parts of the sedimentary cover in response to movements on
the older, deeper, structures.
The structures can be split into two main categories: Mesozoic (Permo-Triassic and JurassicCretaceous) features which formed under extensional stress-fields and Cenozoic structures
which, by and large, formed during north or northwest-directed crustal compression. It is
these latter structures which would be expected to form the better analogue for the presentday UK stress-field and seismicity (see also Chapter 5.1.2)..
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The relationship between the extensional Mesozoic structures (plotted in green) and
seismicity is striking and potentially very revealing. In the northern North Sea, seismicity and
Mesozoic faulting show a very strong positive correlation, with a stark contrast between
seismically active, heavily faulted Mesozoic basins such as the Viking Graben, and the
seismically quiet, sparsely faulted intervening blocks. It must be concluded that the faults
which controlled extensional Mesozoic basin development here are still exerting a strong
influence on earthquake occurrence at the present-day (see Chapter 6.1). Onshore, the
situation appears to be almost perfectly reversed. Seismicity shows a strong inverse
correlation with Mesozoic faulting, earthquakes being generally restricted to the areas in
between the Mesozoic basins where Mesozoic faults are sparse and/or small. Thus the
massifs (comprised of Precambrian and/or Palaeozoic rocks) of Scotland, northern England,
Wales, Cornwall and the southern English Channel are notably more seismically active than
the intervening Mesozoic basins. A minor amount of seismicity is observed in the basins, but
this can generally be ascribed to the presence of underlying deep crustal structures rather than
to movementson the young basin controlling faults themselves. It appears therefore, that
different processes may be driving seismicity in the northern North Sea, compared to
onshore, where the (extensional) faults which controlled Mesozoic basin development are not
susceptible to reactivation in the present-day stress-field. The significance of Mesozoic
faulting and seismicity is discussed further in Chapter 5.2.3.
Any possible association with Cenozoic (compressional) structures and present-day
seismicity is difficult to assess. For example, Cenozoic (Alpine) basin inversion (i.e. crustal
shortening) was particularly pronounced in the Wessex and Sole Pit basins; minor presentday seismicity here may indicate a similarity of process. However, much more significant
seismicity on the Palaeozoic massifs (see above), which did not undergo much Cenozoic
shortening, suggests that Cenozoic faulting sensu stricto is not a dominant controlling factor
in present-day seismicity.

4.4 EARTHQUAKES AND POTENTIAL-FIELDS
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As a final supplement to the above analysis of earthquake/structure associations, the
relationship between earthquakes and two potential-fields is briefly examined. The potentialfield data essentially represent a >raw= observed property and may reveal subtle associations
which have been lost during interpretive derivation of the structure maps.

4.4.1 Gravity anomalies (Enclosure 4.12, Figure 4.16)
Certain correlations between seismicity and the gravity field can be detected. A local
tendency for earthquakes to cluster around gravity highs (e.g. the Lleyn and southern
Pennines earthquakes) is evident, but by no means ubiquitous. This may reflect the
propensity (noted in Chapters 5.3.3 and 4.3.4) of earthquakes to lie beneath Palaeozoic
massifs, rather than beneath the intervening Mesozoic/Cenozoic basins. Conversely the
clustering of seismicity around the flanks of localised gravity lows, attributable to granitic
intrusions, mirrors the observation that earthquakes cluster around high heatflow anomalies
(Chapter 4.1.6). Again the point is made that granites may be acting as rigid >bosses= around
whose margins strain is concentrated.

4.4.2 Magnetic anomalies (Enclosure 4.13, Figure 4.17)
A degree of correlation between seismicity and the aeromagnetic field can be observed but
this is far from perfect (Enclosure 4.13, Figure 4.17). Thus, the southern Pennines, Lleyn
Peninsula, Welsh Borderland and northwest Scottish earthquake clusters all lie on positive
aeromagnetic anomalies. Conversely however earthquakes in the southern North Sea,
southwest England, the Dover Straits and the northern Pennines do not lie on positive
anomalies. Likewise, many areas of positive anomaly are not associated with seismicity. It
appears that, like the gravity-field, the aeromagnetic data are illustrating the tendency (noted
in Chapters 5.3.3 and 4.3.4) of earthquakes to lie beneath Palaeozoic massifs (with shallow
magnetic basement), rather than beneath the intervening Mesozoic/Cenozoic basins. On a
much more localised scale, a faint magnetic lineation can be seen running from just east of
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the Isle of Skye southeastwards through Edinburgh to the Southern Uplands. Such a feature
would normally go unremarked except for the fact that it coincides with a narrow linear trend
of earthquakes. Particularly large events (>4.0 ML) occur where the lineation crosses major
structures such as the Great Glen and Highland Boundary faults (the latter intersection
coinciding with the Comrie earthquake swarm of the 19th century (Appendix G). Whether
this is a feature of importance, or just a fortuitous alignment is difficult to say. If the
magnetic lineation has real significance it is most likely to correspond to a subsurface
igneous dyke possibly intruded along a sub-vertical fracture.

4.5 DISCUSSION
Significant aspects of the earthquake/structure associations examined above are discussed
briefly below.
None of the bulk crustal parameters show a strong correlation with seismicity, and none
appear to act as a dominant seismotectonic discriminator. Nevertheless, the slight tendency
for earthquakes to avoid areas of very thick crystalline crust (> 34 km), particularly onshore
where any such activity would be detected, may be significant. Any subtle correlations that
may exist however, could well be swamped by the effects of much stronger seismotectonic
controls.
There is no simple and direct relationship between upper crustal structural province and
seismicity, in that each province is markedly seismologically heterogeneous. Nevertheless,
areas of enhanced and reduced seismicity do appear to be associated with specific structural
situations. Areas characterised by widespread granitic intrusions show a general (though not
perfect) correlation with low seismicity. Conversely, areas of higher seismicity appear to be
associated with province margins, in particular they commonly lie between converging
margin structures or close to the apices formed by intersecting province boundaries. It may
be that this reflects stress and strain interactions (>jostling=) between adjacent provinces (see
6.1).
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Major upper crustal faults and shear-zones do show a spatial association with seismicity,
(particularly with larger earthquakes), but this is by no means as straightforward as a simple
thrust-fault reactivation model would suggest. Some earthquake epicentres are located above
dipping faults, the interpretation being that their hypocentres are located either on the faultplane itself, or in its hangingwall-block. Similarly, several epicentres are located close to
major sub-vertical faults and can be interpreted as having a genetic link with them. Many
earthquakes however cannot be linked in a simple manner to these major faults. There
appears to be a tendency for large events to occur in the footwall blocks of dipping faults
(e.g. in northwest Scotland, the Lleyn Peninsula, South Wales and the Dover Straits). This is
difficult to explain in terms of simple thrust-fault reactivation. There is also a discernible
tendency for earthquakes to cluster around fault intersections, such as the Iapetus Thrust with
the Pennine Fault and the Variscan Front Thrust with northwest-trending transcurrent faults.
In a similar manner earthquakes cluster between converging faults. Thus there are clusters
between the Moine Thrust and the Great Glen Fault, the Moine (or ?Outer Isles) Thrust and
the Highland Boundary Fault, and the Church Stretton Fault Zone and the Variscan Front
Thrust. This tendancy also results in the abovementioned clustering of earthquakes around
the apices of upper crustal structural provinces.
The maps of near-surface faults reveal important relationships between seismicity and
faulting. A significant, though not perfect, positive correlation is observed between
Precambrian and Palaeozoic faults and seismicity. A strong inverse correlation is observed
between Mesozoic extensional faults and seismicity (with the notable exception of the
northern North Sea). These correlations may be helpful in providing a key to understanding
the driving mechanisms of seismicity in the UK (see Chapter 5.1).
The above analysis has evaluated the association of earthquakes with each type of structural
parameter taken in turn. One of the problems in correlating seismicity with a single crustal
parameter in isolation is illustrated by granites (characterised by higher than average heatproduction). From a thermal point of view, granites would be expected to occupy areas of
weakened crust due to the higher subsurface temperatures they produce. Conversely
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however, granites tend to be only weakly faulted and from a mechanical point of view are
likely to be stronger and more rigid than surrounding, tectonised basement rocks. These two
effects will tend to self-cancel, thereby obscuring their potential seismotectonic significance.
It may be that an evaluation of earthquake activity against combinations of several
superimposed crustal parameters may be more revealing. Such an approach however would
require a rigorous statistical evaluation of multiple spatial datasets and is outside the scope of
this project (See Chapter 7.3).
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5. SEISMOTECTONIC IMPLICATIONS
5.1 CRUSTAL STRESS AND EARTHQUAKE DRIVING MECHANISMS
The fact that pre-existing tectonic structure has had a profound influence on subsequent strain
distribution (seismicity) in the geological past is not in question. Overwhelming evidence of
thrust-fault reactivation, sedimentary basin inversion and multiple fault reactivations
provides unequivocal testament to this. Thus, when faults are subjected to stresses
comparable in magnitude (though not necessarily in polarity) with the stresses involved in
their formation, they reactivate readily and thereby sequestrate a major part of any
contemporary strain. The question that has to be addressed here however, is whether any
strain resulting from the present-day stress-field is being similarly controlled by pre-existing
structure.

