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Foreword

This report is the published product of a study by the British Geological Survey (BGS) to update
the national seismic hazard maps for the UK. This is to take account of advances in seismic
hazard methodology since the last seismic hazard maps were developed by Musson and
Sargeant (2007) and present the results in a format that will be compatible with the future
Eurocode 8 revisions.
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FIGURES

Figure 1: Schematic description of the main steps of PSHA, following Reiter (1990). In Box 1, R
is the source-to-site distance and the red star indicates the site. The grey probability
distribution in Box 3 describes the median prediction and the aleatory variability of the
ground motion. The return period is the inverse of the annual probability of exceedance. ....3

Figure 2: The elements of the Monte Carlo simulation approach to probabilistic seismic hazard
assessment (from MUSSON, 2000). .. ...uuuuuuuuriiiiiiierererrrerrrrrrr i ———————————————————————————————————. 5

Figure 3: The distribution of earthquakes in the composite catalogue used in this study (Mw 2
3.0). Red, blue, and green circles are events from the BGS catalogue, the ISC database,
and the catalogue of Manchuel et al. (2018), respectively. The black polygon delineates the
boundaries Of the StUAY @I a. ...........uuiiiiiiii e 6

Figure 4: Development of the monitoring network since the 1970s. Red triangles show
operational stations. The contours show the magnitude of earthquake that can be detected
at different points across the region. A signal in excess of three times the background noise
needs to be recorded at three or more stations in order for an earthquake to be detected. A
background noise level of 4 nm is assumed at all Stations. ...........ccoecciviiiiee e, 8

Figure 5: Comparison between measured Mw for UK earthquakes for which estimates are
available and the Mw estimates converted from ML using Grunthal et al. (2009). ............... 10

Figure 6: Cumulative number (top panel) and annual number (bottom panel) of earthquakes
with Mw O 3.0 before and a fafuection oftinee frahel®00tost er i n
120 TSRS 11

Figure 7: FMD calculated for the UK region using the completeness values in Table 1. The red
circles are based on the observed FMD and the black line shows the Gutenberg-Richter
modelforthe par ameters given on the grapbaregivene val u
WIth their STANAAIA EITOIS. ....cii i e e e e s ree e e e nnneeeas 14

Figure 8: FMD for the UK region using the Mc values in MSQ7 (Table 2). Symbols are as in
T [ L= PP PPESPRR 15

Figure 9: Cumulative number (top panel) and annual number (bottom panel) of earthquakes
before and after the declustering analysis as a function of time from 1900 to 2018 in the
N[ 1 RS- - U PSS PPERRR 16

Figure 10: Distribution ofeart hquakes of Mw O 5 across Europe. T
UK are from the catalogue used in this study. The seismicity data for the rest of Europe are
from the catalogue developed in the SHARE project (Woessner et al., 2015). The
topography is from the global model ETOPO1 (Amante and Eakins, 2009). Plate boundaries
are indicated by solid YEHOW lINES. ........cuiiiiieiiee e 17

Figure 11. (a) Tectonic terrane map of the British Isles after Woodcock and Strachan (2012) and
Bluck et al. (1992) superimposed on a simplified solid geology. The terranes are labelled as
follows: Caledonides of Southern Britain (CSB); Charnwood Terrane (CT); Grampian
Terrane (CHGT); Hebridean Terrane (HT); Leinster-Lakesman Terrane (LLT); Midland
Valley Terrane (MVT); Monian Terrane (MT); Northern Highlands Terrane (NHT); Southern
Uplands Terrane (SUT); Variscide Rhenohercynian Zone (VRZ); and, Wrekin Terrane (WT).
Major faults/fault systems corresponding to terrane boundaries are abbreviated as follows:
Moine Thrust (MTZ); Great Glen Fault (GGF); Highland Boundary Fault (HBF); lapetus
Suture (IS); Southern Uplands Fault (SUF); Menai Strait Fault System (MSFS); Malvern



Lineament (ML); and, Variscan Front (VF). (b) Observed faults from the tectonic maps of
the UK (Pharaoh et al, 1996). Faults are coloured by age. ........ccooveveeeeiiiiiiiieiee e, 18

Figure 12: (a) Faults (grey lines) from the tectonic map of the UK (Pharaoh et al., 1996) along
with earthquakes in the catalogue used for this study (red circles scaled by magnitude). (b)
Earthquake focal mechanisms for selected earthquakes (e.g. Baptie, 2010). (c) Focal
mechanisms in North Wales in the region shown by the red rectangle in (b). Blue and white
quadrants show area of compression and dilatation. .............ccccccuiiiiiiiii ... 21

Figure 13. (a) Schematic map of kinematic interactions between upper crustal structural block
(Chadwick et al., 1996). Arrows show directions of relative motion. Blue shades zones show
apical areas between converging major faults (b) Generalised seismotectonic zones related
to the principal upper crustal faults and shear zoNes. .........cccccooviiiiii e, 22

Figure 14: Seismotectonic map for the British Isles region. Topography data are from the global
model ETOPO1 (Amante and Eakins, 2009). Bold black lines are major features
(OIT=Outer Isles Thrust, MTZ=Moine Thrust Zone, LSZ=Lleyn Shear Zone). VG and CG
are the Viking Graben and Central Graben, respectively. See Figure 11 for the labels of the
other tectonic structures. Grey lines are major mapped lineaments (after Pharaoh et al.,
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Figure 15 (a) Depth estimates in the composite catalogue (i.e. BGS, ISC and FCAT-17) from
1900 to 2018 plotted over time and (b) 3D histogram showing the distribution of
earthquakes ( Mw @magnitudevand depthr..e.s.p.e.C.i..to .. 26

Figure 16: (a) The SSC model developed for this study with zone names; (b) the SSC model
plotted along with mainshocks of Mw 2 3.0 for the whole catalogue (grey circles) and within
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Figure 17: a) Source zone model developed by MS07; and b) source zone model for ESHM13
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Figure 20: FMD for four tests of the source model in Figure 16a: the 2007 catalogue and the
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Figure 21: Distribution of the synthetic catalogues (each described in terms of the number of
events and the mean magnitude). The star denotes the observed catalogue of mainshocks
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Figure 22: Distribution of the synthetic catalogues (each described in terms of the number of
events and the mean magnitude) for zones MENA (on the left) and MMCW (on the right).
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Figure 24: Comparison of the ground motion curves from a set of GMPEs and the UK strong
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Figure 25: Model residuals between the UK strong motion data and the predictions for a set of
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Figure 27: Example of the IRVT for the GMPE of Boore et al. (2014). We used an earthquake
scenario of 5.0 Mw, Rjb of 5.0 km, 10 km focal depth, strike-slip faulting and Vs30 = 800
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Figure 28: Vs -ko adjustments for the GMPEs used in the HPC ground motion model. (a)
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Summary

This report presents the development of the new national seismic hazard maps for the UK using
a Monte Carlo-based approach. The new maps have been developed to update the advice
currently given in the BSI Published Document PD6698 - Recommendations for the design of
structures for earthquake resistance to BS EN 1998. The work done by the BGS team in this
study has been informed at key stages by external experts who have provided advice or acted
as informal reviewers (see Acknowledgements for details).

The analysis is based on a composite earthquake catalogue consisting of data from the BGS
catalogue, the International Seismological Centre (ISC) online database and the earthquake
catalogue of Manchuel et al. (2018) for France. A thorough assessment of the completeness of
the catalogue has been undertaken. The source zone model is based on the model used by
Woessner et al. (2015) for the Seismic Hazard Harmonisation in Europe (SHARE) project with
some modifications. Earthquake recurrence statistics have been calculated for this model and
catalogue, and the validity of the source model has been tested against the observed seismicity.
The ground motion characterisation model uses the multi-GMPE model of Tromans et al. (2019)
and Vs-gp adjustments have been determined for these GMPEs.

The new seismic hazard maps cover the region between 49°N - 61°N and 8.5°W - 2°E and the
calculations have been made at individual points spaced at 0.125° in latitude and 0.25° in
longitude. The maps show peak ground acceleration (PGA) and spectral acceleration (SA) at
0.2 s and 1.0 s for 5% damping on rock (Vs30 = 800 m/s) as a proportion of g and for return
periods of 95, 475, 1100 and 2475 years (these are the return periods that were requested by
Panel 7 of the B/525/8 committee on Structures in Seismic Regions). Although no longer cited
in the revised Eurocode 8 (EC8; CEN, 2004), including PGA in this study allows for comparison
with Musson and Sargeant (2007). Uniform hazard spectra have also been calculated for four
sites across the UK (Cardiff, Edinburgh, London and Dover) and a disaggregation of the hazard
for these sites has also been undertaken.

The key modifications with respect to the last national seismic hazard maps developed by
Musson and Sargeant (2007) are:

1. The earthquake catalogue has been extended (it now ends on 31 August 2018) and the
earthquake catalogue for France of Manchuel et al. (2018) has been used to augment
the UK data for the southernmost part of the model. Data from the ISC catalogue have
been also included for offshore areas such as the North Sea.

2. All magnitudes have been converted to Mw (moment magnitude) where required using
the relation of Griinthal et al. (2009). This is an update of Griinthal and Wahlstrém
(2003), which was used by Musson and Sargeant (2007).

3. The completeness of the earthquake catalogue has been assessed using a different
approach.

4. The seismic source characterisation model has been modified, including the zone
geometry and assessment of the maximum magnitude.

5. The earthquake recurrence parameters for the source model have been calculated using
the updated catalogue and revised assessment of completeness.

6. A new ground motion characterisation model that accounts for advances in ground
motion modelling since 2007 has been used.

7. The model now includes the Shetland Islands.

For a return period of 475 years, the PGA hazard is lower than 0.04 g for much of the UK, with
some exceptions: in most of Wales and North Central England, the hazard exceeds 0.04 g,
reaching 0.05 g in the England-Wales border region and 0.09 g in North Wales. A similar spatial
pattern in the hazard is observed at 0.2 s with the highest hazard in North Wales (0.16 g) and
the variations are more pronounced. At 1.0 s, the hazard is less than 0.02 g and there is little
variation across the UK.
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For a return period of 1100 years, we observe a similar spatial variation with the highest hazard
again in Wales (up to 0.09 g in the England-Wales border and 0.16 g around North Wales),
North Central England, and western Scotland (up to 0.06 g). However, the south-eastern tip of
England now shows slightly higher hazard relative to the surrounding area (up to 0.04 g). Again,
this spatial variation is similar but more pronounced for 0.2 s SA where the hazard reaches a
maximum of 0.29 g in North Wales. There is much less variation at 1.0 s but the England-Wales
border and North Wales region are where the hazard is highest (up to 0.04 g).

For 2475 years, the Channel Islands, North Wales, the England-Wales border through to North
Central England and the Lake District, and NW Scotland are the areas of highest hazard for
PGA and 0.2 s SA. The highest hazard values (up to 0.25 g for PGA and 0.47 g for 0.2 s SA)
are observed in North Wales.

Although this study and MS07 use different earthquake catalogues, assessments of
completeness, seismic source models, and ground motion characterisation models, the two
models are not markedly different and the resulting maps for PGA are similar in terms of spatial
distribution of the hazard. However, there are small differences in the results. This study shows
slightly higher PGA values in North Wales, North Central England, and NW Scotland, and lower
PGA values around Comrie, South Wales, and Midlands than found by MSO07.

It is important to note that these seismic hazard maps are not a substitute for site-specific
hazard assessment and high-consequence-of-failure installations (designated CC4-Highest in
the new edition of EN1990, 2002) in particular. The user must take responsibility for checking
that use of the results contained in this report is appropriate for the case in question.

All of the input data and elements of the model described in this report will be freely available
from www.earthquakes.bgs.ac.uk as will the output files. The computer code can be made
available on request to ukegs@bgs.ac.uk.
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1 Introduction

The most recent seismic hazard maps developed specifically for the UK were produced
by Musson and Sargeant (2007; hereafter referred to as MS07). These maps show peak
ground acceleration (PGA) on bedrock for return periods of 475 and 2500 years. They
indicate that the PGA hazard is low in global terms, as one would expect in a low
seismicity region like the UK. For a 475 year return period, the map shows that values are
less than 0.02 g for most of the UK and Northern Ireland and slightly higher in North and
South Wales (up to 0.08 g and 0.06 g, respectively). For 2500 years, PGA hazard is still
low over much of the country (less than 0.08 g) with higher values seen around Comrie in
central Scotland (up to 0.12 g), South Wales (up to 0.12 g), and in North Wales (up to
0.18 g).

Two factors have prompted the revision of the hazard maps for the UK. Firstly, it is
commonly understood that probabilistic seismic hazard assessments require updates
from time to time as new data, better-constrained models and advances in the
methodology become available (Frankel, 1995; Grinthal et al., 2018). Since 2007, there
have been significant advances particularly with respect to how ground motion and its
uncertainties are modelled. Secondly, updated maps are required to update the advice
currently given in the BSI Published Document PD6698 - Recommendations for the
design of structures for earthquake resistance to BS EN 1998 (E. Booth, pers. comm.).

Furthermore, since the 2007 maps were published, there have been a number of projects
that have assessed seismic hazard in the UK and it is reasonable to revisit the 2007
national seismic hazard model in light of these. Earthquake hazard has been assessed
for the UK region as part of the SHARE (Seismic Hazard Harmonisation in Europe)
project (Woessner et al., 2015). There have also been a number of site-specific
probabilistic seismic hazard assessments carried out for the development of new nuclear
power plants (e.g. Tromans et al., 2019; Villani et al., 2020a) undertaken in connection
with the British Governmentds Nucl eafthel ndustrri e
work presented in this report is therefore to make use of the advances that have been
made by these recent projects (and others elsewhere) to develop a new set of seismic
hazard maps for the UK.

The approach taken in this study has been developed through informal consultation with
potential users of the map and various experts in seismic hazard assessment from
outside the project team. Engineers from the B/525/8 committee on Structures in Seismic
Regions (the committee responsible for the UK input to EC8) have provided guidance on
the design requirements for the seismic hazard maps so that they can be used to update
the advice currently given in the BSI Published Document PD6698 - Recommendations
for the design of structures for earthquake resistance to BS EN 1998.

We sought to bring in the views of experts from outside the project team as the ground
motion characterisation (GMC) model was developed and to do this, a meeting of the
members of the project team and four external experts was held on 27 September 2018.
The external experts were Dr Guillermo Aldama-Bustos, Dr John Douglas, Dr Ben
Edwards and Dr Fleur Strasser. The objectives of the meeting were to discuss what the
experts considered to be the key ground motion issues that needed to be accounted for in
the development of the maps and to come to a shared view through an open discussion
about how the GMC model should be developed (this is discussed further in Section 6).
The discussion at the meeting was written up in a short report. These experts provided



further advice and technical support as the GMC model and Vs- gy adjustments were
implemented.

Two other external experts (Dr Peter Stafford and Dr lain Tromans) have also provided
informal feedback on brief progress reports that were prepared at key stages in the
project (the development of the source zone model and the GMC model). We did not
respond to these comments formally but their feedback helped us to develop our
approach. Further comprehensive reviews of the first draft of this report were received by
these experts and a number of others from industry and academia (10 in total). Each of

t he r evi ewe rhastheen resmonded tb directly and all the necessary revisions
made. This document contains the final version of the report.

All of the input data and elements of the model described in this report will be freely
available from www.earthquakes.bgs.ac.uk as will the output files. The computer code
can be made available on request to ukeqs@bgs.ac.uk.

These are the key differences compared with the model used for the previous maps
developed by MS07:

1. The earthquake catalogue has been extended (it now ends on 31 August 2018)
and the earthquake catalogue for France of Manchuel et al. (2018) has been
used to augment the UK data for the southernmost part of the model. Data from
the ISC catalogue have been also included for offshore areas such as the North
Sea.

2. All magnitudes have been converted to Mw (moment magnitude) where
required using the relation of Grinthal et al. (2009). This is an update of
Grinthal and Wahlstrom (2003), which was used by Musson and Sargeant
(2007).

3. The completeness of the earthquake catalogue has been assessed using a
different approach.

4. The seismic source characterisation model has been modified, including the
zone geometry and assessment of the maximum magnitude.

5. The earthquake recurrence parameters for the seismic source model have been
calculated using the updated catalogue and revised assessment of
completeness.

6. A new GMC model that accounts for advances in ground motion modelling since
2007 has been used.

7. The model now includes the Shetland Islands.

The basic hazard parameters in the revised EC8 are Syand Sy and PGA is no longer
cited. Sy is the 5% damped spectral period at the peak of the spectrum on rock and Sp is
the 6l ong p aadlemtibd onsopkevdth Ir.0ss being the required value of the
associated period (E. Booth, pers. comm.). The main output from this work is a set of
national seismic hazard maps (for return periods of 95, 475, 1100 and 2475 years) based
on the new model that depict spectral acceleration (SA) at 0.2 s and 1.0 s for 5%
damping, and for a single rock site condition (Vs30 = 800 m/s) across the study area. The
PGA hazard has also been assessed in order to compare the results with MS07.



2 Methodology

We use a probabilistic approach to assess the hazard (for background see MSO07;
Cornell, 1968; Reiter, 1990; McGuire, 2004). This combines seismological, geological and
geophysical data to produce a probabilistic description of expected ground shaking that
may occur at a site and consists of four steps that are illustrated in the schematics in
Figure 1:
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Figure 1: Schematic description of the main steps of PSHA, following Reiter (1990). In
Box 1, R is the source-to-site distance and the red star indicates the site. The grey
probability distribution in Box 3 describes the median prediction and the aleatory
variability of the ground motion. The return period is the inverse of the annual probability
of exceedance.

Step 1: Define seismic sources based on knowledge of the tectonics, geology and
seismicity of the study area. In theory, such a model may contain both areal sources,
areas in which the seismicity is assumed to have a distribution of homogeneous sources,
and faults sources, specific faults or fault zones that are known to be active. There is an
assumption that each seismic source behaves in a consistent way with regard to
producing earthquakes and therefore seismicity has an equal probability of occurring
anywhere within the source from a geographic perspective. A collection of seismic
sources makes up the seismic source model.



Step 2: Quantify the rate of earthquake occurrence for each seismic source zone using
the Gutenberg-Richter frequency-magnitude law (Gutenberg and Richter, 1954) that is
commonly expressed as

7@ & b P
where N is the number of earthquakes above a given magnitude M. The constant a, is a
function of the total number of earthquakes in the sample and is known as the activity
rate. This is commonly normalised over a period of time, such as a year. The constant b
gives the relative number of events of different magnitudes and is commonly referred to

as the b-value. In general, b-values are close to unity. This means that for each unit
increase in magnitude, the number of earthquakes reduces tenfold.