5.1.1 Principles of tectonic stress
Before going on to discuss more detailed aspects of the UK stress-field and its relationship to
earthquakes, it is instructive to consider, in a qualitative way, some aspects of tectonic stress.
Any mass of rock in the earth is subject to a vertical gravitational force, due to the load of
overlying rocks and also to various non-vertical >tectonic= forces. Imagine a plane within a
small, stationary, confined rock mass. The material on each side of the plane exerts a certain
stress on the material on the other side, which in turn exerts an equal and opposite force. If
the stress is perpendicular to the plane it may be acting towards the plane, in which case it is
termed a compressive stress (producing compression); or it may be pulling away from the
plane in which case it is a tensile stress (producing tension). The total stress field acting in
and around a small mass of rock can be represented by three orthogonal principal stresses P1,
P2 and P3, where P1 ∃ P2 ∃ P3 (Fig. 5.1a). The principal stresses as drawn here are
compressive and are regarded as positive (in contrast to engineering usage where tensile
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stresses (σ) are positive). Some or all of the stresses may equally well be tensile, and would
be regarded as negative. For any randomly oriented plane in the rock mass the stress can be
resolved into a normal component perpendicular to the plane and a tangential component,
parallel to the plane (Fig. 5.1b). The tangential force exerted by the material on one side of
the plane acts in the opposite direction to that exerted on the other side to produce a shearing
stress. Brittle, homogeneous material would be expected to fracture along two planes of
maximum shearing stress (Fig. 5.1c), which lie parallel to P2 and bisect P1 and P3, thereby
lying symmetrically at 45Ε either side of P1 (the maximum principal stress). Experimental
data from real rocks indicates that they fracture along planes which are at angles considerably
less than 45Ε from P1, typically 25 - 30Ε either side of P1 (e.g. Griggs & Handin 1960,
Sibson 1985) which thereby forms their acute bisectrix (Fig 5.1c).
Because shearing stresses along the surface of the earth are zero, and the fact that gravity acts
vertically, it follows that, in general, two of the principal stresses are parallel to the surface
(horizontal), and the third is perpendicular to it (vertical). Developing the principles
illustrated in Fig. 5.1c, Anderson (1951) showed that near to the surface, three basic types of
fault would develop according to the orientations of the principal stresses. Normal faults (Fig.
5.2a) form with the maximum compressive stress (P1) vertical and the intermediate (P2) and
least principal stresses (P3) horizontal. Low-angle reverse faults or thrusts (Fig. 5.2b) form
with the maximum and intermediate compressive stresses horizontal and the least
compressive stress vertical. Strike-slip faults (Fig. 5.2c) form with the maximum and
minimum compressive stresses horizontal and the intermediate compressive stress vertical.
Anderson agreed that the faults would form angles of 45Ε or less with P1 (see above).
The Anderson fault theory is strictly only applicable to the formation of new fractures in
homogeneous material. Furthermore, McKenzie (1969) points out that in many intra-plate
settings, shear-stresses at crustal depths are unlikely to be of sufficient magnitude to cause
new fractures and that earthquakes are usually related to slip on pre-existing faults. The
Anderson theory therefore has to be applied in a generalised, rather than literal sense, to
predict the preferred type of faulting (strike-slip, thrust, normal) consistent with the applied
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stress field and thereby the orientation of pre-existing structure most favoured for
reactivation. Thus, pre-existing faults whose orientation is such as to produce deformation
consistent with the Anderson faulting theory will be preferentially reactivated by a given
stress-field.

5.1.2 The present day stress-field and its late Mesozoic - Cenozoic precursors
Fig. 5.3 shows a map of the present-day crustal (and, by implication, lithospheric) stress field
(see Appendix F for explanatory notes), expressed as the direction of maximum horizontal
compressive stress (P1 projected on to the horizontal plane). In southern and central England
and the southern North Sea the maximum horizontal (compressive) stress is oriented roughly
northwest to northnorthwest, with the minimum horizontal (? tensile) stress oriented
perpendicular to this, northeast to eastnortheast. Northwards the stress field may veer
gradually, such that the maximum horizontal stress direction may become north-south in
central Scotland (though rather poorly-constrained hereabouts) before swinging round to
roughly east-west in the northern North Sea. In the central North Sea stress data are markedly
confused.
On a lareger scale, the UK lies within a regional zone of broadly consistent northwestsoutheast horizontal compressive stress orientations stretching from the Alps to northern
Britain (Fig. 5.4a). This arises from plate movements and forces associated with the east to
southeasterly separation of Europe from North America and the roughly northerly movement
of the African plate relative to Europe (Whittaker et al. 1989, Brereton & Máller 1991).
Before discussing the nature of the present-day stress-field further however, it is instructive
to review briefly the stresses acting on the UK in the more recent geological past.
Mesozoic lithospheric extension (characterised by extensional basin formation and major
extension-related seismicity) was largely terminated in mid-Cretaceous times (−120 Ma) by
>ridge-push= forces associated with seafloor spreading, as the Central Atlantic ridge
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propagated northwards into the North Atlantic region, to trigger separation between North
America and Europe. Regional shelf subsidence became established on the newly formed
North Atlantic margins, with deposition of a largely unfaulted Upper Cretaceous sedimentary
sequence (the Chalk). In earliest Cenozoic times (−60 Ma) the North Atlantic Ridge
propagated still farther northwards to initiate the separation of Europe and Greenland.
Contemporaneous initiation of the Icelandic Plume was associated with a period of regional
uplift. This was particularly severe over the northern UK landmass, which may have
remained more-or-less subaerial to the present-day. Elsewhere however, regional passive
margin subsidence was soon reimposed. The UK area, lying between the North Atlantic
Ridge to the northwest, and the northward moving African plate to the south, was thus
effectively sandwiched between two opposing compressive forces (Fig. 5.4b). In the
Mediterranean region, collision and >docking= of continental fragments, produced severe
north-directed compression with lithospheric shortening and uplift of the Alpine mountain
belt. Farther north, the UK experienced minor, but distinct, pulses of compression and crustal
shortening which were superimposed upon the ongoing regional shelf subsidence. These
pulses of crustal shortening were manifest as fault reversals, basin inversion and associated
minor folding, illustrated schematically in Fig. 5.5.
Several distinct episodes of >Alpine= crustal shortening have been postulated in the UK area,
of which two are clearly demonstrable: the late-Cretaceous inversion in the southern North
Sea (Badley et al. 1989) and the Oligo-Miocene inversion of southern Britain and the
southern North Sea (Chadwick 1993, Badley et al. 1989). High quality seismic reflection data
from the southern North Sea illustrate the nature of these two Alpine compressive episodes
(Fig. 5.6), which produced localised inversion structures in a thick Mesozoic to Recent
sedimentary cover sequence close to the Dowsing Fault Zone (Enclosure A3). The seismic
data reveal two distinct episodes of basin shortening and inversion. Structures A1 to A5 were
formed by the partial reversal of earlier normal faults (formed during Mesozoic crustal
extension), which produced folding in the fault hanging-wall blocks. Late Mesozoic strata
(−97 Ma) were folded, but overlying (younger) strata (−90 Ma) remained undeformed,
thereby constraining the date of crustal shortening. Closer inspection of individual reflections
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indicates that shortening probably took place between about 95 to 90 Ma, in late Cretaceous
times. Inversion structure B is associated with the Dowsing Fault Zone and is a much larger
feature than the A structures. Erosional pinch out of the 112 and 97 Ma layers over the crest
of structure B indicates that it too was active in the period 95-90 Ma ago. Much more
spectacular however is the large monoclinal fold which deforms Cenozoic strata from 65-25
Ma old, and which was associated with compressive reversal of the underlying Dowsing
Fault Zone. The fold is overlain by flat-lying, undisturbed beds approximately 10 Ma old,
thereby constraining the folding (and hence crustal shortening) as taking place between 25
and 10 Ma ago. This compressive (Miocene) event corresponds to major Alpine nappe (fold)
development and constitutes the main phase of post-Palaeozoic crustal shortening in the UK.
The lack of deformation in younger strata indicates that significant crustal strain has not
developed hereabouts in the last 10 Ma or so.
These pulses of late Mesozoic and Cenozoic crustal shortening were discrete events of
limited duration and contrast markedly with intervening periods of much reduced
compressive stress and negligible shortening. Over the past few tens of Ma, tectonic stress in
the UK therefore has been principally the consequence of interactions between the ongoing
'background' process of North Atlantic Ridge `push', and more episodic, >superimposed=
compressions associated with Alpine continental convergence in southern Europe. Of
considerable importance is the fact that >ridge-push= alone does not appear to create stresses
sufficient to drive basin inversion - the uninverted sedimentary basins on the western North
Atlantic seaboard (e.g. Tankard & Balkwill 1989) bear witness to this - some form of
opposing resistive force such as continental collision appearing to be an additional
requirement. Judging from the seismic reflection data, strata younger than Miocene age (<10
Ma old) have not suffered significant deformation, indicating that for the last 10 Ma or so,
the UK area has been subject to a low stress regime. We infer this to be the consequence of
the ongoing process of `ridge-push' with an absence of Alpine `high stress' episodes.

5.1.3 Earthquake mechanisms

British Geological Survey

60

Date of Issue: February 10, 2006

BGS Report No. WA/96/3C: Issue 1.0
Main Text

Nuclear Electric - in confidence
CONTRACT BL/G/30515/S

A selection of focal mechanisms for recent UK earthquakes is illustrated in Fig 5.7. The first
point of note is the fact that for all (but one) of these events the maximum horizontal stress
(horizontal component of P1) lies in the NW-SE quadrant, and the minimum horizontal stress
(horizontal component of P3) lies in the NE-SW quadrant. This is in perfect agreement with
the stress map (Fig 5.3), which is based largely on independent (borehole breakout) data.
The focal mechanisms of the earthquakes are given in Table 5.1. A fundamental property of
the 'double-couple' earthquake source mechanism is that focal plane solutions alone cannot
discriminate between the actual fault plane and an orthogonal surface known as the auxiliary
plane. Thus, local fault trends or aftershock patterns were used whenever possible to establish
the preferred plane. Even so a considerable degree of uncertainty remains and for three of the
earthquakes a preferred plane could not be selected.
A component of strike-slip motion is a common feature of all the source mechanisms, such
that two of the events are almost pure strike-slip and another three are dominantly strike-slip.
Of the remainder, three events show dominantly reverse movements (with subsidiary strikeslip).
Detailed studies of microseismicity in selected locations yield focal mechanisms very similar
to those from individual larger events (e.g. Aspinall et al. 1990, Ritchie & Walker 1991).
Composite mechanisms from many events are more reliable for defining the principal stress
directions than focal mechanisms from a single event, because possible errors due to the
effect of reactivating pre-existing structures is statistically minimised. The best-constrained
Cornish events (Fig 5.8a) show strongly dominant strike-slip displacements, with a
composite maximum horizontal stress oriented NW-SE (135Ε) and composite minimum
horizontal stress oriented NE-SW (045Ε). The fact that common dilatational and
compressional segments are sub-horizontal, indicates that the maximum and minimum
horizontal stresses are close to the maximum (P1) and minimum (P3) principal stresses and
that P2 (the intermediate principal stress) is sub-vertical. The North Wales events show more
variety of mechanism than the Cornish earthquakes. Most events have dominantly strike-slip
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movements (Fig 5.8b) with a sub-horizontal composite maximum compressive stress (i.e.
approximating to P1) oriented NNW-SSE (158Ε), and a minimum stress also sub-horizontal
(approximating to P3) and oriented ENE-WSW (068Ε). The intermediate principal stress (P2)
is, again, sub-vertical. A minority of events show dominantly normal focal mechanisms.
Again P3 is oriented roughly NE-SW (050Ε), but P1 and P2 are switched, such that P1 is subvertical and P2 is oriented NW-SE. The cumulative tendency of earthquakes both in Cornwall
and North Wales to have sub-horizontal dilatational and/or compressional segments indicates
that, at seismogenic depths, two of the principal stress axes are roughly horizontal, and the
third, vertical. This suggests that the Anderson faulting model (Fig 5.2) is appropriate from
the point of view of regional stress geometry.
Strike-slip therefore appears to be the focal mechanism dominant amongst UK onshore
earthquakes, with a lesser incidence of both normal and reverse-slip mechanisms (Fig 5.7 &
5.8). A study of the relative proportions of focal mechanisms categorised by magnitude is
illustrated in Fig 5.9. For small events (< 3ML), strike-slip forms the majority of focal
mechanisms with subsidiary normal and minor amounts of thrust faulting. For larger events
(>3 ML) strike-slip mechanisms are almost wholly dominant, such that no earthquakes of >
4 ML have a significant component of dip-slip motion. Strike-slip mechanisms therefore
account for a very high proportion of the total earthquake-related energy release. A
generalised mechanism therefore for UK onshore earthquakes is strike-slip with P2 vertical,
P1 horizontal directed NW-SE and P3 horizontal, directed NE-SW, as illustrated in Fig. 5.2c.
This is supported by crustal stress data from boreholes (Fig. 5.10) which indicate that at
depths greater than about 500 m, the vertical (overburden) stress is intermediate (P2) between
two orthogonal horizontal stresses. The fact however that we do also see normal and reverseslip mechanisms suggests that both P1 and P3 are to some degree interchangeable with P2
(though not with each other), thus for normal-slip mechanisms P1 is vertical (cf Fig 5.2a) and
for reverse-slip (thrust) mechanisms, P3 is vertical (cf Fig 5.2b). Again, this situation is
reflected in the borehole stress data, where at shallow depths, the vertical stress becomes P1.
A corollary of this interchangeability is that the three principal stresses are all rather similar
with P1 >. P2 >. P3. The occurrence of crustal extension in Rhine Graben (Ahorner 1975) is
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consistent with P3 being close to zero in the UK.
Considering these stresses in a little more detail, it is evident that the vertical principal stress
must increase with depth in a near-linear manner (due to the weight of the overburden). The
horizontal stresses also increase downwards towards the highest strength part of the crust, but
in a less predictable manner, depending on the applied tectonic forces.
Stress-depth relationships possibly applicable to the present-day onshore UK are illustrated
schematically in Figs 5.11 a-c. The situation where the vertical principal stress is always
intermediate between the two horizontal stresses gives strike-slip faulting throughout the
seismogenic (upper) crust (Fig 5.11a). A more complex scenario arises when the minimum
horizontal stress exceeds the vertical principal stress at shallow depths (Fig 5.11b) resulting
in mixed-mode faulting with deep strike-slip mechanisms and shallower thrust mechanisms.
Alternatively (Fig 5.11c), it may be that both horizontal stresses are less than the vertical
principal stress at shallow depths, but with the maximum horizontal stress exceeding the
overburden stress at greater depth. This would give mixed-mode deep strike-slip and
shallower normal faulting. Other stress-depth relationships could be drawn to match the local
variations in seismicity in the onshore UK, but all would require that the three principal
stresses are relatively similar in magnitude.

5.2 MODES OF FAULT REACTIVATION
The requirement that the three principal stresses are relatively similar in magnitude at the
present-day (i.e. comparable with the vertical overburden stress) is consistent with the
present regional tectonic setting (Chapter 5.1.2), with the UK in a gentle regional
compression due to 'ridge-push' from the North Atlantic. This contrasts markedly with the
stress regimes in which many of the major crustal structures of the UK actually formed. The
large, low-angle Palaeozoic thrust-structures such as the Outer Isles, Moine, and Variscan
Front Thrusts, and the Lleyn-Shear-zone, developed during continental collision under
conditions of very high horizontal compression giving crustal-scale thrusting (Fig 5.11d),
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where P1 >> P2 > P3 (vertical). Similarly, during Cenozoic basin inversion, dominant reverse
faulting indicates that, down to depths of at least several kilometres, horizontal stresses
exceeded the vertical overburden stress. Conversely, the late Palaeozoic and Mesozoic
extensional basins formed by deeply penetrating normal faults, with horizontal stresses less
than the overburden stress and with the minimum horizontal stress probably tensile (Sibson
1985), where P1 (vertical) > P2 >> P3 (Fig 5.11e).
It is clear therefore that the major dipping faults (crustal-scale thrusts and basin-controlling
normal faults) formed under conditions where the vertical principal stress was either P1 or P3,
and P2 was horizontal; this contrasts with the present situation where P2 is, by and large,
vertical at seismogenic depths.
The situation is somewhat different for the major sub-vertical structures of the UK, such as
the Great Glen Fault and the northwest-trending transcurrent faults of the Variscan Foldbelt,
which we assume to have had dominantly strike-slip displacements in the geological past.
These structures may have formed in the waning stages of continental collision, when the
horizontal stresses were declining in magnitude towards that of the vertical stress, and/or at
great depth where overburden pressures were sufficient for the vertical stress to exceed P3
and thereby become P2. These conditions are more comparable with those of the present-day
stress field.
The type of displacement expected on vertical faults in strike-slip stress-fields (P2 vertical)
are illustrated in Fig 5.12. Over much of England and Wales, where the maximum horizontal
stress (normally P1) direction is 135Ε (Fig. 5.3, Appendix F), faults whose strikes fall in the
quadrant 045Ε to 135Ε would experience dextral strike-slip movements, whereas faults lying
in the quadrant 135Ε to 225Ε would experience sinistral strike-slip movements (Fig. 5.12a).
Optimal orientations for the development of strike-slip correspond to the planes of maximum
shear (assumed to lie at 30Ε either side of P1, rather than the theoretical 45Ε). Thus, faults
striking at 105Ε (eastsoutheast) would be optimally suited to dextral displacements and faults
oriented at 165Ε (southsoutheast) would be optimally suited to sinistral displacements. In
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Scotland the maximum compressive stress direction is much less well-constrained, but may
be more nearly north-south (Fig. 5.3, Appendix F). Thus, faults whose strikes fall in the
northeast quadrant would experience sinistral strike-slip, an orientation of 030Ε being optima
l (Fig. 5.12b). Faults whose strikes fall in the southeast quadrant would experience dextral
strike-slip, an orientation of 150Ε being optimal.
Bearing in mind that many of the major faults are presently subjected to a stress-field
significantly different to that which was operative during their formation, it is possible to
formulate some suggestions about how they may reactivate under present-day conditions.