Step3: Characterise the deart hqguaksgenedly ect d (Rei't
expressed in terms of some instrumental ground motion measure or seismic intensity.

Step 4: Estimate the hazard at the site(s) by analytically integrating the models for the
location and size of potential future earthquakes (Steps 1 and 2) with predictions of the
potential shaking intensity caused by these future earthquakes (Step 3), including the
associated uncertainty in each. This is expressed as the probability that a particular
ground motion level will be exceeded within a certain period of time. This approach to
PSHA is often referred as to Cornell-McGuire PSHA.

The output from Steps 1 and 2 is the seismic source characterisation (SSC) model. The

SSC model describes the spatial and temporal distribution of earthquakes of different

magnitudes in a specific region. The GMC model is developed in Step 3 and describes

the value(s) of the ground motion parameter of interest at the site from all possible

earthquake scenarios. For maps, the seismic ha:
the results are contoured.

One of the challenges for any probabilistic seismic hazard assessment is how to manage
the incomplete knowledge of the underlying geological and seismological processes that
contribute to the hazard. Modern PSHA studies incorporate the epistemic uncertainties,
i.e. uncertainties due to our lack of knowledge regarding the earthquake process, using
the logic tree formalism (Kulkarni et al., 1984; McGuire, 2004). Following the SSHAC
(Senior Seismic Hazard Analysis Committee) guidelines, the SSC and GMC models are
usually expressed as logic trees that capture the centre, body and range of the technically
defensible interpretations of the models (Budnitz et al., 1997; USNRC, 2012). The centre
of the distribution is the best estimate of the resulting interpretations, the body describes
the shape of the distribution around the best estimate, and the range captures the tails of
the distribution (USNRC, 2012). The likelihood of fully capturing the uncertainty in SSC
and GMC models is achieved by including alternative models and parameters in the logic
tree where weights are assigned to each branch using expert judgement that reflects the
relative confidence in the models and parameters (Coppersmith and Bommer, 2012).

As in MSO07, in this study, the hazard is computed using Monte Carlo simulation to
generate artificial catalogues based on the SSC model (e.g., Musson, 1999, 2000a; Hong
and Goda, 2006; Assatourians and Atkinson, 2013). This method uses random numbers
to sample from the different probability distributions in the SSC model. Since the SSC
model is assumed to completely describe the way in which earthquakes occur in a region,
each of the artificial earthquake catalogues represents a version of what could occur in
the next 50 or 100 years, based on what has previously been observed. From the direct
observation of the effects of a very large number of simulations, probabilities can be
easily calculated. This method allows epistemic uncertainties in the input parameters to
be dealt with in a very transparent way - parameters can be entered as probability
distribution functions with observed means and standard deviations. A different value can
be sampled from the distribution for each simulation. The approach consists of the
following steps (Musson, 1999, 2000a):



Generate a synthetic earthquake catalogue of N years in length.

2. For each event in this catalogue, simulate the ground motion at the site using the
GMC model.

Note the highest ground motion value obtained in each year.

4. Repeat steps (1)-(3) R times, such that R® N is at least 102 times greater than the
return period of interest. Thus, if one were concerned about hazard with the annual
probability of 104, one could use 100,000 catalogues of 100 years or 200,000 of 50
years that gives a total of 10,000,000 years of simulated data. This would be
sufficient to resolve the hazard accurately for a 10,000 year return period.

5. In this example, one now has 10,000,000 values for the annual maximum ground
motion for the site. To find the ground motion that has an annual frequency of being
exceeded of 1 in 10,000, simply sort the values in order of decreasing severity and
pick the 1001% value. This has been exceeded 1,000 times out of 10,000,000 and
therefore has a 1 in 10,000 probability.

This process is summarised in Figure 2.
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Figure 2: The elements of the Monte Carlo simulation approach to probabilistic seismic
hazard assessment (from Musson, 2000).

Monte Carlo-based PSHA and Cornell-McGuire type approach to PSHA are completely
compatible with each other and produce the same output given the same initial model,
although their processes are different (Musson, 2012a; Mosca, 2019). However, Monte
Carlo-based PSHA has several advantages. First, it is very flexible and can be adapted
easily. Second, the process is transparent and therefore it is very easy to halt the
simulation process at any point and examine the simulated data. For example, the
synthetic catalogues can be inspected to see if the model is reproducing key features of
the data. It is also easy to determine which simulated earthquakes are causing high
ground motions. All that said, while the Monte Carlo approach is an efficient way to



assess the hazard in low seismicity areas like the UK, it can be computationally intensive
for high seismicity regions.

R —
-11-10°-9°-8"-7"-6"-5"-4"-3"-2°-1"0" 1° 2° 3° 4 5 §€

00030:Mw<40 @@ @®40=Mw<50 @@ @ Mw=50

Figure 3: The distribution of earthquakes in the composite catalogue used in this study
(Mw 2 3.0). Red, blue, and green circles are events from the BGS catalogue, the ISC



database, and the catalogue of Manchuel et al. (2018), respectively. The black polygon
delineates the boundaries of the study area.

3 Earthquake catalogue

The earthquake catalogue used in this study covers the polygon in Figure 3. It comes

fromt hree sources that RBriish @eolbgca SurveydBGS)e d t he
catalogue, the ISC online database and the French earthquake catalogue of Manchuel et

al. (2018), referred to as FCAT-17.

The BGS catalogue contains historical (pre-1970) and instrumental data. The primary
source of data for earthquakes before 1970 is the catalogue of Musson (1994, along with
subsequent updates), which is based on historical reports of earthquake effects. The
original scope of Musson (1994) was to include
between 1700 and 1969 and, as far as possible, all events onshore that were larger than
3.0 ML. For earlier periods only events that appeared to be larger than 4 ML were
included. Subsequent updates have been expanding this range on a regional basis, both
in terms of adding smaller events and estimating parameters where possible for pre-1700
earthquakes. The catalogue is therefore markedly more comprehensive for some areas
(e.g. SW England and South Wales) than for others (e.g. the English Midlands). The first
earthquake in the BGS catalogue for the UK is an event on 25 July 1122 in SW England.
This is the earliest event for which the magnitude (4.0 Mw) and location have been
estimated albeit with considerable uncertainty. Earlier events are known (e.g. in 974) but
are impossible to parameterise, since nothing is known about them apart from the year
they occurred.

For 1970 to the present, the primary source of data for this study is the annual bulletins of
earthquake activity published by BGS (e.g. Burton and Neilson, 1980; Turbitt, 1985;
Galloway et al., 2013). These contain event origin times, locations and local magnitudes
determined from instrumental recordings made on the UK seismic monitoring network
(e.g. Baptie, 2012). Instrumental monitoring of earthquakes in the UK started in 1969
when a local seismic network consisting of seven stations (LOWNET) was deployed in
Central Scotland (Crampin et al., 1970). The seismic network gradually expanded through
the 1980s and 1990s reaching a peak in the late 1990s, with over 140 stations. Since
then, the number of stations has been reduced and the network currently consists of 100,
mostly broadband, seismograph stations located across the UK, roughly half of which are
permanent. The way the network configuration has changed over time and the impact of
this on detection thresholds across the UK is shown in Figure 4.

As well as tectonic earthquakes, seismicity induced by coal mining in central-northern
England, South Wales, and Scotland has also been recorded (e.g. Westbrook et al.,
1980; Redmayne, 1988; Bishop et al., 1994; Verdon et al., 2018) often by dense local
networks of sensors installed to study these events in detail. Wilson et al. (2015) suggest
that perhaps as much as 20% of all earthquakes in the instrumental catalogue may be
related to coal-mining. The number of coal mining events fell throughout the 1990s as the
industry declined and there are now very few such events. The magnitudes of coal mining
events in the UK have tended to be small with a maximum observed magnitude of 3.1 ML
(Redmayne, 1988). These mining-induced events have been identified based on their
temporal and spatial proximity to known mining operations (Baptie et al., 2016) and
removed from the catalogue used in this study. It is possible that there are larger pre-
instrumental mining-related events in the catalogue that have not been identified but it is
impossible to discriminate between these and tectonic events.
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Figure 4: Development of the monitoring network since the 1970s. Red triangles show
operational stations. The contours show the magnitude of earthquake that can be
detected at different points across the region. A signal in excess of three times the
background noise needs to be recorded at three or more stations in order for an
earthquake to be detected. A background noise level of 4 nm is assumed at all stations.

The UK data have been supplemented by information from the ISC online database and
FCAT-17. The ISC online database contains data from 1904 to the present and is based



on bulletin data collected from 515 seismological agencies around the world
(http://www.isc.ac.uk/). Each earthquake is characterised by an origin time, epicentre
coordinates, focal depth and any magnitude estimated by the agencies that detected the
event (i.e. surface wave magnitude Ms, body wave magnitude mb, and Mw). Data from
the ISC catalogue for the area 48-62 N and 11 W-6 E have been used in this study.
FCAT-17 is a parametric earthquake catalogue that merges the historical and
instrumental catalogues for metropolitan France (Manchuel et al., 2018). Here, we have
included data for the area 6°W-6°E and 48.0-51.5°N.

To merge the catalogues, we used the following hierarchy where there were duplicate
events (events with similar locations and original times, which were identified manually).
The BGS determinations were given priority across the study area because these were
considered to be the most well-constrained for the region, then the ISC estimates and
then the entries in FCAT-17. The composite catalogue starts in 842 AD (an event in
FCAT-17) and ends on 31 August 2018. It contains 683 earthquakes of 3.0 Mw and
above for which the date (day, month and year) is known. Most of the data are from the
BGS catalogue (403 events). The ISC data (42 events) improve the completeness of the
catalogue for the North Sea and the English Channel, and FCAT-17 improves the
completeness in northern France and Belgium (238 events of Mw @ 3

While Mw is the preferred magnitude scale for seismic hazard assessment, earthquake
size in the BGS catalogue is traditionally expressed in terms of ML. We have therefore
converted ML to Mw for these events using the relation of Grinthal et al. (2009). This is a
revised version of Grunthal and Wabhlstrom (2003), which was the conversion relation
used by MSOQ7. The dataset used by Griinthal and Wahlstrém (2003) is from an area that
covers much of mid and southern Germany, Austria, Switzerland and the Czech
Republic, with Griinthal et al. (2009) adding further events from several Balkan countries,
Finland, France and Italy. Neither includes any original Mw determinations for UK
earthquakes. However, the Mw values calculated using Griinthal et al. (2009) do compare
relatively well with measured Mw for the UK (see Figure 5) although unfortunately, there
are very few data for earthquakes larger than 4.0 ML to extend the comparison to larger
magnitudes. Edwards et al. (2008) and Sargeant and Otteméller (2009) have proposed
linear relations specifically for the UK but these have also been limited by the fact that
most of the available data are from small events and are therefore not constrained at
moderate to high magnitudes. Consequently, Grinthal et al. (2009) is preferred here. It
has also been used recently in site-specific PSHA for nuclear power plants in the UK
(Tromans et al., 2019; Villani et al., 2020a). All the references to moment magnitudes
(Mw) for UK events in the rest of this report are converted from local magnitude (ML)
determinations using the equation of Griinthal et al. (2009), unless stated otherwise.

The magnitudes associated with earthquakes in the ISC database are measured using
various scales, including body wave magnitude (mb). To homogenise the earthquake
catalogue in terms of Mw, the various magnitude scales were converted to Mw using the
equations of Griinthal et al. (2009). The earthquake magnitudes in FCAT-17 are given in
terms of Mw (Manchuel et al., 2018) and we have not gone back to the original sources
on which FCAT-17 is based so these values are imported directly. Manchuel et al. (2018)
compare the Mw estimates in FCAT-17 with those in the SHARE European Earthquake
Catalogue (AD1000-2006). They find no particular bias in the catalogue estimates but
note that there is a large scatter in the data for low-to-moderate (< 4.5 Mw) earthquakes
(see Figure 11 in Manchuel et al., 2018).

We have not accounted for either uncertainty in either the original magnitudes in each
catalogue or the variability in the magnitude conversion in the analysis that follows. There
are multiple sources of uncertainty in the final determinations of Mw. The first is the
uncertainty in the original magnitude and the second is related to the conversion from the
original magnitude to Mw. The uncertainty in ML is not assessed for either historical or
instrumentally recorded events in the BGS earthquake catalogue. For historical events,
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estimating uncertainty is not straightforward because the ML determinations for historical
earthquakes are based on macroseismic intensity data, which is an additional source of
uncertainty in the final Mw estimates for these events. Furthermore, uncertainties
associated with original magnitudes in the ISC database are not given. Musson (2012b)
demonstrates that care should be taken when the magnitude uncertainties are accounted
for in the recurrence statistics, especially when an earthquake catalogue merges many
sources and contains more than one original magnitude scale in order to avoid over- or
underestimating the activity rate and the b-value in the area under consideration.
However, it is clear that a robust and homogeneous assessment of the magnitude
uncertainty for earthquake catalogues would be preferable in future.
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Figure 5: Comparison between measured Mw for UK earthquakes for which estimates are
available and the Mw estimates converted from ML using Grinthal et al. (2009).

Most seismic hazard estimations are based on the assumption that the occurrence of an
earthquake is independent of the occurrence of any other, i.e. the probability of the
occurrence of an earthquake in a given period of time follows a Poisson distribution.
Therefore we remove dependent earthquakes (i.e. foreshocks and aftershocks) from the
catalogue prior to further analysis. There have been seismic hazard studies that consider
time-dependent events (e.g. Marzocchi and Taroni, 2014; Allen et al., 2015) but there is
no established procedure to do so in PSHA yet. It may be useful to explore the role of
time-dependent events in PSHA in future.

There are a number of ways to decluster the earthquake catalogue. MS07 remove
dependent events manually. However, given the need for the process to be transparent
and reproducible, in this study, we use the windowing method of Burkhard and Griinthal
(2009), which is based on the approach of Grinthal (1985). This uses magnitude
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dependent time and space windows calibrated for the earthquake catalogue in Central
Europe. We did not test the effect of changing the window parameters. Visual inspection
of the results showed that in a few cases (e.g. the 11 March and 23 April 1877
earthquakes in Mull, the Torridon earthquake sequence between August 1934 and May
1936, and the Kintail earthquake sequence in Western Scotland between 1974 and
1975), the Burkhard and Griinthal (2009) window parameters failed to identify aftershocks
correctly because of the location uncertainties. In these cases, the dependent events
were removed by hand.

Figure 6 shows the cumulative and annual number of earthquakes of 3.0 Mw and above
in the catalogue before and after declustering. After declustering, the total number of
mainshocks of Mw O3 is 547 (out of 683 events of 3 Mw and above). Note the marked
increase in the number of events once instrumental monitoring begins in 1969/70.
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Figure 6: Cumulative number (top panel) and annual number (bottom panel) of
earthqguakes with Mw O 3.0 before and after the
from 1900 to 2018.

We tested whether the declustered catalogue exhibits temporal Poisson behaviour using
the chi-square test (e.g. Luen and Stark, 2012). The chi-square test determines whether
there is a statistically significant difference between the expected (E;) and observed (O;)
frequencies:
B 0 ©

0 q
where N is the number of classes. It is not straightforward to test the Poisson hypothesis
of the declustered catalogue when the completeness of the catalogue varies over time.
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As a resul t, the test was carried out on t he ma
the completeness of this subset of the catalogue is constant between 1750 and 2018 (see

below). In this case, we divided the time window between 1750 and 2018 into bins of 10

years and counted t he numb dalingwithin eaehrbin.Wigen,ak es o f
we counted the total number of bins containing 0, 1, 2, 3, etc. earthquakes (the observed

frequencies), and compared them with the frequencies that would be expected if the

occurrence of earthquakes were Poissonian. We found that ¢? = 6.34 for the declustered

catalogue. The upper-tail critical value at 95% confidence for a c? distribution with 9

degrees of freedom is 16.92, therefore we cannot reject the null hypothesis that the

earthquake distribution is Poissonian. The number of degrees of freedom is given by N i

p1 1, where N=11 is the largest number of bins, and p=1 is the mean of the Poisson

distribution estimated from the data.

After removing the foreshocks and aftershocks, one also needs to know the extent to
which the record of mainshocks in an earthquake catalogue is complete. Especially for
the historical period, some earthquakes may not be present in the catalogue because no
record of them survives to the present day. Normally, completeness improves with time
(i.e. it is generally better nearer the present day) and with magnitude (i.e. it is better for
larger earthquakes). The completeness magnitude, Mc, is defined as the lowest
magnitude at which (approximately) 100% of the earthquakes in a space-time volume are
detected (Rydelek and Sacks, 1989). Mc will vary with time and is usually low for recent
seismicity where instrumental recordings are available and gets progressively higher
further back in time.

We assessed Mc for the composite catalogue (i.e. the BGS, ISC and FCAT-17
catalogues; see Table 1). For earthquakes of 4.0 Mw and above, we use the
determination of MS07, which is based on the detailed investigation of documented
historical earthquakes by Musson (2007). General understanding of the completeness of
the historical catalogue for the UK has not changed since MS07 so this remains
appropriate. For earthquakes of 3.0 Mw and above, the level of completeness for the UK
is determined by the level of instrumental monitoring by BGS in the region. Modelled
detection capability of the UK network at different times (e.g. Galloway, 2019; Figure 4)
suggests that in the 1970s there were parts of mainland Britain where the detection
threshold exceeded 3.5 ML (3.3 Mw). This suggests that the assessment of
completeness by MSO07 for earthquakes smaller than 4.0 Mw might be slightly over-
optimistic. However, by 1985 the network was capable of detecting events with a
magnitude of 2.0 ML (2.0 Mw) or above across nearly all of mainland Britain (Figure 4).
Note that this modelling does not take into account the possible failure of individual
monitoring stations and the impact of this on the detection capability. With this in mind,
we assume that the instrumental catalogue for the UK and the English Channel is
complete for magnitudes of 3.0 Mw and above from 1975 to present.