5.2.1 Low-angle crustal faults and shear-zones
The major, low angle crustal thrust-faults (Enclosures D6, 4.8) are not susceptible to simple
reversal in the present day-stress field (Figs 3.15, 5.2b), because P2 rather than P3 is generally
the vertical principal stress at seismogenic depths (Fig 5.11a). This results in strike-slip rather
than reverse displacements in response to a horizontal maximum compressive stress P1 (Fig.
5.2c). Nevertheless, these major low-angle faults do appear to be associated spatially with
considerable seismicity, large earthquakes commonly occurring in their footwall blocks
(Chapter 4.3, Figs 4.11 and 4.12). This suggests that the structures are being reactivated in
some way. The style of reactivation is perhaps typified by the Lleyn and Bishop's Castle
earthquakes both of which are associated with major thrust-faults which trend northeast,
roughly perpendicular to the maximum principal stress.
The Lleyn earthquakes of 1984 (Turbitt et al. 1985, Marrow & Walker 1988) have well
determined locations, with hypocentral depths in the range 20-25 km (Table 3.1). A crosssection (Fig 5.13a) illustrates how the earthquakes lie deep within the footwall-block of the
Lleyn Shear-zone. The main shock had a dominantly strike-slip focal mechanism (Fig 5.7)
with aftershocks showing mixed mode mechanisms (Turbitt et al. 1985). The fault plane
orientation is uncertain (Table 5.1); minor faulting in the area is consistent with a north-south
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orientation, but aftershock trends strongly favour faulting on a steeply-dipping planar zone
trending eastsoutheast (Marrow & Walker 1988). This is almost identically parallel to one of
the planes of maximum shear (Fig. 5.12a) and is markedly oblique to the Lleyn Shear-zone
itself which strikes northeast.
The relationship between the Bishop's Castle events of 1990 and the adjacent Welsh
Borderland Fault-zone is comparable to the situation in the Lleyn Peninsula. Recent seismic
reflection data (Smith 1987) indicate that the Church Stretton Fault Zone has a geometry
similar to that of the Lleyn Shear-zone, being a northwest-dipping thrust (Fig 5.13b).
Earthquakes lie deep within the footwall-block of the CSFZ, the main shock having a
dominantly strike-slip focal mechanism, with aftershocks showing mixed-mode mechanisms
(Fig 5.7). The preferred fault-plane (as determined from focal mechanisms and aftershock
trends) is roughly north-south (Table 5.1); not parallel to the main fault trend, but close to a
plane of maximum shear (Fig. 5.12a).
We interpret these earthquake distributions as indicating that the major dipping thrust-faults
are themselves surrounded by rather diffuse linear zones of weakness in the upper crust,
perhaps manifest as small faults or shear-surfaces (perhaps formed during thrust
emplacement or subsequent reactivations). It is these features within the linear zones that are
being reactivated in the strike-slip manner appropriate to the present-day stress-field. Thus,
rather than movement occurring on the thrust plane itself, the preferred strike-slip movements
are reactivating other, perhaps much smaller, but more suitably oriented structural
heterogeneities associated with the thrust. This gives a diffuse, distributed strike-slip mode of
reactivation. It is noteworthy that in both the Lleyn and Bishop's Castle earthquakes, slip
occurred on faults which were not parallel to the northeasterly trend of the main fault, but
rather were close to the planes of maximum shear for northwest directed compression, which
define fault orientations particularly susceptible to strike-slip reactivation (Fig. 5.12a). The
marked correlation of seismicity with swarms of small faults where basement massifs are
exposed (Chapter 4.3.3) is consistent with this type of distributed, diffuse, reactivation
mechansim.
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It is tempting to suggest that occurrences of seismicity in the footwall-blocks of other major
thrust-faults, for example the Moine Thrust, Variscan Front Thrust (in both South Wales and
the Dover Straits), and the Lizard/Carrick Thrusts have a similar origin. The propensity of
earthquakes to cluster around faults which cross-cut thrusts is also consistent with strike-slip
reactivations of thrust-related weakness zones. Thus, major events occur where the
northnorthwest trending Pennine Fault cuts into the footwall-block of the Iapetus Thrust and
where northwest-trending transcurrent faults segment the Variscan Front in South Wales
(Chapter 4.3, Enclosure 4.8).
There is evidence that some thrust-faults may reactivate in a simpler manner than discussed
above. The Dowsing Fault Zone (Enclosure 4.8) is not imaged clearly on the seismic
reflection data, but judging from the geometry of the overlying basin-controlling faults, a
northeast dipping crustal structure is likely to be present at depth. A pronounced zone of
seismicity is situated on the hangingwall-block of this putative fault (Enclosure 4.8), which
suggests that displacements may be occurring on the fault surface itself. This may be because
the northwest trending fault surface is sub-parallel to the maximum principal stress P1.
Minor lateral variations in P1 would result in roughly horizontal (strike-slip) movements
along the fault-plane, rather than reverse displacement (as would be the case for thrusts
perpendicular to P1). A similar process may be occurring along the northeast margin of the
Midland Microcraton (Enclosure 4.7), which is also suspected to comprise one or more
northeast-dipping thrust-faults e.g. the Thringstone Fault (Smith 1987).
To summarise therefore, major thrust-faults do appear to be reactivated by the present-day
stress field but in a rather complex way, not by simple reverse (thrust) displacements.
Northeast trending thrusts (perpendicular to P1) appear to be associated with distributed,
dominantly strike-slip reactivations of adjacent, suitably oriented, lines of weakness (at
seismogenic depths), which tend to parallel the planes of maximum shear. Northwesttrending thrusts (sub-parallel to P1) may experience strike-slip reactivation of the fault-plane
itself. In all cases, minor components of both reverse and normal faulting may also be present
in the earthquake focal mechanisms.
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5.2.2 Sub-vertical crustal faults and shear-zones
The second category of major crustal structures comprises steeply-dipping transcurrent faults
which are believed to have suffered predominantly strike-slip displacements in the geological
past and therefore, in principle, should be susceptible to reactivation in the present-day stress
conditions.
Perhaps the most obvious candidates for strike-slip motion in the southern UK are the subvertical northwest-trending transcurrent faults which cut the Variscan Orogenic Belt of
southern England and south Wales. Structures such as the Sticklepath-Lustleigh and
Watchet-Cothelstone-Hatch faults (Enclosure 4.8) do appear to be associated with enhanced
seismicity, but their northwesterly trends, close to the boundary of the dextral/sinistral
displacement quadrants (Fig. 5.12), render precise fault mechanisms difficult to predict.
Cenozoic stress-fields caused both sinistral and dextral displacements on these faults
(Holloway & Chadwick 1986) which is consistent with the orientation of P1 varying slightly
either side of northwest-southeast (Chapter 5.1.2). In central England the north-south
trending faults of the Malvern Lineament have a near optimal orientation for sinistral strikeslip displacements and are associated with significant seismicity. The deep subsurface
geometry of this structure is unknown, so whether reactivation is by distributed strike-slip
associated with a thrust fault, or simpler strike-slip on a near-vertical fault is uncertain. Of
particular significance may be the structures which underlie the Pennines, the Pennine Line,
Dent and Pennine faults (Enclosure 4.8, Fig. 4.11). Together these structures form a major
northnorthwest trending feature some 250 km in length, of uncertain deep subsurface
geometry, but sub-parallel to the plane of maximum sinistral shear (Fig 5.12a). A prominent,
closely associated northnorthwest trending linear zone of seismicity, is truncated at its
southern end by the northern apex of the Midlands Microcraton (Enclosure 4.7) and at its
northern end at seismogenic depths, by the cross-cutting Iapetus Thrust. It may be therefore
that the Pennines overlie a structure of major seismic importance, characterised by regional
sinistral shear and influenced by interactions with adjacent structures and structural blocks.
The Great Glen Fault of Scotland (and its northerly continuation, the Walls Boundary Fault)
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comprise possibly the largest transcurrent structural feature in the UK. The general strike of
the fault (northnortheast) is very close to the plane of maximum sinistral shear (Fig 5.12b) for
north-south compression (assuming that this is indeed the stress orientation in this part of
Scotland), rendering the fault ideally oriented for strike-slip reactivation. The occurrence of a
cluster of earthquakes close to the fault in the vicinity of Inverness appears significant in this
regard. The absence of a clear lineation of events along the fault zone to the north and south
of Inverness is harder to explain though, and there are no reasons to suppose that there is a
significant detection problem. The last significant Inverness earthquake was in 1901, so an
earthquake here in the near future would provide useful data. The Kintail earthquakes of
1974 (Assumpçao 1981) are interpreted to have been associated with slip on the Strathconon
Fault, a steeply-dipping transcurrent fault sub-parallel to the Great Glen Fault. The composite
focal mechanism (Fig. 5.7) indicates sinistral strike-slip, analogous to predicted movements
on the Great Glen Fault.

5.2.3 Basin-controlling normal faults
Extensional basin architectures are characterised by moderate to steeply-dipping (>45Ε)
normal faults. Examples include the Carboniferous basins of northern England, central
Scotland and the southern North Sea (Enclosure A2) and the widespread Mesozoic basins of
southern England and much of the offshore area (Enclosure A3). Both the Carboniferous and
Mesozoic basins suffered subsequent inversion (with reversal of their major normal faults) by
the Variscan and Alpine (Cenozoic) compressive episodes (Enclosures A2, A3; Fig. 3.16). In
the present-day stress-field however, these faults are not susceptible to reversal because the
vertical principal stress is P2 rather than P3 (Fig. 5.2), in other words the horizontal confining
stresses are too small. The general lack of seismicity specifically attributable to the
reactivation of basin-controlling normal faults (Chapter 4.3.4, Enclosure 4.11, Fig. 4.15)
bears witness to this fact (the Viking Graben forms a notable exception to this, see Chapter
6.1). Thus, present-day stresses do not appear to be driving any form of basin shortening
(inversion), supporting the contention that the UK is not presently in a >neo-Alpine=
situation (Chapter 5.1.2).
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6. PUTATIVE SEISMOTECTONIC ZONES
Taking into account the concepts discussed above, a synthesis map is presented illustrating
the types of province interaction and fault displacements which may be being driven by
present-day crustal stresses (Fig. 6.1). An overall northwest-southeast direction of maximum
compression is assumed, swinging round to more north-south in Scotland. Incipient relative
block kinematics are denoted qualitatively by arrows of varying size. Areas subject to
relatively higher strain rates (principally between converging/intersecting faults and at block
boundaries) are shaded. It is stressed that these relative block movements are likely to be
extremely small, and are perhaps better thought of as minor 'jostlings' or slight rotational
adjustments between blocks which are being pressed together, rather than systematic
displacements. It is reiterated that the seismic reflection data (Fig 5.6) show no evidence of
measurable (on the scale of metres to a few tens of metres) deformation in the last 10 Ma or
so.

6.1 PRESENT-DAY ZONATION
It appears to be the case that patterns of present-day seismicity are mostly explicable in terms
of the interplay between major faults and minor 'kinematic' interactions of upper crustal
>blocks=. On this basis, it is possible to identify several generalised >seismotectonic zones=
(the surface projections of subsurface 3-D volumes or blocks) of characteristic upper crustal
geological structure (Fig. 6.2) and observed or likely seismicity. Zone boundaries do not
precisely match basement province boundaries because they also take into account the type
of seismicity which appears to be associated with certain types of structure. Thus,
seismotectonic zones associated with thrusts encompass a 25 km corridor on the footwallblock of the thrust and are truncated where the thrust-plane reaches 6 seconds two-way
travel-time (about 18 km depth - roughly the base of the brittle upper crust). Zones associated
with near-vertical transcurrent faults comprise 20 km wide corridors along the fault trace at
the suface. As a result of this, for example, the northern limit of the Variscan zones lies some
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25 km to the north of the Variscan Front Thrust, impingeing a similar distance on to the
Midlands Microcraton.
A simple generic coding system is used to label the zones. This is of the form XXn_XXX
and works as follows:
The first part of the label (before the underscore) refers to the basement province with which
the zone is associated (a simplified system of basement provinces is utilised, based upon the
Palaeozoic orogenic episodes). The integer n refers to the nth zone of a particular basement
province association. Associated basement province codes are listed below:

V

Variscan orogenic belt (including the Rhenohercynian and North Armorican terranes)

M

Midlands Microcraton

EC

English & Welsh Caledonides (including the Lakesman and Monian terranes, the
Welsh Caledonides and the concealed Caledonides of eastern England)

SC

Scottish Caledonides (including the Northern and Central Highlands terranes and the
Midland Valley and Southern Uplands terranes)

CF

Caledonian Foreland (the Hebridean Terrane)

The second part of the label (following the underscore) indicates the structural characteristics
of the seismotectonic zone. Characteristics may refer to specifically identified or generalised
structures. None, one or several of these characteristics may be appropriate. Thus:

T

On hangingwall-block, or on footwall-block within − 25 km of hangingwall-block, of
major crustal thrust-fault
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Within − 10 km of major crustal transcurrent (strike-slip) fault, or other large fault of
unspecified type.

A

In the apical zone between converging or intersecting major crustal faults

Fig. 6.3 illustrates these seismotectonic zones superimposed on to the composite earthquake
database. The range of seismicity in each zone is depicted qualitatively on the zone label by a
final suffix (lower case). Thus:

h

High seismicity - typically some events > 4.0 ML several events 2.5 - 4.0 ML

m

Moderate seismicity - typically scattered events > 4.0 ML, scattered events 2.5 - 4.0
ML

l

Low seismicity - typically scattered events 1.5 - 2.5 ML, or no events

So, for example, the code SC_TFml would indicate a seismotectonic zone on Scottish
Caledonide basement, in the vicinity of intersecting thrust and transcurrent faults and with
areas of both moderate and low present-day seismicity.
N.B.These seismotectonic zones are based principally on subsurface geological structure
criteria, not on seismicity, and are not intended to be directly comparable with seismic source
models as used in probabilistic hazard asessments. As they stand, there may be variations of
seismicity within each zone related to factors other than structure. However the zones are
intended to be directly relevant to the construction of source zone models, presenting, as they
do, areas which have, to a degree, uniform structural characteristics. There will be
suggestions (see below) that, in some cases, irregularity in observed spatial distribution of
earthquakes within a given zone, may be a temporary feature.
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Aspects of the putative >seismotectonic zones= are discussed below.

6.1.1 Variscan orogenic belt
The Variscan orogenic belt covers a broad east-west swathe of crust in the south of the
region, cut by east-west trending thrusts and structurally segmented (compartmentalised) by
northwest-trending transcurrent faults. Zone V1_TFhml comprises much of the western part
of the UK Variscides. Seismicity is moderate to high in many parts of the zone, particularly
in Cornwall and the offshore Cornubian Platform and South Wales. Local concentrations of
seismicity occur where Variscan thrusts and transcurrent faults intersect. As discussed above,
reactivations of the thrusts are probably largely by distributed strike-slip reactivations of
suitably oriented neighbouring heterogeneities rather than by movement on the thrust-planes
themselves. Displacements on the transcurrent faults are likely to be strike-slip, either dextral
or sinistral, depending on the relative displacements of adjacent thrusts, and/or the orientation
of the fault with respect to the stress-field. The northwesterly part of this zone, south of the
Variscan Front Thrust between South Wales and Ireland, is relatively seismically quiet
(though this may in part be a detection artefact), despite being apparently structurally similar
to the rest of the zone. It may be that the thrusts to the south (in Cornwall and the Cornubian
Platform) are sequestrating strain from this structural compartment, thereby casting a >strainshadow= along the (northwest-southeast) stress trajectory and leaving the area to the north
>shielded=. It is notable that the Variscan Front Thrust hereabouts is seismically quiet, in
contrast to the situation in South Wales. In zone V2_Fl, no major thrusts have been identified
on the seismic reflection data. This and the fact that it may also lie in the >strain shadow= of
the seismically active thrusts to the south may explain its lack of seismicity. Zone V3_TFml
lies to the east of zones V1 and V2, comprises the eastern part of the UK Variscides, and is
seismically rather quiet. Scattered events probably relate to localised accommodation
movements around thrusts or transcurrent faults. The Variscan Front Thrust appears to be
virtually dormant in this zone, the implication being that the zone is presently fixed with
respect to the Midlands Microcraton to the north, the two areas being effectively locked
together.
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6.1.2 Midlands Microcraton
The Midlands Microcraton (MMc) can be split into three parts, with seismicity progressively
decreasing eastwards. Zone M1_Ah roughly corresponds to the western quarter of the MMc.
The zone is strongly seismically active with several medium to large events. This is
interpreted as due to relatively high strain rates, as the zone is 'jostled' between the Variscan
and Caledonian orogenic belts as they are pressed together. Large earthquakes hereabouts are
consistent with the concept of the MMc as a 'rigid indenter' impingeing upon the Caledonian
foldbelt (see Chapter 3.3). Zone M2_Fm comprises the central part of the MMc. Seismicity
here appears to be the consequence of distributed strike-slip reactivations of north-south
trending basement features such as the faults of the Malvern Lineament and neighbouring
structures. Zone M3_Aml constitutes the eastern third of the MMc, and is characterised by
relatively low seismicity. It appears that most of the strain within the MMc is concentrated in
the more highly faulted areas to the west, leaving this zone relatively quiet. The fact that it is
'locked= to the Variscide Zone V3 to the south, and is able to 'slide past' the eastern
Caledonide Zone EC9 to the northeast (the northeastern margin of the MMc is roughly
parallel to the maximum compressive stress) is consistent with an area that is at present
characterised by low strain rates.