We have assumed that the completeness of FCAT-17 is the same as for the BGS
catalogue for the UK mainland. The completeness assessment of Drouet et al. (2020),
was not available when the analysis of the earthquake catalogue for this study was done
in 2018. Drouet et al. (2020) estimate that FCAT-17 is complete since 1950 for Mw 03.0,
whereas we estimate it to be complete for Mw 03.0 since 1975. We assume that the
composite catalogue is complete from 1750 for Mw O4.0, whereas Drouet et al. (2020)
assess the completeness for earthquakes of 4.0 Mw and above to start in 1850. This
indicates that assuming the completeness of FCAT-17 is the same as for the BGS
catalogue may result in a small part of the incomplete portion of FCAT-17 being included
in the computation of the recurrence statistics (five events of 4.0-4.5 Mw between 1750
and 1850 in northern France).
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Mc North Sea

3.0 1975 3.7 1970
40 1750 4.1 1890
45 1700 4.7 1800
5.0 1650 5.5 1700
5.5 1650
6.0 1650
6.5 1000

Table 1. Completeness values for the composite catalogue. The completeness analysis
for the North Sea is from Woessner et al. (2015).

There are numerous catalogue-based techniques to assess completeness. For example,
Wiemer and Wyss (2000) use both the maximum value of the first derivative of frequency-
magnitude distribution (FMD) as Goodness-of-Fit test, which calculates Mc by comparing
the observed FMD with synthetic ones. Cao and Gao (2002) determine Mc from b-value
stability, while Woessner and Wiemer (2005) use an Entire Magnitude Range approach to
assess Mc. However, Roberts et al. (2015) determine that at least 200 events above Mc
are needed to assess the completeness of the earthquake catalogue statistically. This
means that these methods will not produce a statistically meaningful result for the
composite catalogue, which contains only 147 events.

In order to examine the validity of our assessment of completeness, we have compared

the recurrence statistics calculated for the entire catalogue, the pre-1975 portion (i.e.

dominated by pre-instrumental data) and the post-1975 catalogue portion (instrumental

data only) for the UK region using the compl et e
Table 1. The UK region is considered here to be 49°N - 59 N, 7 W-3 E. Our assumption

is that if the completeness estimates are valid, the activity rate and b values for the

different catalogue variants will be roughly the same.

To determine the activity rate and b-value in the FMD, we use a penalised maximum
likelihood procedure (Johnston et al., 1994). A detailed description of this approach is
given in Section 5.3. The results of this test are shown in Figure 7. They show that the
activity rates are similar for the different catalogue variants although the activity rate is
slightly lower for the pre-1975 portion compared with the post-1975 portion (although still
within the uncertainty). The b-values of the three catalogues are very similar. These
results suggest that the proposed completeness thresholds in Table 1 are appropriate
and that each catalogue variant contains roughly the same proportion of larger and
smaller events. We did a similar test for the completeness thresholds determined by
MSQ7 (see Table 2 and Figure 8). This shows that the difference between the activity
rates and b values determined for the three catalogue portions is larger suggesting that
using the completeness estimates used in MS07 may result in incomplete parts of the
catalogue being used in the FMD calculation (Figure 8).

In the North Sea region, there is a severe lack of data before the 1970s because only a

few seismometers were operating in the northern UK and Norway (Figure 9). For this

region, we use the completeness analysis for Northern Europe undertaken by Woessner

et al. (2015). According to this, the catalogue can be considered to be complete for 3.7

Mw and above since 1970 (Table 1). This seems to be in agreement with the break-in

slope in the cumulative number of earthquakes at around 1970 in the top panel of Figure

9. Certainly, from the cumulative and annual numbers ofeart hquakes of Mw O 3.0
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Figure 9, the catalogue is not complete for 3.0 Mw and above since 1970 in the North

Sea, as assessed by MS07.
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SE England Dogger Viking

Bank Graben
3.0 1970 1970 1970 1970
3.5 1850 1850 1970 1970
4.0 1750 1750 1850 1970
45 1700 1700 1750 1900
5.0 1650 1650 1650 1900
5.5 1650 1300 1650 1900
6.0 1650 1300 1650 1900
6.5 1000 1000 1000 1700

Table 2: Catalogue completeness determined by MSO07.
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Figure 8: FMD for the UK region using the Mc values in MSQ7 (Table 2). Symbols are as
in Figure 7.
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Figure 9: Cumulative number (top panel) and annual number (bottom panel) of
earthquakes before and after the declustering analysis as a function of time from 1900 to
2018 in the North Sea.

4 Tectonics and seismicity of the British Isles

The UK lies on the northwest part of the Eurasian plate and at the northeast margin of the
North Atlantic Ocean (Figure 10). The nearest plate boundary lies approximately 1,500
km to the northwest where the formation of new oceanic crust at the Mid-Atlantic ridge
has resulted in a divergent plate boundary and significant earthquake activity. Around
2,000 km south, the collision between Africa and Eurasia has resulted in a diffuse plate
boundary with intense earthquake activity throughout Greece, Italy and, to a lesser
extent, North Africa. This activity extends North through Italy and Greece and into the
Alps. The deformation arising from the collision between the African and European plates
results in compression, commonly referred to a:¢
directed in a north-south direction. The northeast margin of the North Atlantic Ocean is
passive and is characterised by low levels of seismic activity in comparison to other
passive margins around the world.

As a result of this geographic position, the UK is characterised by low levels of
earthquake activity (e.g. Musson, 2012c). Evidence for this comes from observations of
earthquake activity dating back several hundred years, which suggests that although
there are many accounts of earthquakes felt by people, damaging earthquakes are rare.
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the UK are from the catalogue used in this study. The seismicity data for the rest of
Europe are from the catalogue developed in the SHARE project (Woessner et al., 2015).
The topography is from the global model ETOPO1 (Amante and Eakins, 2009). Plate
boundaries are indicated by solid yellow lines.

4.1 CRUSTAL STRUCTURE AND FAULTING

The continental crust of the British Isles was formed by the amalgamation of several
faults bounded structural blocks or terranes of either Precambrian or lower Palaeozoic
age (Bluck et al. 1992), during a complex geological history consisting of multiple
episodes of deformation (Woodcock and Strachan, 2012). These terranes are bounded
by major fault systems with evidence of long reactivation histories. Figure 11a shows both
the terranes and the major bounding faults. The present configuration of these terranes is
the result of a series of tectonic processes related to two major events: the Caledonian
Orogeny (460-420 Ma), and the later Variscan Orogeny (290 Ma) and has remained
relatively unchanged since then. The former is a result of the collision between Baltica,
Avalonia and Laurentia, and other fragments of Gondwana following the closure of
lapetus Ocean (Woodcock and Strachan, 2012). The latter led to the formation of the
supercontinent of Pangaea (Ziegler, 1990) in Permian time. Rifting of this supercontinent
led to the opening of the Tethys Ocean, the rifting of the North Sea (Triassic to Jurassic
time) and eventually the opening of the North Atlantic (Palaeogene). These tectonic
episodes have resulted in a complex system of faults across Britain and Ireland in which
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many of the principal structures are approximately NE-trending faults that were formed
during the Caledonian orogeny (Figure 11b).

8w 6°W 4° W W o° 2°E 8° W 6°W 4°W 2°W o° 2E

Figure 11. (a) Tectonic terrane map of the British Isles after Woodcock and Strachan
(2012) and Bluck et al. (1992) superimposed on a simplified solid geology. The terranes
are labelled as follows: Caledonides of Southern Britain (CSB); Charnwood Terrane (CT);
Grampian Terrane (CHGT); Hebridean Terrane (HT); Leinster-Lakesman Terrane (LLT);
Midland Valley Terrane (MVT); Monian Terrane (MT); Northern Highlands Terrane (NHT);
Southern Uplands Terrane (SUT); Variscide Rhenohercynian Zone (VRZ); and, Wrekin
Terrane (WT). Major faults/fault systems corresponding to terrane boundaries are
abbreviated as follows: Moine Thrust (MTZ); Great Glen Fault (GGF); Highland Boundary
Fault (HBF); lapetus Suture (IS); Southern Uplands Fault (SUF); Menai Strait Fault
System (MSFS); Malvern Lineament (ML); and, Variscan Front (VF). (b) Observed faults
from the tectonic maps of the UK (Pharaoh et al, 1996). Faults are coloured by age.

The region north of the lapetus Suture (Figure 11a) comprises various terranes
associated with the margin of Laurentia (Bluck et al., 1992; Woodcock and Strachan,
2012), with crustal formation ages ranging from Archaean (Hebridean and Northern
Highlands terranes) to Palaeoproterozoic (Rhinns and Grampian terranes),
Mesoproterozoic (Midland Valley Terrane) and Ordovician (Southern Uplands Terrane).
The boundaries between these terranes are sharply defined by the Great Glen Fault, the
Highland Boundary Fault and the Southern Uplands Fault, all with a NE-SW Caledonian
trend. These structures have also been the locus of later deformation, including
Carboniferous rifting, which involved N-S extension during the Lower Carboniferous with
the formation of NE-SW trending normal faults along the site of pre-existing Caledonian
structures such as the Highland Boundary Fault, Southern Uplands Fault and the lapetus
suture (Bluck et al., 1992; Worthington and Walsh, 2011). Recent work shows that these
faults were subsequently reactivated during the Palaeocene and Oligocene as strike-slip
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faults arising from approximately N-S directed Alpine compression (Cooper et al., 2012),
with sinistral strike-slip displacements of up to 2km on NE-trending faults The presence of
long-lived faults which are susceptible to reactivation within diverse tectonic regimes,
could therefore have a profound effect on crustal stress distributions.

The central UK, south of the lapetus Suture and north of the Variscan Front, (Figure 11)
comprises Neoproterozoic and Ordovician crustal terranes accreted to the margin of
Gondwana and Avalonia during late Precambrian and Ordovician orogenic episodes and
juxtaposed with the Laurentian terranes following the closure of the lapetus Ocean in
Silurian time. The same Caledonian structural trend is also clear throughout the lapetus
Suture Zone, extending into northern Wales and the West Midlands. In Eastern England,
a NW-SE structural trend more likely reflects the late Ordovician collision of Avalonia with
Baltica (Pharaoh, 2018).

The boundary between the Neoproterozoic subduction-related magmatic complexes of
the wedge-shaped Midlands Microcraton (Charnwood and Wrekin terranes) and the
juvenile Ordovician crust to North is concealed by the overlying sediment cover but is
apparent on both magnetic and gravity anomaly maps. Pharaoh (2019) suggests that the
Malvern Lineament forms the boundary between the Charnwood and Wrekin terranes
(see Figure 11a). South of the Variscan Front, the crust was strongly affected by the
Variscan Orogeny in late Carboniferous time. Commercial seismic reflection data reveal
WNW-ESE and W-E trending Mesozoic basins developed by extensional reactivation in
the hanging-walls of Variscan thrusts throughout the upper crust.

During the Jurassic and Cretaceous, Pangea began to split apart. The associated
opening of the Atlantic caused crustal extension in the British Isles, forming large rift
basins throughout the mainland and North Sea. Although these rift basins were formed by
subsidence, the British Isles have experienced up to 3 km (locally) of uplift and
exhumation. A possible cause of this is thought to be underplating of buoyant igneous
material due to the North Atlantic opening over the Icelandic plume (Brodie and White
1994; Nadin et al. 1995, 1997; Bijwaard and Spakman 1999; Kirstein and Timmerman
2000; Foulger 2002; Bott and Bott 2004; Anell et al. 2009). However, Hillis et al. (2008)
argue that the crust has been modified by contractional deformation which has caused
some of the observed Cenozoic uplifts.

While earthquake activity in the UK is generally understood to result from the reactivation
of existing faults by present-day deformation, the nature of crustal strain field and its
relation to the observed distribution of earthquake activity in the British Isles is still not
clearly understood. This is partly a result of the very low strain results, which are likely to
require long time series of geodetic data in order to resolve these. Across the British Isles
and the surrounding region, tectonic stresses generated at the Mid-Atlantic ridge due to
forces acting perpendicular to the spreading ridge, as well as stresses resulting from the
collision of Africa with Europe are expected to result in a uniform stress field with
approximately northwest-southeast compression and northeast-southwest tension (e.g.
Golke and Coblentz, 1996; Heidbach et al., 2016). This stress field will result in the
tectonic loading of existing fault structures.

However, during the Quaternary the British Isles were affected by repeated glaciations.
The last glacial period reached its maximum extent around 29,000-27,000 years ago at
the Last Glacial Maximum (LGM) when the British Irish Ice Sheet (BIIS) covered large
parts of Britain and all of Ireland. Glacio-Isostatic Adjustment (GIA) of the crust has been
on-going since the BIIS retreated from its LGM position (e.g. Lambeck, 1993; Shennan et
al., 2006). As a result, it has been suggested that GIA may play a significant role in the
seismicity of the region.
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For example, Muir-Wood (2000) suggests that post-glacial rebound is likely to be the
dominant influence on current crustal strain rates over much of northern Europe, resulting
in a strain field that comprises of a radial component of extension over the rebound dome
and contraction over the surrounding forebulge. Main et al. (1999) also suggest that the
observed neotectonic uplift combined with a direction of maximum (regional) stress
deduced from earthquake focal mechanisms supports the theory that deformation is
dominated by glacio-isostatic recovery. Muir-Wood (2000) also argues that the interaction
between the GIA strain field, and the pre-existing tectonic strain field, will cause areas of
constructive and destructive interference, according to the pre-existing stress state
(whether extensional, strike-slip or compressional). In the British Isles, this model predicts
that the seismic components of the rebound dome should lie in the northeast and
southwest quadrants. The northwest and southeast quadrants of the forebulge should
also show seismic activity. However, the model fails to account for the lack of seismicity
in the expected forebulge to the northwest.

To fully resolve the question of how each of these two strain fields influences current
seismicity and strain accumulation is likely to require long term geodetic observations
from permanent GPS stations in order to better characterise the strain fields for both
these processes. However, currently, it remains unclear which is the primary factor
explaining the observed nature and distribution of seismicity.

Earthquake focal mechanisms provide both fault geometries and principal stress
directions that can be used to help constrain our understanding of the driving forces of
current deformation. Figure 12 shows both earthquake activity superimposed on mapped
tectonic faults (a) and published focal mechanisms for selected earthquakes in the UK (b)
determined by various authors including King (1980), Turbitt et al. (1985), Trodd et al.
(1985), Heyburn et al. (2005), Baptie et al. (2005), Otteméller et al. (2009) and Baptie
(2010). Focal mechanisms show mainly strike-slip faulting that suggests north-south to
northwest-southeast compression and east-west to northeast-southwest tension (Baptie,
2010). In Scotland, the strike of left lateral mechanisms is consistent with left-lateral
loading of major structures such as the Great Glen Fault or the Highland Boundary Fault
that strike northeast-southwest as a result of north-south compression. In England and
Wales, focal mechanisms predominantly show either right-lateral east-west fault planes or
left-lateral north-south planes. These orientations appear consistent with tectonic loading
from first-order plate motions that results in northwest-southeast compression and
northeast-southwest tension and is supported by other stress data (e.g. Heidbach et al.,
2016)

No earthquake in the UK in the historical or instrumental record has ever produced
unambiguous evidence of a surface rupture (see ONR Expert Panel on Natural Hazards,
2018, and references therein). Typical fault rupture dimensions estimated for the largest
instrumentally recorded British earthquakes appear to be of the order of 1-2 km (Baptie,
2010). As a result, it is difficult to accurately associate earthquakes with specific faults,
particularly at depth, where the fault distributions and orientations are unclear.
Conversely, seismicity may be associated with unmapped faults whose spatial extent and
orientation is unknown. This leads to considerable epistemic uncertainty in our
understanding of active faults across the region.
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Figure 12: (a) Faults (grey lines) from the tectonic map of the UK (Pharaoh et al., 1996)
along with earthquakes in the catalogue used for this study (red circles scaled by
magnitude). (b) Earthquake focal mechanisms for selected earthquakes (e.g. Baptie,
2010). (c) Focal mechanisms in North Wales in the region shown by the red rectangle in
(b). Blue and white quadrants show area of compression and dilatation.

A number of authors have attempted to relate specific earthquakes to known faults using
interpretation of focal mechanisms and alignment of hypocentres in aftershock
sequences. Assumpcao (1981) shows that focal mechanisms for events in the Kintail
earthquake sequence in northwest Scotland have strike-slip focal mechanisms that
suggest that they may be associated with the northeast-southwest striking Strathconon
Fault. Ottemdller and Thomas (2007) suggest that a sequence of earthquakes observed
near Aberfolye in 2003 may have been caused by reactivation of a fault within the
Highland Boundary Fault Zone. More generally, Baptie et al. (2017) suggest that
earthquake activity in northwest Scotland may be the result of reactivation of a number of
favourably oriented, steeply dipping fault systems, again due to deformation associated
with first-order plate motions.

Chadwick et al. (1996) examined the relationship between major fault structures and
seismicity, finding that while in some cases seismicity is observed in both the hanging-
wall and foot-wall blocks of major dipping structures, or close to vertical structures, in
other cases it is not. As a result, they conclude that any relationship between earthquakes
and these structures appears more complex than a simple reactivation mechanism would
produce. For example, the north-northeast trending Outer Isles Thrust is one of the
largest and clearest deep crustal structures in the UK and dips gently to the east-
southeast, however, it does not appear to be seismically active. By contrast, there is
seismicity in both the hanging-wall and foot-wall blocks along parts of the northwest
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dipping Highland Boundary Fault. Similarly, there is significant seismicity in the hanging-
wall block of the north-northwest dipping lapetus Thrust (e.g. at the intersection with the
Pennine Fault) and both the hanging-wall and foot-wall blocks of the northwest dipping
Lleyn Shear Zone.

Considerable seismicity also appears to be associated with faults within the Welsh

Borderland Fault System, which separates the northwest margin of the Midlands

Microcraton from the Welsh Caledonides. These faults include the northeast-trending

Church Stretton Fault Zone along with other sub-parallel, related faults such as the

Pontesford-L i nl ey Faul t . For example, the Bishopods
associated with the Church Stretton Fault (Ritchie et al., 1990), although uncertainties in

both estimated depth and fault geometry make it difficult to assess if the hypocentre lies

in the hanging-wall or foot-wall block.

The west-northwest trending Variscan Front Thrust marks the northern edge of the
Variscan Orogenic Belt and is clearly visible on seismic reflections and refraction profiles
from southern Ireland to northern France. The Variscan Front Thrust dips south and there
are considerable variations in seismicity along its length. For example, significant
historical seismicity has occurred close to the Variscan Front Thrust in both south Wales
and the Dover Straits, whereas in southern Ireland and central southern England there is
very little recorded activity. Chadwick et al (1996) suggest that areas of seismicity may
correspond to intersections between the Variscan Front Thrust and northwest-trending
near-vertical transcurrent faults.