6.1.3 English and Welsh Caledonides
The English and Welsh parts of the Caledonian orogenic belt (underlain by Avalonian crust)
is split into several seismotectonic zones, EC1 to EC10. Zone EC1_Thm corresponds to the
Welsh Borderland Fault System, where distributed strike-slip reactivations of thrusts (e.g. the
Church Stretton Fault Zone) and strike-slip displacements on steeper, transcurrent faults (e.g
the Pontesford-Linley Lineament) are giving rise to considerable seismicity. It is perhaps
significant that these structures are roughly perpendicular to the maximum principal stress
and would be expected to suffer relatively high strain rates. Zone EC2_Fml is structurally
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quite complex (and includes the Bala Fault) but no major crustal features have been identified
offshore on the seismic reflection data; it may be that this explains the rather lower seismicity
relative to the adjacent zones EC1 and EC3. Zone EC3_Thml corresponds to the Lleyn
Shear-zone. Seismicity is interpreted as being associated with distributed strike-slip
reactivations of this structure, but is markedly variable, being high on the Lleyn Peninsula,
and lower offshore (though this may in part be a detection artefact). Zone EC4_Fml
corresponds to the Craven Line which lies along strike from the Lleyn Shear-zone, but is
otherwise poorly-understood at depth. One major unnamed crustal fault has been identified
on the seismic reflection data in Zone EC5_Fml. This does not appear to be associated with
seismicity but it lies well offshore and detection effects may be important. Zone EC6_Thml
is associated with the western part of the Iapetus Suture within which lies the Iapetus Thrust.
High seismicity around the Lake District may be attrributable to distributed strike-slip
reactivations of this structure. Seismicity offshore is lower, but again, this may in part be a
detection effect.
The central part of the English-Welsh Caledonides comprises a northnorthwest-trending
linear zone EC7_Fh. This essentially follows the Pennine Line/Pennine Fault structures from
the Midlands Microcraton in the south to the Iapetus Thrust in the north and is characterised
by a prominent linear zone of high seismicity, and apparently, relatively high strain rates.
These are presumably due to stresses associated with pressure from the >indenting=
Midlands Microcraton, coupled with a regional sinistral shear between the zones to the east
and west (Fig. 6.1). It is notable that seismicity is particularly pronounced in the southern
Pennines, just north of the northern apex of the MMc. It is here that the 'prong' of the 'rigid
indenter' is pressing into the Caledonides. It is possible that the Pennine zone, devoid of an
insulating blanket of Mesozoic sedimentary cover rocks, is characterised by somewhat lower
subsurface temperatures than the zones to the east and west. This would tend to make it
behave as a relatively strong, brittle, beam, capable of transmitting stresses, but also a
potential locus of seismic activity.
East of the Pennines, the eastern zone of the Iapetus Suture EC8_Tl is of low seismicity. The
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reasons for this are unclear; strain is certainly being concentrated into the adjacent Pennine
Line, and in addition, the Weardale Granite of the Alston Block may be acting in a rigid,
strain-resistant manner. The largest seismotectonic zone of the English-Welsh Caledonides
Zone EC9_TFhm is characterised by northwest-trending faults and thrusts. The zone is of
generally moderate seismicity and it may be that its structures which in general are subparallel to the maximum principal stress, are reactivated quite readily in strike-slip modes, in
a manner similar to the northwest trending transcurrent faults of the western Variscides. In
the far south of this zone, large events in the Dover Straits lie close to both the Variscan
Front Thrust and also to several Caledonian thrusts (Enclosure 4.8, Figure 4.10). This
structural situation is very similar to that in Belgium which is similarly seismically active. It
may be that here, to the east of the Midlands Microcraton, the Variscan Front Thrust is not
>locked=, as is the case immediately to the west. Zone EC10_Fhm is associated closely with
the poorly-understood, but seismically quite active Dowsing Fault Zone.
The structural blocks of the English and Welsh Caledonides are truncated abruptly to the
north by the northeast trending Iapetus Thrust (IaT). From a seismicity viewpoint this
truncation does not occur where the IaT subcrops beneath the sedimentary cover, but at
seismogenic depths (− 18 km) some 70 km to the north, where the IaT reaches the base of the
upper crust. This is particularly clearly seen where the Pennine zone of seismicity is
truncated at its northern end.

6.1.4 Scottish Caledonides

The Scottish parts of the Caledonian orogenic belt are underlain by Laurentian crust (Chapter
3.3), the Iapetus Suture marking the boundary with Avalonian crust to the south. The
southernmost zone of the Scottish Caledonides, SC1_Fml has rather low seismicity,
restricted to a few scattered events. It is notable that those events that do occur, lie close to
the northerly prolongation of the Pennine seismotectonic zone EC7. It may be that high stress
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in EC7 is in some way being transmitted northwards into zone SC1. These comments
notwithstanding, the general impression is of a zone characterised by rather low strain rates
and perhaps in some way 'shielded' by higher strain dissipation in areas to the north and
south. Zone SC2_Fl is associated with the Southern Uplands Fault but is seismically rather
quiet. Zone SC3_Fl is similar to the zones SC1 and SC2, seismicity being restricted to
scattered events which again lie along the northward prolongation of the Pennine Zone.
Seismotectonic Zone SC4_Fhml corresponds to the Highland Boundary Fault and is
associated with moderate to high levels of seismicity in its southwestern part, but much lower
levels to the northeast. The fault, or subsidiary features within the general Highland
Boundary fault zone, is presumably being reactivated by distributed strike-slip mechanisms.
Zone SC5_Ahml lies between the Highland Boundary and Great Glen faults and
encompasses a wide variation in seismicity. Its northeastern part comprises the northeastern
part of the Central Highland Terrane of the Scottish Caledonides (the Aberdeen platform).
Markedly low seismicity hereabouts may be due to the extensive granitic intrusions which
have the effect of annealing structural weaknesses and greatly increasing the structural
rigidity of the upper crust. Southwestwards the zone is markedly more seismically active.
Bounded to the southeast and northwest by the converging Highland Boundary and Great
Glen faults it is likely to be an area of higher strain rates, more affected by block interactions.
Strike-slip reactivation of steep Caledonian transcurrent faults appears to be common, for
example the >Dunoon= earthquake of 1985 (Redmayne & Musson 1987). Zone SC6_Thm
lies to the southwest of zone SC5, in the hangingwall block of the ?Moine or ?Outer Isles
Thrust (south of the Great Glen Fault these structures cannot be distinguished) and is of
moderate seismicity. Zone SC7_TFh lies in the hangingwall-block of the Moine Thrust
where it intersects the Great Glen Fault. As would be expected where two major crustal
structures interact, this is an area of high seismicity. Zone SC8_Fhml is associated with the
Great Glen Fault. Seismicity is high onshore where the fault may be experiencing strike-slip
reactivation, but dies out abruptly offshore in the Moray Firth. The reasons for this are not
clear, but detection effects are likely to be of minor significance. Zone SC9_TAhml is of
markedly variable seismicity. Much of the zone is associated with the Moine Thrust (and also
the Naver and Swordley thrusts to the north). Seismic activity is high in its southwest corner,
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in the apical area between the Moine Thrust and the intersecting Great Glen Fault, which
appears to be characterised by high strain rates. Here considerable seismicity is associated
both with the Moine Thrust, the Great Glen Fault and related structures such as the
Strathconan Fault (Assumpçao 1981). Low-angle structures such as the Moine Thrust
presumably reactivate by distributed strike-slip displacements on heterogeneities within their
hangingwall and footwall blocks, steeper structures such as the Great Glen Fault may
reactivate by strike-slip on the fault-plane itself. North of this apical area, zone SC9
encompasses similar structures, but is by contrast, virtually aseismic. Strain rates are likely to
be lower than in the apical area of intersection with the Great Glen Fault, but the present-day
very low level of seismicity is nevertheless puzzling. A hypothesis raised by Musson (1994)
is that the distinction between those parts of structurally similar zones in Scotland which are
seismically active and those which are not, is that generally the former coincide with areas
subjected to ice loading during the last phase of Quaternary glaciation. Although isostatic
movement is unlikely to have a significant influence on present-day seismicity directly, it is
conjectured that faults reactivated immediately following the deglaciation have remained
active where favourably oriented.

6.1.5 Caledonian foreland
Zone CF1_l comprises the Hebridean Terrane west of the footwall-block of the Moine
Thrust. This ancient and rigid basement complex forms the relatively undeformed foreland to
the Caledonian orogen (Chapter 3.3) and might be expected to form a notably strain-resistant
area. It is indeed, virtually aseismic. Zone CF2_Tl corresponds to the major Outer Isles
Thrust which has suffered repeated reactivations in the geological past (Chapter 3.3) and is in
many respects very similar to the sub-parallel Moine Thrust. The lack of seismic activity on
this structure is puzzling. As with the Variscan thrusts in zone V1 it may be that strain release
on one structure is actually shielding adjacent structures from deformation.