Figure 13. (a) Schematic map of kinematic interactions between upper crustal structural
block (Chadwick et al., 1996). Arrows show directions of relative motion. Blue shades
zones show apical areas between converging major faults (b) Generalised seismotectonic
zones related to the principal upper crustal faults and shear zones.
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Chadwick et al. (1996) compare crustal blocks and faults inferred from seismic reflection,
potential field and structural data for the UK with earthquake activity, suggesting that most
earthquakes are a consequence of minor interactions and adjustments (‘jostling") between
upper crustal blocks (Figure 13a) that is driven primarily by first-order plate motions rather
than by post-glacial uplift. They also observe enhanced seismicity associated with the
apical areas between converging major faults and, in particular, with the intersections of
major faults, where several upper crustal blocks interact. This model is used to divide the
UK into a set of seismotectonic zones (Figure 13b), each with uniform structural
characteristics and associated seismicity.

Other authors have suggested the earthquake activity in the British Isles is driven by
processes other than large-scale plate tectonics or GIA. Goes et al. (2000) used seismic
tomography to identify an anomalous low-velocity region in the Upper Mantle under much
of mainland Britain that extends down to at least 200 km. Bott and Bott (2004) argue this
low-density upper mantle is the main cause of the Cenozoic uplift and exhumation and
that earthquake activity is driven by tensional loading stress in all directions and bending
stresses associated with the upper-crustal flexuring accompanying uplift. Their numerical
modelling suggests a dominant pattern of NWi SE maximum compressive stress, NET SW
tension, and an intermediate vertical principal stress. In this stress regime, strike-slip
events might predominate, but existing planes of weakness would also allow thrust
events resulting from NWi SE compression and normal events from NET SW tension to
occur. However, while some earthquakes do overlie the low-velocity anomaly, there are
many that fall outside this zone and the predominantly strike-slip mechanisms can be
explained by stresses from first-order plate motions.

Arrowsmith et al. (2005) also used seismic tomography to map the upper mantle low-
velocity zone with a greater resolution, showing significant seismic velocity anomalies at
depths of 50i 250 km. Arrowsmith et al. (2005) suggest that this anomaly results from
thermal upwelling in the asthenosphere related to the Iceland plume. They also note the
correspondence between the edges of the low-velocity anomaly and the locations of
earthquakes across Britain. However, this is not fully supported by the observed
distribution of earthquakes.

There are relatively strong variations in the spatial distribution of seismicity throughout the
British Isles (Baptie, 2010). Earthquake activity occurs in a north-south band along the
length of Britain, mainly along the western flank. This band gets wider moving south. The
northeast of Britain, the northwest Atlantic margin and Ireland all show an absence of
notable seismicity. The earthquake band on mainland Britain cuts across the geological
terrane boundaries (Figure 14) and activity is not confined to either particular structural
blocks or boundaries between the blocks.

The geographical distribution of instrumentally recorded earthquakes from 1970 to
present generally follows the distribution of historical seismicity over the last 300 years
(Musson, 2007). However, historical evidence shows that significant earthquakes have
occurred in the Dover Straits, SW Wales and around Inverness in NE Scotland, where
there has been relatively little instrumentally recorded seismicity. For example, there is
considerable evidence for damaging earthquakes in the Dover Straits over the last 1000
years such as an earthquake in 1580 with an estimated magnitude 5.8 ML (Garcia-
Moreno et al., 2015).

23



A E}:’Ee':'r, .

ME . <2008Mw 4.
N v
.

11°-10° -9° 8° 7° -6° 57 4 -3 2 -1° 0 1° 20 3
©20sMw<4.0 @®4.0<Mw<50 @) Mw=50

Figure 14: Seismotectonic map for the British Isles region. Topography data are from the
global model ETOPO1 (Amante and Eakins, 2009). Bold black lines are major features
(OIT=Outer Isles Thrust, MTZ=Moine Thrust Zone, LSZ=Lleyn Shear Zone). VG and CG
are the Viking Graben and Central Graben, respectively. See Figure 11 for the labels of
the other tectonic structures. Grey lines are major mapped lineaments (after Pharaoh et

al., 1996).
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The largest instrumentally recorded earthquake in the UK catalogue occurred on 7 June
1931 (5.9 Mw) in the Dogger Bank area of the North Sea (Neilson et al., 1984). Musson
(2015) discusses the potential for larger events that may have affected the UK in
historical times, but their magnitudes are uncertain. For example, in the BGS catalogue,
there is an earthquake in 1275 (for which there are reports of damage to houses and
buildings in many places in England) that probably had a magnitude of at least 6.0 Mw.
Melville et al. (1996) posit that an earthquake in the Dover Straits in 1382 must have had
a magnitude of at least 6.0 Mw. For further discussion, see Musson (2015). The largest
onshore earthquake in the UK since 1970 occurred on 19 July 1984 near Yr Eifl on the
Lleyn Peninsula in north-west Wales and had a magnitude of 5.4 ML (see discussion in
Section 4.2.6)

There have been three moderate magnitude ( Mw O 4. 0) snaertiielergiofa k e s
2007: the 4.9 Mw Market Rasen earthquake on 27 February 2008; the 4.0 Mw Jersey
earthquake on 11 July 2014; and the 4.3 Mw Cwmllynfell earthquake on 17 February

2018 (see discussion below).

The hypocentral depths of the earthquakes in the UK catalogue are distributed throughout
the crust between depths of 0 and 30 km rather than centred on a specific value (Figure
15). This suggests a relatively broad seismogenic zone. However, it should be noted that
the uncertainties in the focal depths for instrumentally recorded depths can exceed +10
km. Similarly, the catalogue does not contain uncertainties for the depths of historical
earthquakes. These may exceed typical depth uncertainties for instrumentally recorded
events. In the following sections, we discuss specific regions in more detail with respect
to their structure and seismicity.

The Ouessant-Alderney Fault Zone marks the structural boundary between the Palaeozoic
Cornubian Ridge in the northern side of the English Channel and the Precambrian
Armorican Massif on the southern side of the Channel. It seems that levels of seismicity
are higher in the southern area, especially close to the Cotentin Peninsula and the
Channel Islands. Generally speaking, present-day seismicity in this region is diffusely
distributed with magnitudes less than 4.5 Mw. Historically, relatively large earthquakes
have occurred in this region such as an event on 30 July 1926 (5.1 Mw) to the east of
Jersey (e.g. Lagarde et al., 2003). The most recent earthquake in the English Channel
occurred on 11 July 2014, 15 km west of Jersey. Its magnitude was estimated to be 4.0
Mw (4.3 ML). It was felt on Jersey and weakly on the south coast of England but no
damage was reported.

The southern UK, which we define here as the area south of the WNW-ESE trending
Variscan Front, is a relatively low seismicity region with few earthquakes greater than 4.0
Mw. The Variscan NW-SE trending dextral strike-slip Sticklepath-Lustleigh Fault is the most
prominent (i.e. visible, mappable) of a series of NW-SE trending late-Variscan Faults (the
Watchet-Cothelstone Fault is another). These structures do not appear to be favourably
oriented for re-activation based on the findings of Baptie (2010).
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Figure 15 (a) Depth estimates in the composite catalogue (i.e. BGS, ISC and FCAT-17)
from 1900 to 2018 plotted over time and (b) 3D histogram showing the distribution of
earthquakes (Mw O 2) with respect to magnitude

There have been several |l arge (O 5 Mw) historic
in 1382 (~6.0 Mw) and 1580 (5.5 Mw). The magnitudes of these events are associated

with large uncertainties. For example, Camelbeeck et al. (2007) estimated a moment

magnitude of 6 Mw for the 1580 earthquake. Garcia-Moreno et al. (2015) investigated the

correlation between seismicity and tectonics in the Dover Straits focussing on the

Sangatte Fault, which is part of the North Artois Shear Zone that runs through the Dover

Straits from Sangatte in northeast France to Folkestone in southeast England. This fault

is thought to be the probable source of the 1580 earthquake (Camelbeeck et al., 2007)
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and may be associated with two other moderate magnitude earthquakes in 1776 (3.8 Mw)
and the Folkestone earthquake on 28 April 2007 (4.0 Mw).

Much of eastern England (south of the Scottish Borders) is characterised by relatively low
levels of seismicity both onshore and offshore. There is an increase in seismic activity
south of 54.5°N. Offshore, the seismicity in the southern North Sea seems to follow a
NW-SE trending distribution but this may not reflect the real locations of these events
because of the large uncertainties associated with the locations of historical events. The
largest earthquake in the Southern North Sea is also the largest instrumentally recorded
earthquake in the UK catalogue (7 June 1931 earthquake on Dogger Bank). The other
significant earthquake occurred on 27 February 2008. Its epicentre was located 4 km
north of the town of Market Rasen in Lincolnshire, and the local magnitude was estimated
to be 5.2 ML. This is the largest to occur in the UK since the 1984 earthquake on the
Lleyn Peninsula. Ottemoller and Sargeant (2010) estimate Mw to be 4.5 £ 0.1 from
modelling displacement spectra from data recorded on stations in the UK, Belgium and
the Netherlands. This is slightly lower than predicted using the relation of Griinthal et al.
(2009; 4.9 Mw) but comparable to estimates from regional moment tensors (e.g. 4.6 Mw
determined by Istituto Nazionale di Geofisica e Vulcanologia, Pondrelli et al., 2011). This
earthquake was relatively deep (~20 km) and had a high stress drop (344+136 bar)
(Ottemoller and Sargeant, 2010), which may account for the difference between Mw and
ML.

The Midland Platform is characterised by relatively low seismicity in the Anglo-Brabant
Massif (to the east of the Malvern Lineament, see Figure 11a) and higher levels of
seismicity in the Welsh Massif to the west of this structure.

The largest earthquake in the Anglo-Brabant Massif occurred on 11 February 1957
approximately 10 km SE of Derby (5.0 Mw). It was felt over the whole of the English
Midlands down to villages close to Exeter and caused damage to chimneys and roofs in
the Derby-Nottingham-Loughborough area and relays were tripped at several power
stations (Musson, 1994). A few people were injured by falling masonry. There was also
damage to Blackbrook Reservoir about 10 km from the epicentre (Musson, 1994).

South Wales has experienced a number of moderate magnitude, damaging earthquakes
in the last 300 years. For example in 1727 (4.9 Mw), 1775 (4.8 Mw) and 1906 (4.9 Mw) -
see Musson (2007). These earthquakes were felt strongly over a wide area and caused
some damage (Musson, 1994). The 1906 earthquake was one of the most damaging
earthquakes in the twentieth century and resulted in two injuries in Swansea where the
damage was considerable (Musson, 1994). More recently, a damaging earthquake
occurred 18 km NNE of Swansea on 17 February 2018. This had a moment magnitude of
4.0+0.2 Mw calculated from source displacement spectra (4.6 ML). The focal mechanism
of this event may suggest that the seismicity in the Welsh Massif is the result of
reactivation of a number of favourably oriented, steeply dipping faults by deformation
associated with first-order plate motions (Baptie et al., 2018). Baptie et al. (2018) find that
the recorded peak ground accelerations for this earthquake are significantly higher than
those predicted by different GMPEs that might be appropriate for use in the UK such as
Akkar et al. (2014a), Campbell and Bozorgnia (2014) and Chiou and Youngs (2014).

North Wales is one of the most seismically active areas of mainland Britain, with a
relatively high number of earthquakesof MWO 4. 0 havi ng domparadiobser ved
other parts of the UK. Most of these occurred on the Lleyn Peninsula, at the northwest
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edge of Snowdonia, e.g. 1534 (4.2 Mw), 1690 (4.9 Mw), 1852 (5 Mw), 1903 (4.6 Mw) and
1940 (4.4 Mw). The largest earthquake in the Lleyn Peninsula was the 1984 earthquake
(5.1 Mw), which was felt widely in the UK and parts of Ireland with many reports of minor
damage (Turbitt et al., 1985). It was relatively deep (20 km) which limited the amount of
damage (Trodd et al., 1985). The earthquake was followed by a significant aftershock
seguence of several hundred earthquakes, the largest of which had a magnitude of 3.7
Mw (Marrow and Walker, 1988).

Strong earthquake activity is localised along the Pennines, from the Peak District to the
Scottish Borders, and in the Lake District. The largest earthquake in the Lake District
occurred on 11 August 1786 (4.7 Mw), just off the Cumberland coast near Whitehaven
(Musson, 1994). The proximity of the epicentre to the Lake District Boundary Fault has
led to the suggestion that the earthquake was caused by movement on this fault
(Musson, 1994). However, the large uncertainty in the epicentre and the lack of any
information on the mechanism of this event, means that this is highly uncertain (Musson,
1994). The largest seismicity in the Pennines is around Wensleydale (4.5 Mw) and
Derbyshire (4.7 Mw), southeast of the Peak District.

Seismicity in and around Scotland is strongly localised to an area bounded approximately
by Dunoon and Ullapool (south to north) and Mull to Perth (west to east). There is almost
no recorded seismicity anywhere west, north or east of this area until the Viking and
Central Grabens to the east. The seismic activity here appears to be associated with
steeply dipping fault systems that strike approximately NE-SW or NW-SE (e.g. the
Highland Boundary Fault Zone, the Great Glen Fault Zone, the Strathconon Fault, the
Kinlochhourn Fault and the Loch Maree Fault). These are therefore favourably oriented
with respect to the expected stress regime, as confirmed by the focal mechanisms of
earthquakes that occurred in Scotland (Baptie, 2010).

The magnitude 4.9 Mw Argyll earthquake in 1880 is the largest known Scottish
earthquake and was felt along the west coast of Scotland, east as far as Perthshire and
throughout the Hebrides. Earthquakes with magnitudes of 4.8 and 4.7 Mw occurred in
Inverness in 1816 and 1901. The 1901 earthquake was felt over much of Scotland and
caused substantial amounts of minor damage in Inverness, including falling chimneys and
masonry. The earthquake was followed by an aftershock sequence that lasted some
months. The Inverness earthquakes are located close to the Great Glen Fault and it
seems possible that they were caused by reactivation of structures within this fault zone.

Comrie, on the Highland Boundary Fault, experienced earthquake swarms (sequences of
earthquakes clustered in time and space without a clear distinction of mainshock and
aftershocks) between 1788 and 1801, and again between 1839 and 1846. The largest
event in this sequence was a 4.5 Mw (4.8 ML) event in 1839. The magnitude 4.1 Mw
Kintail earthquake in 1974 is the largest instrumentally recorded earthquake in the
catalogue. This was the largest in a swarm of over 20 events that occurred over several
months.

Ireland is characterised by very low levels of seismic activity in comparison to mainland
Britain. The historical seismicity of Ireland has been studied by a number of researchers
including Davison (1924) and Richardson (1975) and a review of published data confirms
that earthquake activity is very low. Historical accounts, which are as good as other parts
of mainland Britain, reveal only 26 events in the period 1500 to 1970, which can be
deemed credible. Half of these accounts can be attributed to moderate earthquakes that
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occurred in the western part of mainland Britain. The other thirteen events occurred in
Ireland and the immediate offshore area. All of these have low intensities suggesting that
these were small earthquakes.

Almost all the instrumental seismicity lies in areas where historical earthquakes have
occurred; mainly in Wicklow and the Irish Sea; Wexford, Waterford and Cork on the south
coast of Ireland and, Donegal in the north. The exception to this is the magnitude 3.7 Mw
(4.0 ML) earthquake off the coast of Mayo in 2012, which is the largest Irish event in the
catalogue. Nearly all the seismic activity in Ireland, both instrumental and historical, is
concentrated around the coast and there is an almost complete absence of seismicity
inland.

The distribution of seismicity in the central and northern North Sea delineates the trend of
the Viking and Central Grabens (Figure 14). This is more apparent for the Viking Graben,
which is the most seismically active area in Northern Europe, and therefore seismicity
rates are higher. There has been at least one significant earthquake in the Viking Graben
(1879), which was large enough to be felt weakly on both sides of the North Sea, in
Norway and the Shetlands. Musson (1989) proposes that a poorly documented but
possibly significant earthquake in 1508 also originated here, although there is no
macroseismic data available from Norway that might support this. The Central Graben is
much less active, and prior to modern instrumental monitoring, there were no
earthquakes reported here.

5 Seismic source characterisation model

In PSHA methodology, the SSC model refers to the numerical representation of all
possible earthquake sources, describing where and how often earthquakes occur in
terms of inter-event time and magnitude-frequency in a specific region (e.g. Reiter, 1990).
The study area (defined as the region in which earthquakes might have significance for a
particular location) is divided into a series of seismic sources (zones or faults) where the
seismic activity in each source zone is considered to be of homogeneous earthquake
potential, and earthquakes have an equal chance of occurring at any point in the source
(e.g. Reiter, 1990).

A general problem that arises in all studies of this kind is whether it is more appropriate to
model individual faults as sources or to merge them into zones, which may be considered
aggregates of similar faults. Any fault that is a uniquely controlling feature, or is such that
the hazard at the site is dependent on the geometry or dip of the fault, will generally be
treated as an individual source if sufficient information is available to define it. It is not
common practice in the UK for source models used in regional PSHA studies (e.g.
SHWP, 1993; MS07) and sometimes in site-specific studies (e.g. Musson et al, 2001,
Tromans et al. 2019; Villani et al., 2020a) to include fault sources, though they have to be
considered. Although some earthquake activity appears to be spatially associated with
large scale fault structures (e.g. Chadwick et al, 1996; Baptie et al, 2017), it is difficult to
conclusively relate specific earthquakes to motion on particular fault structures because
of uncertainties in both earthquake locations and the faults themselves. As a result, there
is considerable epistemic uncertainty associated with any rupture scenario. In addition,
using a zonation approach allows potentially buried, and therefore unknown, fault
structures to be accounted for in the source zone model.

Each zone in the SSC model is defined by the following parameters:

i) The geometry of the zone
1)) The Gutenberg-Richter FMD
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iii) The maximum magnitude

iv) The depth distribution

V) The expected orientations of faulting (which can be random) and the fault types
(i.e. thrust, normal, strike-slip, oblique).

Uncertainties in these parameters can be expressed using a logic tree formalism (see
following sections).

The parameters above are used to model each event in a simulated catalogue as a finite
fault rupture in a very simple way. First, the hypocentre of a synthetic earthquake of a
specific magnitude is generated in a source zone and is assumed to be located at the
centre of a fault rupture. The length of the rupture is then calculated from the event
magnitude using Leonard (2014) and its orientation is selected from the logic tree (see
Subsection 5.5) to determine the coordinates of the two endpoints of the rupture. We
assume that the zone boundaries are permeable and therefore the endpoints of the
rupture can extend outside the source zone boundaries. Down-dip rupture width is
computed by assuming that the fault rupture has an aspect ratio (i.e. the ratio between
the length of the rupture along the strike of the fault and the down-dip rupture width) of
1.0. Ruptures are constrained to stop at 33 km, which we assume to be the bottom of the
seismogenic zone in the study area. However, none of the GMPEs in the GMC include
width as an independent variable and so this simplification does not affect the results.
Although the modelled rupture scenario for the source zones is a highly simplified
representation of what could happen, it is unlikely to have a significant impact on the
overall results since the hazard in the UK is dominated by small-to-moderate
earthquakes. However, where it could become an issue is for the very largest
earthquakes being considered, which will have bigger ruptures but even then, because of
their low frequency of occurrence in the study area we expect the impact on the results to
be minimal, especially for the return periods considered here.

We use a single source model that is based on current understanding of the main
structural domains and distribution of seismicity in the UK. This is shown in Figure 16a.
The zone geometry used in this study can be considered to be the next stage in the
development of a UK seismic source model that started with work on the GSHAP (Global
Seismic Hazard Map) project in the early 1990s (Grunthal et al. 1999). Later iterations
have been influenced by a study of the seismotectonics of the UK of Chadwick et al.
(1996). The seismic source model used by MS07 (Figure 17a), which is based on
Chadwick et al. (1996), included modifications to achieve a better agreement with the
distribution of seismicity in the region. The source model was developed further for the
2013 European Seismic Hazard Model (ESHM13; Woessner et al., 2015) as shown in
Figure 17b. While the location of the major crustal discontinuities and terrane boundaries
in the UK shown in Figure 11a are relatively well-known, the inter-relationship between
these regional-scale structures and other complementary but not necessarily parallel
faults within the terranes is less well-understood (G. Leslie, pers. comm.). Given the
uncertainty regarding the behaviour and location of seismogenic structures in the UK
region, source models for the UK are associated with significant epistemic uncertainty,
including the one used in this study, which is described below.
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Figure 16: (a) The SSC model developed for this study with zone names; (b) the SSC
model plotted along with mainshocks of Mw 2 3.0 for the whole catalogue (grey circles)
and within the completeness thresholds in Table 1 (red circles).
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The zonation for this study is based on the ESHM13 zone boundaries but we have made

some modifications, which are described below (see also Section 4.2). This zonation

broadly aligns with the seismotectonic blocks and zones shown in Figure 11. However,

one may ask to what extent this zonation takes account of the vertical distribution of

crustal structures and therefore reflects the t
pers. comm.). What is clear is that the relationship between the distribution of

earthquakes and the consensus-view of the broad scale UK tectonic framework is not

straightforward. Further research is required to better understand this and would

potentially result in other models that are significantly different from the one used here.

An alternative approach would be to use a zoneless (zone-free, smoothed) model as has
been done in other recent national seismic hazard studies e.g. for Switzerland by Wiemer
et al. (2015), Germany by Griinthal et al. (2018), and France by Drouet et al. (2020). The
zoneless approach is based on smoothed epicentral locations of past seismicity using
smoothing kernel functions that are spatial probability density functions (e.g. Beauval et
al., 2006; Zechar and Jordan, 2020 for more details). The advantage of this approach is
that it removes the need to define the geometry of the individual source zones (and
associated uncertainties) and to make assumptions of homogeneous seismicity within the
zones. However, the zoneless approach introduces inherent uncertainties related to the
definition of the kernel function used to smooth the observed seismicity and relies on the
observed catalogue, which has a limited temporal duration, being an accurate reflection
of the long-term hazard in a low-seismicity region like the UK. Zoneless models also
incorporate uncertainties in earthquake locations and magnitudes. However, since our
catalogue does not include these, this limits the applicability of the approach. Beauval et
al. (2006), Drouet et al. (2020), and Villani et al. (2020b) show that a zoneless source
model results in lower hazard results than if a zonation source model is used.
Furthermore, in the SSC logic tree for the Swiss, German and French maps, the zoneless
source model used is associated with a lower weight than the zonation source model. If a
low weighting were given to a zoneless model in the SSC logic tree for the UK maps, it
would probably result in little change to the final hazard estimates. However, once the
location and magnitude uncertainties of the UK observed catalogue are comprehensively
assessed, the use of the zoneless approach as an alternative to a zonation model should
be considered in the future development of the UK seismic hazard model.

The SSC model developed for this study consists of 22 source zones and is shown in
Figure 16a.

WCHA T The English Channel is included in a single zone of high seismic activity. This is
based on GBAS004 of the ESHM13 but the boundary that runs along the south coast of
England has been simplified because there is not really any evidence to support a more
detailed geometry. The southern boundary of WCHA corresponds to the Ouessant-
Alderney Fault Zone.

RHEN 7 The region south of Variscan Front is modelled as a single zone because there
is insufficient evidence (geological, tectonic, earthquake activity) for dividing it into two
source zones as in the ESHAM13 (GBAS002 and GBAS003).

MMCW/MMCE i These zones are based on zones GBAS010 and GBASO008 in the
ESHM13. The boundaries between GBAS010 and GBAS008 have been modified to
reflect the discussions in Pharaoh (2018) (see PENN, MMCE and MMCW on Figure 16a).
MMCW corresponds to the Welsh Massif and is characterised by high seismic activity.
The low seismicity zone MMCE corresponds to the Anglo-Brabant Massif.

DOVE i This zone covers the Dover Straits. It includes the revised location of the 1382
earthqguake and the 1580 event. The zoneds soutt
on GBSSO005 of the ESHM13 but the size of the zone has been increased to account for

the recent work by Garcia-Moreno et al. (2015). This suggests that the Sangatte Fault,

which runs through the Dover Straits to Sangatte (northeast France) to south-east
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England is the probable source of the 1580 earthquake (Camelbeeck et al., 2007) and the
2007 Folkestone earthquake (Ottemoller et al., 2009) too. Therefore, this zone has been
extended slightly to the west to include the 2007 event and north to include the 1382
event. Note that the northern boundary is drawn only so that the 1382 event is included
and there is no structural argument for doing this based on current knowledge. However,
given the potentially large uncertainty associated with the location of this event, it is
possible that it is associated with a structure in the North Artois Shear Zone of which the
Sangatte fault is a part.

EANG i This source zone is based on GBAS007 of the ESHM13. It is similar to the
EC9M zone in MS07, except for the northern boundary. The more southerly position of
the northern boundary of EANG relative to GBAS007 reflects the fact that the
Flamborough Head Fault Zone provides a more appropriate northern boundary for this
zone because it is a major structure in this area.

SLPT i Similarly to EANG, the northern boundary of the zone SLPT now corresponds to
the Flamborough Head Fault Zone; otherwise it is unchanged with respect to the
ESHM13 (zone GBAS006).

PENN i This is based on zone GBAS009 of the ESHM13 but the southern part of zone
has been made slightly wider so that it follows the topography of the Pennines in North
Central England.

SC347 GBAS016 and GBASO017 of the ESHM13 have been merged to form zone SC34.
The seismicity appears to be homogeneous in this zone and there is no strong evidence
for a structural boundary to divide it into two zones as in the ESHM13.

ESCO - This low seismicity source zone includes Eastern Scotland and the offshore area
in the North Sea east to Scotland, covering the area defined by zone GBAS977 in the
ESHM13.

IREL T This is also a low seismicity source zone that includes Ireland, the Irish Sea, and
the Celtic Sea.

VIKIT The Viking Graben is included in the source model as a single zone due to its high
levels of seismicity. We included this area in the source model because of its proximity to
the eastern coast of Scotland and the Shetlands.

NORM and PASC i The zone NORM includes the Channel Islands and the high
seismicity in Normandy, and the zone PASC covers the Belgium-Pas de Calais region. It
is to be expected that seismicity in northern France and Belgium has some marginal
impact on the hazard in Southern England. However, since the purpose of this project is
not to calculate hazard on the continent, seismicity across the English Channel was
treated in a simplified fashion, adequate for the purpose of assessing UK hazard only.

The other zones (SC1M, SC78, SC9, CUMF, EISB, MENA, BALA, and CORN) are the
same as the zones in the source zone model for ESHM13 maps (see Figure 17b).

It is a basic assumption in PSHA that an earthquake has an equal probability of occurring
anywhere within a source zone, i.e. events are not clustered. Here, this is tested using
nearest neighbour analysis. This method computes the ratio between the average of the
shortest distances between earthquakesd | ocatic
between events in a source zone. If the nearest neighbour ratio is close to zero, the
distribution of the events in the zone is clustered; if the ratio is between 0.5 and 1.5, the
earthquake distribution is uniform (a ratio of 1 indicates a perfectly random distribution);
and values of the ratio around 2 indicate that the seismicity in the zone is random (Davis,
1986). The results of the nearest neighbour analysis on the SSC model show that the
seismicity in almost all the zones is uniformly distributed (the ratio is between 0.82 and
1.44), except for zone DOVE for which the seismicity is randomly distributed (the nearest
neighbour ratio is 1.67).
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Note that we are only considering clustering of epicentres rather than the clustering of
hypocentres due to the large epistemic uncertainties on the depth estimates for
earthquakes in the catalogue.

Maximum magnitude (Mmax) describes the size of the largest possible earthquake in the
region under investigation. This is often highly uncertain, although, in a broad sense the
maximum magnitude is limited by fault length because any large earthquake requires a
sufficiently large structure or system of interacting structures to host it. However, defining
Mmax in intraplate regions (i.e. in the plate interior, away from the boundaries) is
particularly challenging (Holschneider et al., 2011, 2014). This is because the recurrence
interval of large earthquakes is of the order of several hundreds to thousands of years
due to the low rate of deformation and therefore far exceeds the relatively short duration
of any earthquake catalogue based on historical data. As a result, it is quite possible that
the largest possible earthquake may not be have been observed.

The UK historical earthquake catalogue includes two earthquakes with magnitudes
greater than or equal to 6.0 Mw: a magnitude 6.2 Mw events in the Dover Straits in 1382;
and a magnitude 6.0 Mw event in South Wales in 1275. Significant uncertainties are likely
to be associated with both the locations and the magnitudes of these events as a result of
the time before present (Musson, 2015). The largest earthquake for which a magnitude
can be estimated reliably is the Dogger Bank event that occurred on 7 June 1931 (5.9

Mw) . Earthquakes of Mw O 6.0 have Bocexample e d

the three principal earthquakes in the 1811-1812 New Madrid sequence had magnitudes
of around 7 Mw (6.7 Mw, 6.5 Mw and 6.8 Mw for the 16 December 1811, 23 January
1812 and 7 February 1812 earthquakes, respectively; Hough and Page, 2011), the 1886
Charleston earthquake in South Carolina (7.3 £ 0.3 Mw; Johnston, 1996), the 1941
Meeberrie earthquake in Western Australia (7.2 ML; Johnston et al., 1994), and the 1356
Basel earthquake in Switzerland (6.6 £ 0.5 Mw). The Basel event is the largest
earthquake ever recorded in north-west Europe (Féh et al., 2011).

There is no standard procedure for determining Mmax for a PSHA (for a review, see
Wheeler, 2009; and Meletti et al., 2009). In terms of estimates of maximum magnitude for
the UK, Main et al. (1999) calculate a tectonic moment release rate for the seismogenic
part of the lithosphere using a flexural-plate model for glacio-isostatic recovery and
compare this with the observed seismic moment release rate. These two moment release
rates are then used to estimate maximum magnitudes by applying the Gutenberg-Richter
law. They find maximum magnitudes of 6.3 and 7.5 ML from seismic and tectonic
moment release, respectively. As the latter value assumes 100 per cent seismic
efficiency, Main et al. (1999) suggest that the actual maximum magnitude will lie closer to
the lower value. MS07 used a weighted maximum magnitude distribution for onshore
areas (between 5.5 - 6.5 Mw, with the highest weighting on magnitude 6 Mw) and
offshore areas (6.0-6.5 Mw with the highest weighting again on 6.0 Mw). This is based on

those authorsdéd judgement of what might ©be

analogous regions where the largest earthquakes have happened in the UK region
(mostly offshore).

Meletti et al. (2009) adopt the Electric Power Research Institute (EPRI) statistical
approach (see Johnston et al., 1994) to determine the Mmax distribution for ESHM13 in
areas of low seismicity. The starting point for the EPRI method is information from an
analysis of the global dataset of seismicity for stable continental regions in Johnston et al.
(1994). Then, this is updated with local information available for the study area using a
Bayesian approach. In this way, the lack of large earthquakes in the study area is
compensated for by observations from analogous tectonic regions (Meletti et al., 2009).
Table 3 shows the Mmax distribution for low-to-moderate seismicity regions, including the
UK, determined by Meletti et al. (2009). We use these values in this study for all zones.
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The magnitudes in the distribution are higher than those used by MSQ7 for two reasons.
First, the different choice of approach (statistical vs expert judgement) and second, new
information on the occurrence of earthquakes greater than 6.0 Mw (such as the 1275
South Wales earthquake; see Musson, 2015) becoming available since 2007.

Mmax Weight

6.5 0.5
6.7 0.2
6.9 0.2
7.1 0.1

Table 3: Distribution of the Mmax values and the weights assigned to each in the SSC
model (after Woessner et al., 2015).

Known structures such as the Great Glen Fault and the Highland Boundary Fault are long
enough to accommodate earthquakes with magnitudes greater than 7.0, and also have
associated seismic activity, however, none of these earthquakes are larger than 5.0 Mw.
There are also examples from elsewhere where large earthquakes have resulted from a
collection of relatively small ruptures. For example, various faulting scenarios have been
posited for the New Madrid earthquakes involving rupture on two fault segments between
roughly 30 to 70 km long (Johnston and Schweig, 1996).

The relationship between the magnitude and number of earthquakes in a given region
and time period generally can be expressed by the Gutenberg-Richter FMD (equation 1;
Gutenberg and Richter, 1954). The most common variation of the Gutenberg-Richter
FMD is the truncated version where the range of earthquake magnitudes is limited by a
lower and upper bound (equation 3, Cornell and Vanmarcke, 1969):

v Q Q

O U L o

p )

where b=b*In(10), Mmin is the minimum magnitude and Mmax is the maximum
magnitude.

Determining the activity rate, a, and b-value for individual sources tends not to be
straightforward in low seismicity areas. When the number of events is small, the
uncertainty in the b-value is high. Therefore, it is desirable to be able to maximise the
information provided by different time windows of the catalogue that have different
magnitude completeness thresholds (Weichert, 1980). The penalised maximum likelihood
(PML) procedure described in Johnston et al. (1994) is one way to do this. It accounts for
different time windows of the catalogue completeness, the uncertainty in a and b (while
also taking into account the correlation between them), and a weighted prior constraining
the b-value when there are too few earthquakes in the source zone for a reliable estimate
to be made. The b-value is introduced as a penalty function for which the weight can be
specified. The weight and the deviation of estimated b from prior b-value are then
factored into the likelihood function to produce the penalised likelihood function. The
estimated b-value is conditioned by the prior b-value as the weight increases and the
number of events in the zones decreases. The results from the PML method are
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expressed by a 5x5 matrix of possible values for a and b, determining 25 triplets of
activity rate, b-value and their weight.

N Mmax[obs] Mw[mean] ( NO 3. 0 b-value Area (km?)

CORN 4 41 3.6 0.06 £ 0.03 1.03+0.10 15474
RHEN 3 44 3.7 0.05 + 0.03 1.00£0.01 35023
WCHA 9 438 3.9 0.13+0.04 0.99 £ 0.09 59037
DOVE 4 4.6 3.8 0.06 £ 0.03 1.00+0.10 4870
SLPT 3 59 4.8 0.17+£0.10 0.97 £0.10 25100
EANG 7 49 3.9 0.11 +£0.04 0.99 +0.09 43698
MMCE 5 50 4.2 0.07 £ 0.03 0.96 £ 0.09 29878
PENN 16 4.6 4.0 0.23 £ 0.06 0.94 £ 0.09 16508
MMCW1 7 45 3.5 0.12 £ 0.05 1.01 £ 0.10 20047
MMCW2 10 5.0 4.8 1.12+0.52 1.02 £ 0.10 20047
MENA1 4 44 34 0.07 £ 0.03 1.01+0.10 1678
MENA2 3 51 4.9 0.33+0.22 1.00+0.10 1678
EISB 5 47 3.9 0.08 £ 0.03 0.99+£0.09 12116
CUMF 4 47 3.6 0.06 + 0.03 1.02+0.10 5384
BALA 0o - - 0.0037 1.00 7445
SC1M 1 33 3.3 0.02 £ 0.02 1.01+£0.10 14046
SC34 8 49 3.8 0.12 £ 0.04 1.00+0.09 13729
SC78 12 438 3.8 0.18 £ 0.05 0.99 £ 0.09 6489
SC9 11 4.5 3.6 0.17 £ 0.05 1.04+0.09 11848
ESCO 0o - - 0.15 1.00 297185
IREL 3.7 3.6 0.03 £ 0.02 1.01+0.10 293319
VIKI 8 54 4.3 0.47 £ 0.19 1.01 £ 0.09 42083
NORM 29 5.2 4.2 0.37 £ 0.07 0.86 £ 0.08 33004
PASC 13 4.7 3.8 0.19 £ 0.05 1.00+0.08 29123

Table 4: Recurrence statistics for each zone. N: number of earthquakes in the zone within
the completeness periods in Table 1, Mmax [obs]: maximum observed magnitude, Mw
[mean]: mean magnitude, ( N O 3 . :hunMevr pflearthquakes greater than or equal
to 3.0 Mw per year, and b-value of the individual source zones of the seismic model,
Area: area of zone in km?2,
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Figure 18: FMD for each of the zones in the source model. Note that N OMw per year
was estimated for each source zone.

We applied the PML method to each zone in the source model using the results of the
completeness analysis in Table 1. The minimum magnitude for the recurrence

38



calculations is 3.0 Mw. For the maximum magnitude (Mmax in Equation 3) we used a
value of 7.1. This is the largest value in the Mmax distribution in the source model used
for the hazard calculations (see Table 3). However, the choice for this is not critical for the
results because Mmax has little influence on the estimation of the activity rates and b-
values of the source model (Musson, 2012b). We use the b-value determined in Section
3.2.2 (1.0) as the prior for this analysis with a weight of 100% applied in all zones even if
the anticipated catalogue completeness is different. A 100% weight for the prior b-value
indicates that the b-value is forced to be the prior b-value if there are few earthquakes in
the zone; otherwise, the estimated b-value is slightly adjusted to the events in the zone.