6.1.6 North Sea basins
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The final zone, NSB_Fh corresponds to the major basin systems of the North Sea (principally
the Viking and Central grabens) and is much more loosely-defined than the UK zones
discussed above. The horizontal stress-field in this zone (Enclosure F1, Fig. 5.3) is markedly
different from that onshore, being complex and ill-defined (in the Central Graben), or
showing predominantly east-west maximum compression (in the Viking Graben). In addition,
the area differs from the onshore UK in still experiencing considerable residual basin
subsidence (as a consequence of Mesozoic extension), which appears to be triggering
accommodation movements on the basin-controlling faults. Thus there exist clear distinctions
within this zone between structural highs, such as the Horda Platform, which are of low
seismicity, and basins such as the Viking Graben and Møre Basin which are perhaps the most
seismically active areas in Europe. A further effect may be ongoing isostatic adjustments
following melting of the Pleistocene icesheets. Taking all of these complicating factors into
account, seismicity in this zone cannot easily be related to the simple kinematic model
presented for the onshore UK, and is not considered in any more detail.

6.2 LONGER TERM SEISMICITY
The degree to which the situations described above are characteristic of long-term seismicity
is uncertain. Provided the regional tectonic stress-field remains more-or-less unchanged (as
discussed in Chapter 3.2, this appears to have been the case for the last few million years),
then the potential for radically different patterns of seismicity in the UK appears to be
limited. The most likely avenue for change would appear to involve changes in the way that
strain is partitioned within zones or between adjacent zones of similar geological structure.

6.2.1 Variscan orogenic belt
Thus, within the Variscan seismotectonic zones, areas of relatively complex structure (V_TF
codes) but low present seismicity, may become more active in the future. For example, the
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northern part of zone V1 and zone V2 appear to lie in the 'strain-shadow' of seismically active
thrusts to the south. This need not always remain the case - seismicity may migrate
northwards, with reactivation of the western segment of the Variscan Front Thrust. Farther
east, the Variscan Front Thrust of central southern England may become unlocked with a
consequent increase in seismicity throughout Zone V3, and possibly in zones M2 and M3 to
the north. Conversely, areas of the Variscan orogenic belt where thrust-faults have not been
identified (V_F codes) are generally of lower seismicity and may well remain so. More than
any other part of the UK, the Variscan orogenic belt appears to be affected by transient strain
partitioning between areas of otherwise similar structural type. If this is the case then present
patterns of seismicity may well not be a reliable guide to future earthquake occurrences

6.2.2 Midlands Microcraton
The high and moderate seismicity zones in the west of the Midlands Microcraton (M1_Ah
and M2_Fm) are likely to remain so. Given its unfavourable apical location between the
Variscan Front Thrust and the northeast margin of the microcraton, zone M3_Aml, may be
expected to become seismically more active, particularly if the Variscan zones to the south
become >unlocked= from the microcraton. Nevertheless, since Caledonian times, zone
M3_Aml appears to have resisted the effects of a variety of stress fields (Chapter 3.3), and
may represent a fundamentally stable area of crust.

6.2.3 English and Welsh Caledonides
Through much of the English - Welsh Caledonides, levels of seismicity may remain similar
though with the possibility of localised interchange between zones of low and moderate
levels of seismicity. Higher levels of seismicity are restricted to zones where distributed
thrust reactivation is taking place (EC_Th codes). As the patterns of strain partition vary it is
likely that some EC_Tm codes will become more seismically active, becoming EC_Th,
especially where adjacent to present EC_Th zones. Conversely, current EC_Th zones may
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decrease in seismicity to EC_Tm.
The Pennine zone of the English-Welsh Caledonides is characterised by ubiquitously high
levels of seismicity which appears to be a consequence of high stress transmission along this
particular linear trend. Provided the current stress regime remains, there is no reason to
predict a change in levels of seismicity. It is noticeable that the very large area east of the
Pennine trend, from north Yorkshire to the Moray Firth, is virtually aseismic. It appears that
strain is being sequestrated in some way from these areas into the Pennine zone. Whether this
will continue to be the case is uncertain.

6.2.4 Scottish Caledonides
In the Southern Uplands and the Midland Valley, levels of seismicity are generally quite low
(SC_Fl or SC_Fml codes); it seems reasonable to expect that both the low and moderately
seismicically active zones will remain roughly as they are if the current stress regime
continues. To the north of this area the Highland Boundary Fault is spatially associated with
moderate to high levels of seismicity in its southwestern part. The fact that the earthquakes at
Comrie (Appendix G) lie at the intersection of the fault and the northern prolongation of the
Pennine zone suggest that seismicity does vary fundamentally along the fault. A resumption
of activity here, which has been at a low level since 1846, would provide data which might
cast some light on why activity has been localised at this spot. Nevertheless, the aseismic
northeastern (onshore) part of the fault must be viewed with caution. Minor changes in the
way that strain is partitioned could result in increased seismicity hereabouts. The northeastern
part of zone SC5 corresponds to the Aberdeen Platform. It is strongly annealed by granites
and also lies to the east of the extrapolated Pennine trend. It is expected that this zone will
continue to be of low seismicity. The southwestern part of zone SC5, together with zones
SC6, SC7, SC8 and the southwestern corner of zone SC9 are all characterised by complex,
converging or intersecting large subsurface structures. They are expected to remain
seismically active. The northeastern part of zone SC9 is more enigmatic (see Chapter 6.1.4).
It occupies an area cut by the Moine and other Caledonian thrusts and must be regarded as a
potential site of future seismicity.
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6.2.5 Caledonian foreland
The Caledonian Foreland comprises two seismotectonic zones, both of low present
seismicity. Zone CF1 may remain seismically quiet. The other zone, CF2, is associated with
the Outer Isle Thrust whose present quiescence is puzzling. It may be that, in the future,
seismicity switches onto this structure from the adjacent Moine Thrust.
The time-scale on which possible changes in seismicity could occur in the present stress-field
is most uncertain, but may range from a few tens of years, to several thousand years.
Looking much farther ahead, into the geological future, much more profound changes in
patterns of seismicity would occur if the tectonic stress-field were to alter significantly. The
most likely change in the stress-field would perhaps be a recurrence of 'Alpine' compression.
This could place the UK in a much more strongly compressive tectonic regime with the
minimum principal stress (P3) vertical, resulting in renewed reverse faulting, basin inversions
and, perhaps more importantly, larger and more frequent earthquakes. On the other hand, on
this time scale, a future glacial readvance might also occur, with attendant major changes to
the regional stress field and seismicity. More detailed consideration of these hypothetical
future scenarios is outside the scope of this report.
To summarise, the composite earthquake dataset is regarded as a snapshot which is partially
representative of the current seismicity regime. Certain seismotectonic zones of low
seismicity (in east and southeast Scotland) may well remain so. Other low seismicity zones,
such as those in northern Scotland, northeast England, and, particularly, central southern
England, have the potential to become much more seismically active. Similarly, low
seismicity segments of major faults have the capability to become more active. High
seismicity zones of regional extent (in south and southeast Wales, the Pennines and parts of
western Scotland) are likely to remain similarly active. More restricted areas of high
seismicity, particularly those associated with a specific fault (such as around the Lleyn
Peninsula) may become less active as strain is partitioned to other segments of the fault
structure.
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7. CONCLUSIONS AND RECOMMENDATIONS
7.1 SUMMARY OF FINDINGS
Integration of deep seismic reflection data with potential-field images and the Tectonic Map
database has enabled the deep subsurface structure of the UK to be mapped at a level of
detail which hitherto has not been possible. Nevertheless considerable uncertainty of
structural configuration remains where the seismic data are sparse or of poor quality and
particularly offshore where steeply-dipping structures (for example major transcurent faults)
are not well-imaged.
The correlation of deep structure with seismicity is not clear-cut. Any correlation of
individual bulk crustal properties (thickness, depth, heatflow etc.) with seismicity is too weak
to be recognised. Moreover, in the current rather low stress regime, cumulative accrual of
strain appears to be very small, and such strain that does occur is not being strongly localised
around pre-existing zones of weakness. The main reason for this appears to be the fact that, at
seismogenic depths, the intermediate principal stress is predominantly vertical. Thus, the
major dipping structures (crustal thrusts and basin-controlling normal faults) cannot be
reactivated effectively in the current stress regime. Most earthquakes appear to arise as a
consequence of minor interactions and adjustments ('jostling') between upper crustal blocks,
giving predominantly strike-slip focal mechanisms. Nevertheless, some systematic
correlations of seismicity with deep structure can be recognised. Earthquakes are associated
in a general way with major thrust-faults, and more closely, with steep transcurrent faults.
Enhanced seismicity is associated with the apical areas between converging faults and, in
particular, with the intersections of major faults (where three or more upper crustal blocks
interact).
In the southern UK, seismicity is associated with distributed, dominantly strike-slip,
reactivations of Variscan and Caledonian thrusts and other basement faults. Interactions
between the Midlands Microcraton and surrounding adjacent structural blocks appear to be a
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cause of significant seismicity, with, in particular, the northward transmission of stress (and
strain) along the Pennine Line, effects penetrating well into southern Scotland. In northern
Britain, seismicity appears to be mostly restricted to the major northeast-trending structures
such as the Great Glen and Highland Boundary faults and, in particular, their intersections
with the Moine Thrust.
Distillation of these various observations allows the tentative identification of generalised
seismotectonic zones. These are principally defined on the basis of characteristic subsurface
structure, but are also associated with patterns of seismicity which, at least in part, can be
explained.