The recurrence statistics determined for each of the zones in the source model are shown
in Table 4 and Figure 18. The errors quoted on the activity rate and b-values (also in
Figures 7 and 8) are the standard deviations of the 25 triplets for each parameter. As
explained in Section 3.1, we did not apply the standard error for individual magnitude
estimates. The length of the error bars in Figure 18 is inversely proportional to the
number of observations above a certain magnitude in the catalogue for that zone. This
gives a general indication of the uncertainties in the long-term recurrence rate for that
magnitude. The sum ofthe (NO 3 . Qyr edtwnates for the individual zones in the UK
region (excluding VIKI and NORM)is (NO 3 . Qyr MDY and therefore approximately
equalto (NO 3. Qyr dériwvd for the region between 49.9°N and 59.0°N and 7.0°W
and 3.0°E (see Figure 7), which covers most of the same area (N O 3 . Qyr P +
0.18). This consistency gives some confidence inthe (NO 3 . Qyr edtimates for
individual zones. For zones SLPT, ESCO and VIKI we used the results of the
completeness analysis for the North Sea. Although ESCO also includes eastern Scotland,
all the earthquakes recorded in this zone have occurred offshore. For this reason, we
consider it to be more appropriate to adopt the completeness estimates for the North Sea
for this zone.

MMCW | ] MENA

o
o
l

ol ]
.....

=

o

—
|

N > Mw per year
o
o
2
|

1e-04+
1e-059 —— Bipartite FMD
1- = Single FMD ]
3 4 5 6 7 3 4 5 6 7
Mw Mw

Figure 19: Magnitude-frequency recurrence for the source zones MMCW and MENA
using the bipartite FMD (solid lines) and the single FMD (dashed lines).

Musson (2011) shows that the activity rate should be dependent on the area of the zone
and independent of completeness periods when the zone contains no earthquakes. He
proposes as a working hypothesis that these zones experience earthquakes with Mw 2 4
at one-tenth the average rate for the low seismicity regions of Central and Northern
Europe,thati s ( N O 4. 0 paMu0f kmy. In this studly, WeSapplied this approach
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to the zones BALA and ESCO, which contain no earthquakes within the completeness
thresholds. For these, the b-value is also fixed to be the chosen prior determined in

Section 3.2.2, i.e. 1.0. Zone SC1M contains one earthquake in the complete part of the
catalogue. Applying the penalised maximum likelihood method here gives (NO 3 . Qyr Mw)
= 0.02 but there are obviously significant uncertainties associated with this estimate.

The seismicity in zones MMCW in Mid and South Wales and MENA in North Wales

shows a fihumpo in the observed seismiofMmMy arour
O 4.5 than are pr ed-RichterdMD letyveen B35 .Qu t Mw.b eTrhgi s A s e
characteristico behaviour of the seismicity in

and later by Tromans et al. (2019) and Villani et al. (2020a). It can be explained by the

presence of a Obi part i tThiseld that thesseigmicifofs son, 201"
MMCW and MENA can be modelled as two populations of earthquakes. The first is a
population of Anormal o6 earthquakestherange esent ed
Mw 3.0 to 4.5 (MMCW1 and MENAL in Table 4). The second population consists of

earthquakes in the range Mw 4.5 to 7.1 (MMCW?2 and MENAZ2 in Table 4). The b-value is

very similar for the two populations of earthquakes identified in MMCW and MENA. Any

attempt to model the seismicity by a single FMD was found inevitably to underestimate

the number of earthquakes around 4.5-5.0 Mw, a hazard-critical range for the UK (Figure

19).

Musson (2015) argues that the possibility of the two apparent populations being due to
catalogue completeness issues is not credible
as to be discounted. However, this behaviour is at odds with widely observed exponential

relationship between magnitude and frequency of occurrence in higher seismicity regions,

which have higher quality catalogues, and also with the UK average. In this study we

make a pragmatic decision to use the bipartite FMD as it fits the data in these two zones

and reduces the possibility of underestimating the numberofe ar t hqua k e4s5inof Mw O
North and South Wales (Figure 19; see also discussion in Section 8.2), however, this

requires further study to fully explore the effects of magnitude uncertainties and catalogue
completeness.

To determine which factors have the greatest influence on the recurrence statistics
estimated for each of the source zones, we calculated the recurrence statistics for the
source zones using four different combinations of catalogues and assessments of
completeness:

1. The catalogue and completeness assessment used by MS07;

2. The catalogue used by MS07 and the completeness estimates in Table 1;

3. The catalogue developed for this study and the completeness assessment of
MSO07;

4. The catalogue developed for this study and the completeness estimates in Table
1.

The test results are shown in Figure 20. Zones NORM and PASC are not included
because the catalogue used by MS07 is not complete in those regions. In general, the
differences are not large and can be explained by two factors. Firstly, the magnitude
conversion equations of Grinthal et al. (2009) used in the catalogue developed for this
study give slightly higher Mw values than Griinthal and Wahlstrom (2003) used by MSO07.
This has a small effect on all zones. Secondly, the number of earthquakes is higher for
some zones, which means that the recurrence statistics for these are better constrained.
This is most evident for zones RHEN, WCHA, CUMF, and SC78. The more conservative
completeness analysis results in different activity rates for zones SLPT, ESCO, BALA and
IREL.
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Figure 20: FMD for four tests of the source model in Figure 16a: the 2007 catalogue and
the completeness in MS07 (orange lines); the 2007 catalogue and the completeness
estimates in Table 1 (red lines); the updated catalogue and the completeness in MSO7
(green lines); and the updated catalogue and the completeness estimates in Table 1
(black lines).

5.3.1 Validation of the source model

We used the method of Musson and Winter (2012) to assess whether the source model
produces seismicity that is consistent with what has been observed. If the seismic source



model is well defined, the observed earthquake catalogue will be a credible member of
the set of synthetic catalogues derived using the source model (Musson and Winter,
2012).

We generated 5000 synthetic catalogues using the SSC model. Each catalogue is 268
years long (the time period over which the observed catalogue is assessed to be
complete for events of 4 Mw and above) with a variable number of earthquakes Mw  On 4
that 268 year period. Each synthetic catalogue is fully described by the number of
earthquakes and the mean magnitude because the former is related to the (N>=3 Mw)/yr
and the latter to the b-value. By comparing the distribution of the number of earthquakes
and the mean magnitude of each of the synthetic catalogues with the observed
catalogue, the extent to which the source model is an adequate representation of the
observed seismicity can be assessed visually (see Figure 21). If the observed catalogue
lies outside the distribution (i.e. the shaded area in Figures 21 and 22), then the source
model is not an adequate representation of observed seismicity and will lead to unreliable
estimates of the hazard. As can be seen in Figure 21, the observed catalogue falls
comfortably within the distribution, suggesting that the source model is well defined.
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Figure 21: Distribution of the synthetic catalogues (each described in terms of the number
of events and the mean magnitude). The star denotes the observed catalogue of
mainshocks (described in terms of the number of events and the mean magnitude of
earthquakes of Mw O4 since 1750).

We also applied this test to zones MENA and MMCW to determine whether considering
the seismicity as consisting of two distinct populations of earthquakes was appropriate
(Figure 22). Using a bipartite FMD, the observed mainshocks for these two zones fall
more comfortably within the distribution of 5000 synthetic catalogues derived from MENA
and MMCW (bottom panel in Figure 22) than if the seismicity in either zone is considered
to have a single population of events (top panel in Figure 22). Figures 21 and 22
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therefore show that our source model is probably an adequate representation of observed
seismicity.

Single magnitude-frequency distribution
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Figure 22: Distribution of the synthetic catalogues (each described in terms of the number
of events and the mean magnitude) for zones MENA (on the left) and MMCW (on the
right). The star indicates the observed catalogue of mainshocks (in terms of the number
of events and the mean magnitude of seismicity Mw?2 4 since 1750).

Depth (km) Weight

5 0.1
10 0.25
15 0.4
20 0.25

Table 5: Depth distribution used in the model (after Musson and Sargeant, 2007).
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We use the depth distribution determined by MS07 because the general understanding of
the distribution of the hypocentral depths of British earthquakes has not changed since
that report was published. In MS07, the earthquakes are considered to occur between 5
and 20 km, with a modal depth of 15 km (see Table 5 for details).

See Section 4.3 for further discussion on the hypocentral depths of British earthquakes.

Each zone in the model has a weighted distribution of possible styles and orientations of
faulting associated with it. Given the stress conditions in the UK, it is assumed here that
future significant earthquakes are most likely to be strike-slip events with either north-
south or east-west focal mechanisms and these orientations are equally weighted in the
model. This is consistent with what has been observed predominantly for larger events in
the last 30 years of UK seismicity (Baptie, 2010, see Figure 12b).

The size of each rupture is computed using the magnitude of each simulated event. In
this study, we use the magnitude-length scaling relation of Leonard (2014) for
earthquakes on strike-slip faults in stable continental regions. This is based on data from
a relatively small dataset (ten strike-slip earthquakes between 2.6-6.5 Mw). The
seismogenic thickness of a region will limit the potential width of a large strike-slip
earthquake (e.g. Leonard, 2014; Stafford, 2014). Relatively well-constrained depths for
events like the Lleyn Peninsula (1984) and Market Rasen (2008) earthquakes are around
20 km, which suggests that the thickness of the seismogenic zone in the UK is probably
at least 20 km (the depth to the Moho is up to at least 35 km in some places).

6 Ground motion characterisation model

The ground motion characterisation (GMC) model describes the value(s) of the ground
motion parameter of interest at the site from all possible earthquake scenarios. Its choice
is one of the most challenging aspects of seismic hazard studies because the hazard
estimates are strongly affected by the GMC model, both in terms of estimated median
prediction and the aleatory uncertainty, i.e. the random variability.

The traditional way to capture the epistemic uncertainties in a GMC model is to use
multiple GMPESs (ground motion prediction equations) in a logic tree that captures the
centre, body, and range of technically defensible interpretations (Budnitz et al., 1997;
Atkinson et al., 2014). Each GMPE is assigned a weight defined by data-driven
approaches and/or expert judgements (e.g. Delavaud et al., 2012). The set of branches at
the same node should be mutually exclusive and collectively exhaustive (Budnitz et al.,
1997; USNRC, 2012). Care is required in the design of the logic tree, especially with
regard to what should be included and what should be left out. Bommer and Scherbaum
(2008) argue that because the alternative models selected to populate the ground motion
logic tree are often derived from the same dataset, they do not fully capture the epistemic
uncertainty in the median prediction of the GMC model.

A multi-GMPE approach was used by MS07 with the GMPEs of Campbell and Bozorgnia
(2006) and Bommer et al. (2007) equally weighted. More recently in the UK, the multi-
GMPE logic tree approach has been used in the GMC model of Tromans et al. (2019),
which was developed for the new nuclear site at Hinkley Point C (HPC) in Somerset (see
Table 6). This consists of five GMPEs, which represent a range of tectonic environments:
stable continental regions (SCR; Atkinson and Boore, 2006, 2011), active shallow crustal
regions (ASCR; Cauzzi et al., 2015; Bindi et al., 2014; and Boore et al., 2014), and the
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UK (the stochastic model of Rietbrock et al., 2013). The weights given to each model by
Tromans et al. (2019) were based on expert judgement assessment because the results
from comparing the GMPEsSs to the available ground motion data were not conclusive
(Table 6). Tromans et al. (2019) assign a low weight (0.1) to the stochastic GMPEs of
Atkinson and Boore (2006, 2011) and Rietbrock et al. (2013) because these models are
poorly constrained at short distances. The GMPE of Boore et al. (2014) and Bindi et al.
(2014) are given the highest weight (0.3) because of their good performance in statistical
tests in a shortlist of 12 GMPESs considered to be possible candidates for use in the HPC
PSHA. The GMPE of Cauzzi et al. (2015) is given a lower weight (0.2) because it
performs less well than that of Boore et al. (2014) and Bindi et al. (2014) (for further
information, see Tromans et al., 2019).

GMPE Weight

Atkinson and Boore (2006, 2011) 0.1

Bindi et al. (2014) 0.3
Boore et al. (2014) 0.3
Cauzzi et al. (2015) 0.2
Rietbrock et al. (2013) 0.1

Table 6: Logic tree for the median prediction of the GMC model developed for the site-
specific PSHA for the Hinkley Point C (Tromans et al., 2019) and also used in this study.

In the last five years, the backbone approach has emerged as a way to capture the
epistemic uncertainties in the median prediction of the GMC model. It is based on the
selection of one or more GMPESs, which is
median predictions of the backbone model are then scaled up and down to capture the
epistemic uncertainties in the median ground motion (see Atkinson et al., 2014; Goulet et
al., 2017; Douglas, 2018). Douglas (2018) develops the backbone approach for a regional
scale. The GMPE of Kotha et al. (2016) is the backbone and is scaled up and down to
account for variations in average stress drop, anelastic attenuation and the statistical
uncertainty in the regression-based models using the European strong motion dataset.
These scaling factors can be adjusted for a specific target region by using ground motion
observations from that region.

During the ground motion modelling workshop that was convened for this study in
September 2018, both the more traditional multi-GMPE logic tree approach (the model of
Tromans et al., 2019 given in Table 6) and the backbone approach of Douglas (2018)
were discussed as possible ways to characterise ground motion. Testing the backbone
approach of Douglas (2018) was considered to be the appropriate first step by the group
because this method is more transparent in terms of tracking how the epistemic
uncertainties in the GMPESs propagate into the hazard. However, the scaling approach
requires sufficient data to calibrate the backbone model to the region of interest. This
calibration in regions where there are few strong ground motion observations, like the UK,
is difficult. Additionally, the scaling factors in Douglas (2018) have been computed for
PGA and a spectral period of 1.0 s but not for 0.2 s, which is required for the revised
version of Eurocode 8. Therefore, the project team decided that the multi-GMPE model of
Tromans et al. (2019) was preferable. This decision is consistent with the findings in
Villani et al. (2019) who investigate the suitability of recent GMPEs for use in the UK and
conclude that the multi-GMPE logic tree approach is probably best given the lack of
strong motion data for UK earthquakes of Mw > 4.5.
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Definition Magnitude Distance
of ground range range [km]

motion [Mw]

Atkinson ABO6 North-East 5.0 GM 3.5-8.0 0-1000
and Boore us
(2006, 2011)
Rietbrock et RIET13 UK 5.0 GM 3.0-7.0 0-300
al. (2013)
Abrahamson ASK14 Worldwide 10.0 RotD0O50  3.0-8.5 0-300
et al. (2014) ASCR
Boore et al. BSSA14 Worldwide 10.0 RotD050 3.0-8.5 0-400
(2014) ASCR
Campbell CB14 Worldwide  10.0 RotD0O50  3.3-8.5 0-300
and ASCR
Bozorgnia
(2014)
Chiou and CY14 Worldwide 10.0 RotD0O50  3.5-8.5 0-300
Youngs ASCR
(2014)
Akkaretal. AKK14 Europe, 4.0 RotD0O50 4.0-7.6 0-200
(2014a) Middle East

ASCR
Bindi et al. BIN14 Europe, 3.0 GM 4.0-7.6 0-300
(2014) Middle

East,

ASCR
Cauzzietal. CAU15 Worldwide 10.0 GM 45-7.9 0-150
(2015) ASCR
Kothaetal. KOT16 Europe, 4.0 GM 4.0-7.6 0-200
(2016) Middle East

ASCR

Table 7: The GMPEs used in the comparison with the UK strong motion data. GM =
geometric mean of two horizontal components. RotD050 = 50" percentile of the response
spectra over all non-redundant rotation angles.

To confirm whether the GMC model of Tromans et al. (2019) was an appropriate choice
for the UK seismic hazard maps, we compared the ground motion predictions made using
a number of GMPEs, including those used by Tromans et al. (2019), with PGA, 0.2 s and
1.0 s SA observations from a set of UK earthquakes recorded at distances between 0-
400 km. This was to determine whether other GMPEs might be a better choice for the
UK. The GMPEs that were used in the comparison are listed in Table 7. Besides those
used by Tromans et al. (2019), we tested Abrahamson et al. (2014), Akkar et al. (2014a),
Campbell and Bozorgnia et al. (2014), Chiou and Youngs (2014) and Kotha et al. (2016).
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All of these relations are for active shallow continental regimes and were selected
because they meet the criteria of Cotton et al. (2006) and Bommer et al. (2010) and are
often used for site-specific PSHA in the UK (e.g. Tromans et al., 2019; Villani et al.,
2020a). We tested the GMPE of Kotha et al. (2016) with and without the regional term
that is estimated for Italy, Turkey and fDthersq i.e. all the other countries in Europe and
Middle East contributing to the RESORCE strong motion database (Akkar et al., 2014b).

The GMPEs of Abrahamson et al. (2014), Boore et al. (2014), Campbell and Bozorgnia
(2014), and Chiou and Youngs (2014) are all expressed as the 50" percentile of the
response spectra over all non-redundant rotation angles (RotD050) whereas the other
GMPEs are expressed as the geometric mean of the two orthogonal horizontal
components (GM). We treated RotD50 as the same as GM because the predicted ground
motions from the definition of the GM and RotD50 do not differ from each other (Beyer
and Bommer, 2006; Kale and Akkar, 2013).

The UK ground motion dataset consists of observations from 10 earthquakes between
3.4 and 5.0 Mw (see Table 8). There are 150 PGA observations, 107 for 0.2 s SA and 45
for 1.0 s SA (defined as the geometric mean of the two orthogonal horizontal components
of ground motion). Figure 23 shows the distribution of the observations in terms of
magnitude and distance. Although the UK data fall outside the range of applicability of
many GMPEs in terms of magnitude and distance (e.g. Akkar et al., 2014a; Cauzzi et al.,
2015; and Kotha et al., 2016; see Table 7), we did not exclude these GMPEs from the
comparison because PSHA studies often have to extrapolate GMPEs outside of their
range of applicability (Kale and Akkar, 2013) and the comparison is still instructive.

Date Lat Lon Depth ML Mw Location

[°’N]  [E]  [km]
22/09/2002 52.53 -2.16 14 4.7 4.4 Dudley
28/04/2007 51.08 1.17 5 4.3 4.0 Folkestone
27/02/2008 53.40 -0.33 18 5.2 4.9 Market Rasen
28/04/2009 54.16 -2.99 10 3.7 3.4 Ulverstone
14/07/2011 50.12 -0.74 10 3.9 3.6 English Channel
29/05/2013 52.88 -4.72 11 3.8 3.5 Lleyn Peninsula
20/02/2014 51.36 -4.16 4 4.1 3.8 Bristol Channel
11/07/2014 49.15 -2.41 12 4.3 4.0 Jersey
22/05/2015 51.30 1.44 12 4.2 3.9 Ramsgate
17/02/2018 51.77 -3.83 8 4.6 4.3 Cwmllynfell

Table 8: Earthquakes in the UK strong motion dataset.
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Figure 23: Distribution of the UK ground motion data in terms of distance and magnitude
(for distances up to 400 km).

We visually compared the set of chosen GMPEs and the UK ground motion dataset for
PGA (Figure 24), 0.2 s and 1.0 s SA (Appendix 1). For the sake of brevity, we only show
the comparison for the GMPEs used in the hazard calculations that follow but the
statistical analysis (residuals, likelihood analysis and the Euclidian distance-based
ranking method) are shown in Figures 25 and 26 for the full range of GMPEs. The ground
motion curves were computed for a rock site (Vs30= 800 m/s), a strike-slip faulting
mechanism and a hypocentral depth of 10 km. In general, the GMPEs for ASCR seem to
underestimate the UK data and the GMPE of Atkinson and Boore (2006, 2011) over-
predicts the data (Figure 24). This is the case whether or not a Vs-gp adjustment is
applied.
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Figure 24: Comparison of the ground motion curves from a set of GMPEs and the UK
strong motion data for PGA. The solid red lines describe the median prediction of the
GMPEs; and the dashed red lines describe the median prediction + one sigma.

6.1 COMPARISON WITH UK GROUND MOTION OBSERVATIONS

We also carried out some statistical tests in order to make a more objective assessment
of the suitability of a particular GMPE. We used various statistical methods, i.e. residual
analysis, the log-likelihood method of Scherbaum et al. (2009), and the Euclidian
Distance-based Ranking method of Kale and Akkar (2013).

In the residual analysis, the normalised residual is:
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where GMops and GMy, are the observed and predicted ground motion at a spectral period
and Scmi is the total standard deviation of the GMPE. Ideally, the residual should be zero
indicating that the observed and predicted ground motion match exactly. If the residual is
positive, the GMPE underestimates the ground motion whereas if the residual is negative,
the GMPE is overestimating ground motion. The residual analysis also allows us to
determine the bias in the mean residual and to check the trend of the residuals as
functions of magnitude and distance. The results of the residual analysis are shown in
Figure 25 for PGA and Appendix 1 for 0.2 s and 1.0 s SA. Figure 25 shows that all of the
GMPEs tend to underestimate the UK data, except for the model of Atkinson and Boore
(2006, 2011) that clearly overestimates the ground motion.
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Figure 25: Model residuals between the UK strong motion data and the predictions for a
set of GMPEs for PGA. The red line describes the ideal case, i.e. when the residuals are
zero.

50



The log-likelihood (LLH) parameter in the method of Scherbaum et al. (2009)
is:

b0  -B 11 Qo v

where X; is the i-th empirical datum, g(x;) is the probability density function from a specific
GMPE to predict the observation x;. The smaller the LLH, the better the performance of
the GMPE for a particular ground motion dataset. Kale and Akkar (2013) argue that the
LLH approach of Scherbaum et al. (2009) may favour GMPEs with large aleatory
uncertainty and therefore the hazard estimates may be over-conservative for low annual
frequencies of exceedance (Restrepo-Velez and Bommer, 2003).

To overcome this, Kale and Akkar (2013) propose an approach based on the Euclidian
distance. The main outcomes of this approach are the parameters MDE (Modified
Euclidian distance), k%, and EDR (Euclidian distance-based ranking). The first evaluates
the effect of the standard deviation of the GMPE with the observed ground motion
dataset. The parameter k%° evaluates the median prediction of the GMPE for the
observed dataset. The overall effect of these two parameters is given by EDR. The
reader is referred to as Kale and Akkar (2013) for full details of the EDR approach.

Figure 26 displays the results of the log-likelihood and the EDR method for PGA, 0.2 s,
1.0 s SA, and the average over these three measures for the ten GMPEs in Table 7. The
values of LLH, MDE, k°®, and EDR for 1.0 s SA (green circles in Figure 26) are smaller
than those for PGA and 0.2 s SA because they are computed for fewer data (45
observations for 1.0 s SA against 150 for PGA and 107 for 0.2 s SA), which are not
sufficient for significant statistics. The overall performance of the GMPEs is very similar
for the same spectral period, except in a few cases, such as the LLH value of the GMPE
of Kotha et al. (2016) for Italy. This suggests that the statistical methods are unable to
assess the predictive model performance of the selected GMPEs for the strong motion
dataset in the UK and provide only a qualitative indication of the GMPE performance.
This is because this dataset is too small to rank the GMPESs in a more quantitative way.
This conclusion was also highlighted in Tromans et al. (2019).

We adopt the GMC model of Tromans et al. (2019) for this work (Table 6). It agrees with
the recommendations for the definition of the GMC model in Villani et al. (2019) who
suggest using one GMPE among Boore et al. (2014), Campbell and Bozorgnia (2014)
and Chiou and Youngs (2014), together with the GMPE of Bindi et al. (2014), Cauzzi et
al. (2015), and the stochastic model of Rietbrock and Edwards (2019). For this work, we
use the stochastic model of Rietbrock et al. (2013) rather than the updated model of
Rietbrock and Edwards (2019) because the latter was not available when we started to
test the existing GMPESs against the UK strong motion data in 2018.
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We assume a rock site condition with a time-averaged shear wave velocity for the top 30
m (Vs30) of 800 m/s. 800 m/s marks the transition from subsoil class A (unweathered
rock with high strength, Vs >800 m/s) to class B (moderately weathered rock with lower
strength, 350 m/s < Vs < 800 m/s) in EC8 (CEN, 2004) and is required in the forthcoming
revision. This is an idealised rock site with well-specified conditions rather than indicative
of the actual site conditions at a particular location. This should be borne in mind when
interpreting the maps presented in Section 7.

GMPEs used for estimating earthquake ground motions are usually based on empirical
data from regions where there are large numbers of recordings. As a result, these
GMPEs represent the site conditions of the specific region, or regions, for which they
were derived. Ideally, when applying a GMPE from a given host region to a specific target
site or region, in this case, the UK, the GMPE should be adjusted to account for
differences between the host and the target (Douglas and Edwards, 2016). This process
is often referred to as Vs-ko (or host-to-target) adjustment since it needs to account for
both the effects of elastic amplification due to shear wave velocity structure and near-
surface attenuation at a site.

Anderson and Hough (1984) modelled the high-frequency decay of the Fourier amplitude
spectrum (FAS) of earthquake ground motions as

GQ 8 Qant I 'Q ®

where the parameter kappa ({) controls the high-frequency decay of the FAS of the
ground motion. The term [o is commonly used to represent the attenuation of shear
waves at a given site as a result of the physical properties of the near-surface rocks and
soils.

Campbell (2003) proposed a hybrid-empirical method (HEM) to make host-to-target
adjustments using random-vibration theory (RVT) (Cartwright and Longuet-Higgins,
1956). However, this method requires information about source and path specific
parameters, such as stress drop and attenuation, in both the host and target regions. Al
Atik et al. (2014) developed a method based on inverse RVT (IRVT; Gasparini and
Vanmarcke, 1976) to transform the response spectrum calculated using a given GMPE
(RSewmpee) into a compatible FAS (FAScwmee). The host-to-target adjustments are applied to
the FAS before recalculating response spectra using the RVT approach. This method
requires no assumptions about source or path specific model parameters for the host and
target sites. Additionally, working in the Fourier domain has the advantage that
adjustments are independent of the input motion.

Following Edwards et al. (2016), the frequency-dependent adjustment function is given by

. Q 0 Q 0 . . "00 Y 0
O 0 Q "00 Y X
where A describes the velocity-dependent amplification and [o describes the attenuation
in the host and target regions. The period-dependent adjustment to the response spectra
is then given by
[ 14 "Y IY “Y "Y
& =
h !Y "Y lIJ

Typically, these adjustments are calculated for a number of different earthquake
scenarios for a given site.

53



0.036
{STEP 1 v STEPS 2-3 [STEP3a __ — ]
1ot wodA ! Initial FAS| 0,034 —0.0310+
E | FAS used for Kappa 0.0031
] Y 0.032
{E\ ) | é 0.030 \
Iy I
& 10727 51073, : : 50.028*
| 0.026
1 1f1=759 Hz 0.024-] Mean k
l |f2=20.0 Hz == =Meank % 1o
1073 LA T T T rorrr T T T -ICP4 T I T T T T T T T 0.022 T T T T T T T
10° 10! 102 0 20 40 60 80 100 6 8 10 12 14 16 18 20
Frequency [Hz] Frequency [Hz] Frequency [Hz]
STEP 4 , STEP 5 : itial FAS STEP 6
Initial FAS Initial FAS nitia
—2 -2 —2
107 = — = FAS corrected for 10 - — - FAS corrected for 107 -—- FAS corrected for
| high frequencies high frequencies high frequencies
oy oy K, adjusted FAS 'g“
2 2 2
102 1073+ £ 103+ \
| \ \
\ \
\ \
1074 —_—— 107 — R 107 —
0 20 40 60 80 100 0 20 40 60 80 100 0 20 40 60 80 100
Frequency [Hz] Frequency [Hz] Frequency [Hz]
1.7
STEP7 1 STEP 8
1.6
1071 -
215+
v
&
E g 1.4_,
= £
\.n1 0-2 = 1.3+
1 2
] 212
1!nitial RS 1.1
107 LA L R B W 1.0 UL RO
1072 107 100 1072 1077 10°
Period [s] Period [s]

Figure 27: Example of the IRVT for the GMPE of Boore et al. (2014). We used an
earthquake scenario of 5.0 Mw, Rjb of 5.0 km, 10 km focal depth, strike-slip faulting and
Vs30 = 800 m/s. After Al Atik et al (2014).

Here we follow the approach of Al Atik et al. (2014), using IRVT to compute Ko nost Values
and adjustment factors from the response spectra for each GMPE in the GMC model for
a number of different earthquake scenarios. This approach is also used to determine Vs-
9o corrections for the GMPEs used in the Swiss National Seismic Hazard Maps (Edwards
et al., 2016) and for the recent probabilistic seismic hazard assessment for HPC
(Tromans et al, 2019).

We used the Quarter Wavelength (QWL) method of Boore (2003) to estimate frequency-
dependent site amplification factors for specific Vs profiles for both the target and host.
The Vs profiles were either derived from applicable values of Vs30 using the approach of
Cotton et al. (2006) or provided by the developer of the stochastic models. We
implemented the QWL method using the software provided as part of the SMSIM
software package (Boore, 2005).
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Figure 27 shows how we implement the approach to scale the GMPE of Boore et al.
(2014)t o a toaf 0.0R€ ¢ andbVs30= 800 m/s for the scenario of a magnitude 5.0
Mw earthquake at a Joyner-Boore distance (Rjb) of 5.0 km. The approach can be broken
down into the following steps:

1) Compute the response spectra from the GMPE for the selected earthquake
scenario and site conditions (i.e. rock site conditions).

2) Convert the response spectra into Fourier amplitude spectra using IRVT. Here, we
use the Python software pyRVT (Kottke, 2020), which is based on the Strata
computer program (Kottke and Rathje, 2008) to invert each acceleration response
spectrum to a compatible FAS. This uses signal durations defined by a simple
regional model.

3) Host ko is computed from the slope in the high-frequency part of the corrected
FAS spectra by fitting the Anderson and Hou
frequency range. The lower and upper limits of this frequency range, f1 and f,
(green line in Figure 27), are picked by visual inspection to ensure that the natural
logarithm of the FAS as a function of the frequency is linear within this frequency
range. Al Atik et al. (2014) suggests that f, should be smaller than 35 Hz, i.e. the
frequency limit of the West United States (WUS) model. PNNL (2014) suggest that
f> should not exceed 20 Hz for WUS. Here, we use f, = 20 Hz, while f1 equals the
frequency for the maximum value of the FAS plus 2 Hz. These frequency limits
generally allow us to consider the largest acceptable portion of the corrected FAS
to estimate the host ko value. The ko value is the average of the first derivatives of
In[a(f)] between fi; and f, and divided by -p (step 3a).

4) If Ko,nost is greater than Ko arget and the frequency is higher than f1, the FAS is
replaced by a straight line fit to the FAS slope between f; and f, (black dashed line
in Figure 27). This step avoids having an increase in the FAS at high frequencies
when the kappa corrections are applied.

5) The FAS is multiplied by exp[-pf (kotarget- ko,nost)] Where f is the frequency (red line
in Figure 27) to obtain the k adjusted FAS.

6) To adjust the FAS to the target Vs profile, the FAS is multiplied by the ratio
between the target-to-host site amplification factors computed using the QWL
method (cyan solid line in Figure 27).

7) The Vs-ko scaled FAS is converted into response spectra using RVT (orange line
in Figure 27).

8) The Vs-ko adjustment factors are computed dividing the Vs-ko scaled FAS by the
initial GMPE response spectra.

We successfully tested our methodology by calculating Vs -ko adjustments for the GMPEs
used in the HPC GMC model and comparing these with those calculated by Tromans et
al (2019) using the same target and host Vs profiles and the same target ko value of
0.0197 s. Figure 28 shows input response spectra for each GMPE for a scenario
earthquake with magnitude 5.0 Mw at a distance of 30 km, uncorrected and corrected
Fourier amplitude spectra, and calculated Vs -ko adjustments. Details of the target and
host Vs profiles and the target ko value can be found in Tromans et al. (2019). A
comparison of Figure 28d with Figure 7 in Tromans et al (2019) suggests that our results
show good agreement with those of Tromans et al (2019), with only small differences in
the adjustments. This test helps provide some assurance of the methodology that we use
for the calculation of the adjustments for a generic UK target.
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Figure 28: Vs -ko adjustments for the GMPESs used in the HPC ground motion model. (a)
Response spectra for each GMPE for a magnitude 5.0 Mw earthquake at 30 km. (b)
Compatible FAS for each response spectrum. (c) FAS corrected for Vs and ko. (d)
Calculated Vs -ko adjustments.

The target Vs30is 800 m/s across the whole of the UK (see Section 6.2). We use this to
estimate the target ko from the empirical relationship between Vs30 and ko derived by Van
Houtte et al. (2011). This uses a large number of measurements from both the KiK-net
(Kiban-Kyoshin Network; https://iwww.kyoshin.bosai.go.jp/) and the NGA (Next
Generation of Attenuation) database (Power et al., 2008). For our chosen value of Vs30 =
800 m/s, we estimate a value for k of 0.027 s. We use the standard deviation of 0.55 in
In(ko) (Van Houtte et al., 2011) to estimate lower and upper bounds for ko of 0.016 and
0.047 s, respectively. This allows us to account for epistemic uncertainty in ko, though we
do not include any uncertainty in the target Vs30. The three values of ko (0.027, 0.016,
and 0.047 s) are assigned weights of 0.6, 0.2, and 0.2 following a three-point
approximation to a normal distribution (Miller and Rice, 1983). The best-estimate of ko =
0.027 s is within one standard deviation of the value estimated by Villani et al. (2019), ko=
0.030 s, for rock site conditons( 760 O Vs30 O 1100 mdo$grounds
motions from sites across the UK.

We use the equations specified by Cotton et al. (2006) to derive a generic Vs profile given
a value of Vs30. This provides a smooth velocity profile, where the velocities at specific
depths are interpolated from the generic models of Boore and Joyner (1997). Between
these depths, the velocities are represented by a power law model. The resulting Vs
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profile derived for the UK target Vs30 of 800 m/s is shown in Figure 29a. We also use a
host Vs30 of 800 m/s for the three empirical GMPEs, Boore et al. (2014), Bindi et al.
(2014) and Cauzzi et al. (2015). This eliminates any amplification differences due to the
Vs by using the same Vs profile for both host and target. The Vs profile for the GMPE of
Rietbrock et al. (2013) is a generic Vs profile for the UK given by Booth et al. (2001). This
Vs profile is also shown in Figure 29a.
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Figure 29: (a) Target and host Vs profiles used for specific GMPEs. (b) Target and host
site amplification factors used for each GMPE. (c) Host-to target amplification ratios.

We then apply the QWL method (Boore, 2003) to estimate frequency-dependent site
amplification factors for the target velocity profile and the Booth et al. (2001) model.
Amplification factors for Atkinson and Boore (2006) are provided by the authors. The
amplification factors for all three are shown in Figure 29b as a function of frequency.
Figure 29c¢ shows the host-target amplification ratios used for correcting each FAS.

Response spectra are calculated using each GMPE for a number of different earthquake

scenarios with different magnitude and distance combinations. These scenarios were

selected based on the preliminary disaggregation of the hazard at four sites (Cardiff,

Dover, Edinburgh and London), each of which is located in regions with different levels of

hazard. The controlling scenarios for the hazard at these sites are listed in Table 9 as

functions of magnitude and distance (see Section 7.4 for details on the disaggregation

approach). Since the Vs-ko adjustment factors are more importantats hort di st ances
20 km) and high frequencies (> 10 Hz; Al Atik et al., 2014), we selected nine earthquake

scenarios based on the disaggregation analysis in the high frequency range: Mw = 4.0,
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5.0, and 6.0, and Rjb =5, 15, and 25 km. The final Vs-ko adjustment for the GMPE is the
average from all nine scenarios.

Short Periods Long periods

Site 475 yr 2475 yr 475 yr 2475 yr

Cardiff 45 Q Mw 7< 450 Mw 7< 5.3 OMW <55, 53 0O Mw 75
5 O Rjb Rjp<5km 25 O RPKm O Rj2Bknx

Dover Mw<41,5 O 430 Mw 5< 490 Mw.l< 470 MwI<
Rjb < 15 km Rjb <5 km 25 Rp<35km Rjb<5km

Edinburgh 450 _Mw 7% 490 ~Mw 1g 570 Mw 9g 570 Mwb.9<
45 O BpPp b 25 O Bp b 135 O R45b 135 O R45b
km km km km

London 430 ~ Mw 5¢ 4.3Q Mw 7< 590 Mw 1< 590 Mw 1<
25 O Rpb 5 O RHKm 235 O R#Sb 225 O RPSb
km km km

Table 9: Earthquake scenarios identified from the preliminary disaggregation analysis (i.e.
without Vs -k, adjustment) at four sites in the UK.