7.2 SEISMIC HAZARD
The work presented in this report represents a significant advance in the understanding and
modelling of the seismicity of the UK and has implications for the application of seismic
hazard techniques in the UK. To date, published studies on UK seismic hazard have been
limited in their ability to tackle the issues addressed here, and have tended to adopt a
simplified approach to seismic source modelling based heavily on seismicity. The tectonic
basis for the model used in Ove Arup (1993), for example, is restricted to one factor, namely
areas deformed during the Oligocene according to a single literature reference. The models
in Musson et al. (1993) and Musson and Winter (1994) are biased towards the observed
seismicity, although with some reference to the structural features discussed in this report.
As discussed in section 6.2.5, the composite earthquake dataset is regarded as a snapshot
which is only partially representative of the current seismicity regime. Certain
seismotectonic zones of low seismicity may well remain low in activity. Other low
seismicity zones, such as those in northern Scotland, northeast England, and, particularly,
central southern England, have the capability to become more active. High seismicity zones
of regional extent are likely to remain active at similar levels of seismicity. Some more
restricted high seismicity areas, particularly those associated with a specific fault structure
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(such as around the Lleyn Peninsula) may become less active as strain is partitioned to other
segments of the fault structure.
This is relevant to seismic hazard in different ways. At the most obvious level, it is clear that
seismic hazard studies concerned with long exposure periods (such as those connected with
nuclear waste repositories) will be acutely concerned with identifying areas not active now
but which have an enhanced possibility of becoming active within the lifetime of the facility.
But even for seismic hazard studies for short-term hazard (ie for exposure times of 50-100
years) it may be considered that such areas merit special treatment. The time scale on which
possible changes in seismicity could occur in the present stress field is most uncertain, but
could range as low as a few tens of years, or within the scope of the average engineering
facility. Of course, quantifying the probability of current low seismicity areas becoming
enhanced is as difficult and as subjective as ever, but so long as one is aiming for a
reasonably conservative approach to seismic hazard evaluation, identifying the possible areas
of concern is a priority. It could also be argued that the possibility of a "maverick"
earthquake, ie a relatively large earthquake occurring unexpectedly in a low seismicity area,
should be considered to be higher in an area identified as having a higher seismic capability
than in one identified as fundamentally stable.
The immediate practical implications of this work will be to inform the construction of
seismic source models for future hazard studies. By providing an overall model of UK
seismotectonics (albeit still with some unknown factors) it will be easier in future to interpret
the possible hazard from individual faults that may be identified as relevant to site-specific
studies. It is anticipated that the seismotectonic zone model in Figure 6.3 will also be used to
inform local source zone models for individual sites. It will also provide an important
resource for any future revision of UK hazard maps at the regional level. The identification
of particular geometric fault configurations apparently conducive to higher seismicity is seen
as an important conclusion of this study which will be relevant in looking at the hazard in
other areas where this configuration may occur.

7.3 RECOMMENDATIONS FOR FUTURE WORK
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During the course of the project it became clear that several lines of future study, based on a
more detailed assessment of some of the results presented here, may prove fruitful.
One particular line of research which may pay dividends is a more detailed assessment of the
relationship of seismicity with bulk crustal parameters. Within the constraints of this project
it was only possible to compare seismicity with each bulk crustal parameter taken in
isolation, and by eye, with the result that any weak correlations were obscured by other
structural factors. The use of multi-variate statistical procedures, such as factor analysis, is
recommended as a means of testing the seismicity against the various bulk parameters in
combination. This would identify any potential significant relationships with combinations
of parameters. Not only would such relationships be useful, if they could be identified, but
the absence would also be significant in elucidating the role of geometry and structure in
determining the seismicity pattern
Another line of research related to bulk crustal parameters is a rigorous evaluation of the
thickness of the brittle (seismogenic) upper crust. Upper crustal thickness and depth as
mapped here are based principally on interpretation of the deep seismic reflection
information with only qualitative constraints from the heatflow data. A much more detailed
evaluation of the deep crustal thermal regime may prove fruitful in mapping this potentially
important seismotectonic parameter.
As discussed above, it is uncertain to what extent present-day, even historical, earthquake
records provide a valid prediction of future levels of seismicity. Some constraints on this can
be provided by analysing the displacement history of basin-controlling faults in the
geological past. Seismic reflection data allow the accurate reconstruction of detailed fault
displacement histories, including quantification of mean slip-rates. By combining this
information with fault dimension data, likely levels of seismicity in the geological past can be
estimated. Such studies, perhaps combined with a review of neotectonic indicators, may cast
valuable light on possible levels of seismicity in the future. and help reduce some of the
subjective element in estimating numerical values for future activity rates which are
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frequently, given present knowledge, unknowable.
It is important to keep a watching brief on the model presented here with regard to
developments in UK seismicity in the near future. To date, the instrumental record of British
earthquakes has been weakened by a poor station distribution and a lack of low-gain
recorders. Hence focal mechanisms are lacking for even quite recent significant events such
as the 1994 Norwich earthquake. With recent improvements to the UK seismic monitoring
network (Walker & Browitt 1995), it is anticipated that useful data may be collected in the
next few years as earthquakes occur which will help to test some of the hypotheses raised in
this report.
At some stage it will be appropriate to look again at the seismic hazard work that has been
done in the UK and consider to what extent the source models could be improved by making
reference to the results of this study. After there has been opportunity for comments on this
study and perhaps more experience in its use, or after the completion of the follow-up studies
suggested above, it might be appropriate to revise existing UK seismic hazard studies in a
consistent manner.
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9. GLOSSARY OF IMPORTANT GEOLOGICAL TERMS
crust The uppermost part of the lithosphere. In the UK context we refer only to
>continental= crust which comprises relatively low density rocks of acid-intermediate
composition, typically 30 km thick, overlying denser mantle rocks of ultramafic composition.
The base of the crust (the crust/mantle boundary) is termed the Mohorovicic discontinuity
(Moho).
fault A fracture or shear-surface within the earth, across which rocks show relative
displacement. Faults can exist on a range of scales with lengths from a few centimetres to
tens of hundreds of kilometres. From a seismotectonic viewpoint we are interested in larger
faults, many kilometres in length and penetrating to mid or lower crustal depths (several
kilometres), which may have fault surface areas of many hundreds of km2 . Basic fault
terminology is illustrated below:

Faults are categorised according to the nature of displacement across them. Thus normal
faults are characterised by displacement of the hangingwall-block (hwb), down the fault
surface and are commonly produced during crustal extension. Strike-slip (transcurrent) faults
are characterised by displacement of the hangingwall-block, along the fault surface . Reverse
faults are characterised by displacement of the hangingwall-block, up the fault surface and
are commonly produced during crustal compression. Fault categories are illustrated below:
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Temperature - depth profile through the crust and lithosphere

heatflow
The heatflux which passes upwards across the Earth=s surface. The source of
heat within the Earth is the decay of radioactive isotopes.
lithosphere The outermost shell of the Earth comprising the crust and the uppermost
mantle. Made up of internally rigid, but mobile blocks known as >plates= (as in >platetectonics=). Typically 125 km thick beneath the UK. The base of the lithosphere is a thermomechanical boundary, corresponding to the onset of partial melting and a corresponding rapid
decrease in viscosity.
lower crust Lowermost part of the crust typically between 18 and 30 km depth.
Mechanically rather weak and probably characterised by ductile (asesimic) deformation in
the current stress regime.
sedimentary cover Young, relatively soft, relatively undeformed layered rocks, resting
upon the crystalline upper crust. Often preserved within sedimentary basins, which can be
several kilometres thick.
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shear-zone A general term for a (roughly planar) surface or zone within the earth
characterised by lateral (shear) displacements on either side. Similar to a fault, but generally
showing ductile deformation of material along the shear-surface, whereas faults show brittle
forms of deformation along the fault surface. Many faults are believed to pass downwards
into shear-zones; deep in the crust the two terms become synonymous.
solidus Temperature - depth curve defining the onset of melting (of lithospheric rocks)
terrane
A term used to characterise a crustal or lithospheric block which has
experienced a distinct geological (i.e. stratigraphic, faunal, structural, metamorphic, igneous
etc) history with respect to adjacent terranes, with which it is in present tectonic contact.The
tectonic contacts are fault-zones or shear-zones which may have very large displacements.
The term was originally used in the American literature to characterise very far-travelled,
exotic or 'suspect' terranes within the circum-Pacific cordilleras.
thrust-fault Low-angle fault (commonly dipping between 20 - 35 ), characterised by
reverse displacements in the geological past. Can penetrate to lower crustal depths when they
constitute fundamental lines of crustal weakness.
transcurrent fault Steeply-dipping to vertical fault-structure characterised by strike-slip
displacements in the geological past.
upper crust The strong >brittle= part of the crust typically at depths less than  18 km. As
defined here, does not include the sedimentary cover.
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Focal depth determinations for selected earthquakes from Wales and central
England
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Dimension and displacement data for terrane-bounding faults
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Dimension and displacement data for terrane-bounding faults

British Geological Survey

98

Date of Issue: February 10, 2006

BGS Report No. WA/96/3C: Issue 1.0
Main Text

Table 5.1

Nuclear Electric - in confidence
CONTRACT BL/G/30515/S

Earthquake focal mechanisms for selected events in the UK
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