Figure 30 shows the calculated Vs i ko adjustment factors as a function of the period for
each of the five GMPEs in the GMC model. These are the average values of all nine
scenarios. Calculated adjustments for both the median value and the upper and lower
limits in our target ko are shown. The average Konost Values calculated using IRVT for the
five selected GMPEs are shown in Table 10. For the three empirical GMPEs (Bindi et al,
2014; Boore et al., 2014; and Cauzzi et al., 2015), the average Ko nost Values are all similar
(~0.350-0.375 s), slightly greater than our target ko value of 0.027 s. The average Ko nost
values for the two stochasti ¢ = G MRAkidsen ad Boore, 2006; Rietbrock et al., 2013)
are both smaller than the target ko value.

GMPE kO,host [S]

Boore et al. (2014) 0.0374 £ 0.0048
Bindi et al. (2014) 0.0375 £ 0.0057
Cauzzi et al. (2015) 0.0347 £ 0.0035
Rietbrock et al. (2013) 0.0102 + 0.0027
Atkinson et al. (2006) 0.0164 + 0.0027

Table 10: Average Ko nost Values for the five GMPEs in the ground motion model.

Overall, we find that the calculated adjustment factors for PGA for the GMPEs in the
ground motion model vary between approximately 0.65 and 1.25 for the median target ko
value of 0.027 s (Figure 30). Calculated values of the adjustments for a Ko target Value of
0.027 s for all five GMPESs converge to approximately 1.0 at longer periods. The
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adjustments for all three empirical GMPEs (Bindi et al, 2014; Boore et al., 2014; and
Cauzzi et al, 2015) have a similar form, with a peak at 0.05 s and values that decrease at
longer periods. The maximum adjustment factor for Boore et al. (2014) and Bindi et al.
(2014) is approximately 1.4 - 1.5. For Cauzzi et al (2015), the maximum adjustment factor
is approximately 1.2. Applying these host-target adjustments will result in slight increases
in the spectral response at periods less than around 1 s. This is consistent with the
calculated values for the host ko for these three GMPESs, which are all larger than those
for the target rather than elastic amplification, since the host and target Vs30 are
relatively similar.
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Figure 30: Vs 1 ko adjustment factors for the GMPEs in the ground motion model. The
solid lines show adjustments for the median target ko value, while the dotted and dashed
lines show the calculated adjustments for the lower and upper limits of our target ko.

We observe notable differences in the period dependent adjustments for the two
stochastic GMPEs (Rietbrock et al., 2013; Atkinson and Boore, 2006) with both of these
resulting in a small decrease in the original spectral level at the shortest periods. This
may be a result of differences in both elastic amplification and ko for the host and target.
Specifically, the adjustments for Atkinson and Boore (2006) shows a quite different form,
with values of less than 1.0 at periods of less than 1.0 s, resulting a decrease in spectral
response at these periods. The adjustment factors for Rietbrock et al. (2013) are also less
than 1.0 for periods of less than 0.08 s, but are larger than 1.0 at longer periods,
increasing to a peak at approximately 0.2 s before decreasing to around 1.0 at periods of
more than 1.0 s.

The calculated adjustments for upper and lower target ko allow us, to some extent, to
assess the effect of epistemic uncertainty in our choice of target ko on the results. The
adjustments for the lower Ko arget Value of 0.016 s are consistently larger than those for the
Kotarget Value of 0.027 s, and are greater than 1.0 for all five GMPEs all most periods.
Conversely, adjustments for the upper Ko arget Value of 0.047 s are less than 1.0 for all the
GMPEs.
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Table 11 shows the adjustment factors for PGA, 0.2 s and 1.0 s only. The reader can
read the adjustment factors applied to the other spectral accelerations from Figure 30 and
the file containing all the adjustment factors will be made available from the project
website (www.earthquakes.bgs.ac.uk). The adjustments for PGA for Boore et al. (2014),
Bindi et al. (2014), and Cauzzi et al. (2015) for a Ko arget Value of 0.027 s are slightly
greater than one, indicating a scaling increase. At periods of 0.2 s and 1.0 s, the values
decrease to closer to 1.0. For Rietbrock et al. (2013), the PGA adjustment is slightly lower
than 1.0 a Koarger Value of 0.027 s, but is larger than 1.0 at periods of 0.2 and 1.0 s.
Similarly, for Atkinson and Boore (2006), the PGA adjustment is 0.63 and 0.83 and 0.96
for the two longer periods.

ko= 0.027 ko= 0.016 ko= 0.047

GMPE PGA 02s 10s PGA 02s 10s PGA 02s 10s
Boore et al. (2014) 118 118 106 186 143 112 0.69 086 0.95
Bindi et al. (2014) 124 119 106 199 143 114 072 086 0.95
Cauzzietal (2015) 099 114 104 160 138 111 055 0.82 094

Rietbrock et al. 0.84 1.30 1.16 1.34 157 1.23 049 095 1.05
(2013)
Atkinson et al. 0.63 0.83 0.96 1.05 1.01 103 035 060 0.86
(2006)

Table 11: Vs- ko adjustment factors for PGA and 0.2 and 1.0 s and the GMPEs of the
GMC model.

Figure 31 shows the adjustment factors calculated for each GMPE and each scenario
earthquake using a target ko value of 0.027 s. This allows us to assess how the
adjustments vary with scenarios. We also observe some differences between individual
GMPEs for given scenarios. For example, at the shortest periods, the largest adjustments
for both Boore et al. (2014) and Bindi et al. (2014) are for smaller magnitudes, regardless
of distance. The higher magnitude scenarios result in lower adjustments. For Cauzzi et al.
(2015), the results for different scenarios show only minor variations, although the lower
magnitude scenarios appear to result in lower adjustments.

In the case of the two stochastic GMPEs, the larger magnitude scenarios also generally
require less adjustment at the shortest periods, although distance also plays a role, with
larger distance also contributing to a reduction in the required adjustment.

At periods of greater than around 0.07 s, the results are independent of scenario except
for Atkinson and Boore (2006). In the latter case, the results for the magnitude 4.0
scenarios diverge from those for the larger magnitude events at around 0.6 s.
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Figure 32: SSC and GMC logic tree for the UK hazard maps.
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7 Hazard calculations

Figure 32 shows the SSC and GMC logic trees used for the hazard calculations. Using
the Monte Carlo-based approach of Musson (2000, 2012a) encoded in the FORTRAN
software M3C, we simulated 100,000 earthquake catalogues, each 100 years long. This
means simulating a total of 10,000,000 years of data, which is sufficient to resolve the
hazard accurately for return periods of up to 10,000 years. Each simulation samples the
logic tree of the SSC model. Then, the ground motion for each event is estimated using
the logic tree forthe GMCmodeland fscatteredod according
lognormal aleatory uncertainty randomly sampled. Following Strasser et al. (2008), we did
not truncate the distribution representing the aleatory uncertainty of ground motions. 67%
of the synthetic events have epsilon of between -1 and 1; the extreme values are
between -4 and -5 (< 0.2% of the simulated events), and between 5 and 6 (around 1% of
the simulated data).

Figure 33 shows (N 0 Mw)/yr computed from the catalogue data above the minimum
magnitude used in the hazard calculations (i.e. 4.0 Mw) for the individual source zones
together with (N 80 Mw)/yr for 100,000 simulated catalogues and provides a check on
the implementation of the SSC model in the hazard calculations. It shows that the
seismicity simulated using the FMD is being done correctly.

The minimum magnitude (Mmin) in a hazard calculation is conventionally deemed to be
the smallest earthquake of engineering significance. A value of 4.0 Mw is used in this
study, which is lower than the value used by MS07 (4.5 Mw). However, we consider 4.0
Mw to be more appropriate because the Folkestone earthquake of 2007, which was
relatively small (measured Mw 4.0 + 0.1 Mw, Ottemdller et al. 2009; 4.0 Mw if converted
using Grinthal et al., 2009), caused significant non-structural damage but also some light
structural damage in a very few locations (Sargeant et al., 2008). The impact of this
earthquake, therefore, demonstrates that earthquakes of this size should be considered
in an assessment of hazard for the UK.

The effect of the choice of minimum magnitude on the results is investigated in the
sensitivity analysis in section 7.2.

The sensitivity analysis is an important tool to show the effect of individual branches of
the logic tree and different decisions taken to develop the SSC and GMC models on the
seismic hazard. However, there are a number of ways that this could be done. Here, we
performed the sensitivity analysis for four sites across the UK: London, Edinburgh, Dover
and Cardiff (see Figure 38 for the locations). We tested the effect on the hazard results of
using a minimum magnitude of 4.5 Mw (rather than 4.0), the maximum magnitude
distribution used by MS07, the assessment of catalogue completeness by MS07, and the
SSC model of MS07 (but with a minimum magnitude of 4.0 Mw rather than 4.5). The
GMC model of Tromans et al. (2019) was used for each of these tests. We also tested
the effect of excluding the Vs-ay adjustments and of using the GMPEs in the GMC model
individually.
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Figure 33: Comparison of the observed FMD (red circles) with the FMD determined from
the simulated catalogues (green stars) for the individual source zones of the seismic
model. The black line shows the best-fitting Gutenberg-Richter relationship for the
observed data.
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Figures 34 and 35 show the results in terms of the percentage difference between the
values of PGA, 0.2 s and 1.0 s SA hazard for the individual tests and the values in
Subsection 7.4 at return periods of 475 yr and 2475 yr, respectively. A percentage
difference less than +5% corresponds to a hazard variation between -0.001 and 0.001 g;
whereas a percentage difference < £20% results in a variation in the hazard between -
0.02 and 0.02 g.

For 475 yr (Figure 34) increasing Mmin to 4.5 Mw results in a decrease in PGAand 0.2 s
SA hazard (up to 29%) for the sites at Dover, Edinburgh and London. The reduction in
PGA and 0.2 s SA for Cardiff and in 1.0 s SA hazard for the four sites is less than 3%
because the hazard is dominated by earthquakes of > 4.5 Mw and therefore using a
minimum magnitude of 4.0 or 4.5 Mw does not produce any significant difference.

Using the Mmax distribution of MSQ7 results in an overall decrease in the hazard at all
the sites. This reduction is more pronounced for 1.0 s SA because large earthquakes
dominate the hazard for long periods. Using the assessment of catalogue completeness
by MSOQ7 results in a relatively small (< 14%) reduction in the hazard for PGA, 0.2 s and
1.0 s SA at the four sites. If the SSC model of MS07 is used, there is a significant
decrease (50%) in the hazard for London and Dover due to the addition of the source
zones NORM and PASC in the 2020 SSC model. There is also a decrease in the hazard
for Edinburgh because of differences in the SSC model in Eastern Scotland and offshore.
If we exclude the Vs-k adjustments for the GMPESs in the GMC model, it results in a
reduction of the hazard (by up to 20%) for all the sites. Finally, when we use the individual
GMPEs in the GMC model, the variation of the hazard is between -50% and 20% with the
largest variation associated with Atkinson and Boore (2006) and Rietbrock et al. (2013).
These two GMPESs have the lowest weight in the GMC model (see Section 6).

For the 2475 yr return period (Figure 35), the pattern of the observations above is similar
although with slightly different variations in the hazard. The largest (> £20%) variations
are for: 1) 1.0 s SA for the four sites using the 2007 Mmax distribution and the 2007 SSC
model; 2) PGA and 0.2 s SA for Edinburgh using the 2007 SSC model; 3) PGA, 0.2 s and
1.0 s SA for the four sites using the GMPE of Rietbrock et al. (2013) only; and 4) PGA,
0.2 s and 1.0 s SA for Cardiff and Dover using the GMPE of Atkinson and Boore (2006)
only.
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The hazard maps cover the region between 49°N - 61°N and 8.5°W - 2°E and the hazard
has been calculated for a grid of 4141 points that are spaced 0.125° in latitude and 0.25°
in longitude (this is the same grid spacing used by MS07). This corresponds to a spacing
of approximately 12 km in both directions. We have estimated the hazard for PGA and
spectral acceleration at 0.2 s and 1.0 s for 5% damping on rock (Vs30 = 800 m/s) and for
return periods of 475 years (Figure 36) and 2475 years (Figure 37). The seismic hazard
maps for return periods of 95 and 1100 years are shown in Appendix 2.

For 475 years, PGA is less than 0.04 g for most of the UK, with the exception of North
Wales and the English-Wales border region where the hazard reaches around 0.09 g and
0.05 g, respectively (left panel of Figure 36). A similar spatial variation is observed at 0.2
s but the effects are more pronounced (central panel of Figure 36). These areas of
relatively higher hazard are due to source zones with higher levels of seismic activity (i.e.
MMCW, MMCR and NORM). At 1.0 s, accelerations are smaller than 0.02 g (right panel
of Figure 36) but show less variation across the UK.

For a return period of 2475 years, the Channel Islands, North Wales, the English-Wales
border region through to North Central England, the Lake District and NW Scotland are
the areas of highest hazard for PGA and 0.2 s (Figure 37). The highest hazard values
(0.25 g for PGA and 0.47 g for 0.2 s SA) are observed around the region of Snowdonia, in
North Wales.

We have also computed the hazard for four sites (Cardiff, Dover, Edinburgh and London)
that are located in regions of different levels of hazard. The hazard curves for PGA, 0.2 s
SA and 1.0 s SA are shown in Figure 38 and the uniform hazard spectra for 475 yr and
2475 yr are shown in Figure 39. Note that these results should not be considered to be
substitutes for site-specific assessments of the hazard in these locations and are only
intended to illustrate how the hazard varies across the UK.

We have also disaggregated the results for these sites by magnitude, distance, and

epsilon U (the number of standard deviations alt
prediction), and by zone. The disaggregation analysis aims to identify the earthquakes

that control the hazard for the key return periods and can either be done analytically

(McGuire, 1995) or empirically (Musson, 1999). The latter is straightforward using the

Monte Carlo approach and follows on from the simulations used to compute the hazard.

One just searches the synthetic catalogues to find those events that resulted in the

design acceleration (plus or minus a small tolerance factor, we use 0.001g here), and

then observes their distribution in terms of magnitude, distance, and epsilon. One can

also disaggregate the results by zone.

The results are shown in Table 12 and Figures 40-43 for PGA and in Appendix 3 for 0.2 s
SA and 1.0 s SA.

Disaggregating by zone for the Cardiff site shows that the hazard is dominated by
MMCW?2 at 475 yr and 2475 yr for PGA with other zones contributing very little to the
hazard. This is the zone that accounts for a second population of earthquakes of 4.5-7.1
Mw in this region. Zones in south-eastern Britain/northern France region control the
hazard at the Dover site with by far the biggest contribution coming from zone DOVE. For
the Edinburgh site, the largest contributions to the hazard are from zones SC34, SC78
and PENN. Finally, for the London site, zones in southern Britain dominate as would be
expected although zone MMCW?2 also makes a relatively large contribution.
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Di saggregating the hazard by ma gsie (Figurd40), di st anc
we observe that at both 475 yr and 2475 yr for PGA, the greatest contribution to the

hazard comes from relatively small earthquakes of around 4.5-4.7 Mw and at relatively

short distances (< 20 km). The dominance of zone DOVE is evident when the hazard for

the Dover site is disaggregated in 4lgFoms of ma
PGA, there is a single pronounced peak at 4.0-4.1 Mw and distances of 5-15 km for 475

yr and 2475 yr. For the Edinburgh site (Figures 42), a broader range of earthquakes

contributes to the PGA hazard (distances of 0-150 km and magnitudes of 5-6 Mw)

although there is a peak at 4.3-4.5 Mw and 35-45 km for 475 yr and 4.5-4.7 Mw and 15-

25 km for 2475 yr. The hazard at the London site is also dominated by relatively small

earthquakes (4.3-4.5 Mw) at short distances less than 40 km) for PGA (Figure 43).

Contribution to hazard [%] for PGA

Cardiff Dover Edinburgh London
Zone 475yr  2475yr | 475yr 2475yr | 475yr  2475yr | 475yr  2475yr
CORN 0.5 0.1 0.0 0.0 0.0 0.0 0.0 0.0
RHEN 3.6 3.0 4.7 4.4 0.0 0.0 5.6 5.2
WCHA | 0.2 0.0 5.0 2.0 0.0 0.0 5.2 3.8
DOVE 0.0 0.0 469 714 0.0 0.0 9.9 7.9
SLPT 0.0 0.0 1.2 0.0 0.3 0.1 2.3 0.8
EANG 0.0 0.0 11.1 8.5 0.3 0.1 16.1 15.0
MMCE | 1.0 0.1 6.1 3.3 0.0 0.0 315 576
PENN 0.1 0.0 0.3 0.0 135 10.0 3.7 14
MMCW1 | 7.3 5.3 0.0 0.0 0.0 0.0 0.0 0.0
MMCW2 86.4 91.3 0.8 0.0 0.1 0.0 159 47
MENA2 | 0.5 0.1 0.0 0.0 0.3 0.1 0.0 0.0
CUMF 0.0 0.0 0.0 0.0 6.2 4.3 0.0 0.0
BALA 0.0 0.1 0.0 0.0 0.0 0.0 0.0 0.0
SC1M 0.0 0.0 0.0 0.0 100 193 0.0 0.0
SC34 0.0 0.0 0.0 0.0 37.3 435 0.0 0.0
SC78 0.0 0.0 0.0 0.0 172 114 0.0 0.0
SC9 0.0 0.0 0.0 0.0 6.6 2.7 0.0 0.0
ESCO 0.0 0.0 0.0 0.0 8.0 8.6 0.0 0.0
IREL 0.0 0.0 0.0 0.0 0.2 0.1 0.0 0.0
NORM | 0.2 0.0 2.4 0.4 0.0 0.0 4.7 14
PASC 0.0 0.0 214 100 0.0 0.0 5.0 2.1

Table 12: Disaggregation results (by zone) for four sites across the UK and for PGA at
475 and 2475 years.
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Figure 40: Disaggregation of the PGA hazard for the Cardiff site by magnitude (Mw),
Joyner-Boore distance and epsilon(e) for (a) 475 yr (0.033 g) and (b) 2475 yr (0.100 g).
Numbers in brackets are the design values used for the disaggregation.
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Figure 41: Disaggregation of the PGA hazard for the Dover site by magnitude (Mw),
Joyner-Boore distance and epsilon (€) for (a) 475 yr (0.014 g) and (b) 2475 yr (0.052 g).
Numbers in brackets are the design values used for the disaggregation.
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