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Abstract

We present updated seismic hazard maps for the United Kingdom (UK) intended for use
with the National Annex for the revised edition of Eurocode 8. The last national maps for
the UK were produced by Musson and Sargeant (Eurocode 8 seismic hazard zoning maps
for the UK. British Geological Survey Report CR/07/125, United Kingdom, 2007). The
updated model uses an up-to-date earthquake catalogue for the British Isles, for which
the completeness periods have been reassessed, and a modified source model. The hazard
model also incorporates some advances in ground motion modelling since 2007, includ-
ing host-to-target adjustments for the ground motion models selected in the logic tree. For
the first time, the new maps are provided for not only peak ground acceleration (PGA) but
also spectral acceleration at 0.2 s (SA),,) and 1.0 s for 5% damping on rock (time-averaged
shear wave velocity for the top 30 m Vs30>800 m/s) and four return periods, including
475 and 2475 years. The hazard in most of the UK is generally low and increases slightly
in North Wales, the England—Wales border region, and western Scotland. A similar spatial
variation is observed for PGA and SA, , but the effects are more pronounced for SA),,.
Hazard curves, uniform hazard spectra, and disaggregation analysis are calculated for
selected sites. The new hazard maps are compared with the previous 2007 national maps
and the 2013 European hazard maps (Woessner et al. in Bull Earthq Eng 13:3553-3596,
2015). There is a slight increase in PGA from the 2007 maps to this work; whereas the haz-
ard in the updated maps is lower than indicated by the European maps.
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1 Introduction

Probabilistic seismic hazard analysis (PSHA) is widely used to provide a quantitative
description of the distribution of future ground shaking that may occur at a site. It can help
to guide seismic-resistant planning and design, inform regulatory decisions and set safe
industrial operating practices. The reader is referred to Reiter (1990) and McGuire (2004)
for reviews. One application of PSHA is the development of a National Seismic Hazard
Model (NSHM) and the accompanying national seismic hazard maps that provide seismic
design guidance at a national scale (e.g. Gerstenberger et al. 2020 and references therein).

The purpose of this paper is to present the components of the 2020 NSHM for the
United Kingdom (UK), together with the resulting national seismic hazard maps. Although
the UK is an intraplate region with relatively low levels of seismicity, there has been a
long tradition of seismic hazard analysis and development of seismic hazard maps (e.g.
Lilwall 1976; Arup 1993; Musson and Winter 1996; Musson and Sargeant 2007). This was
partly driven by the rapid growth of the British nuclear industry at the end of the 1970s,
which prompted the need for safety cases in seismic hazard (Musson 2012a), and also by a
desire to quantify the hazard from damaging earthquakes with moderate magnitudes (4-5
moment magnitude M,,), e.g. the 2007 Folkestone (4.0 M,,) earthquake (Ottemoller et al.
2009).

The most recent national seismic hazard maps for the UK were published by Musson
and Sargeant (2007; hereafter referred to as MS07) and were developed in connection
with the European building code Eurocode 8 (CEN 2004). The maps in MSO7 show peak
ground acceleration (PGA) on bedrock for the return periods of 475 and 2500 years. They
indicate that the PGA hazard for 475 year return period is 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 less than 0.08 g across most of the
country and a little higher in central Scotland (up to 0.12 g), South Wales (up to 0.12 g),
and in North Wales (up to 0.18 g).

The update of the NSHM in MS07 was prompted by two reasons. Firstly, PSHA
requires updates from time to time as new data, better-constrained models and advances
in the methodology become available (Frankel 1995; Griinthal et al. 2018). Since 2007,
there have been significant advances particularly with respect to how ground motion and
its uncertainties are modelled (see Douglas and Edwards 2016 for a review). Two types
of uncertainties are recognised in PSHA: the aleatory variability that describes the inher-
ent randomness in the seismic process; and the epistemic variability that is due to our lack
of knowledge regarding the earthquake process (e.g. Atkinson et al. 2014). The aleatory
variability in PSHA is incorporated by integrating over the distribution of ground-motion
amplitudes about the median (e.g. Bommer and Abrahamson 2006; Atkinson et al. 2014).
Epistemic uncertainties can be incorporated through the use of logic trees to capture the
centre, body and range of the technically defensible interpretations of the seismic source
characterisation (SSC) and ground motion characterisation (GMC) models (Budnitz et al.
1997; USNRC 2012). The variability in SSC and GMC models is fully captured by includ-
ing alternative models and parameters in the logic tree where weights are assigned to each
branch using expert judgement and/or data-driven approaches to reflect the relative confi-
dence in the models and parameters (Coppersmith and Bommer 2012).

The second reason to update the NSHM is that the latest revision of Eurocode 8, which
is expected to be published in 2025, requires 5% damped spectral accelerations at short
period and 1.0 s for the revised Eurocode 8 site category A (time-averaged shear wave
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velocity for the top 30 m Vs30>800 m/s) as minimum hazard parameters. This is differ-
ent from the current version of Eurocode 8, which anchors the seismic design spectrum
to PGA for Eurocode 8 site category A (CEN 2004). Although the UK is a low seismic-
ity region and the design seismic action is not required for standard residential and com-
mercial buildings, design seismic action is recommended for building with high economic,
social, and environmental consequences (e.g. hospitals and chemical power plants) where
the exceedance of the regional hazard at a specific site is above a certain threshold (Booth
et al. 2008; BS NA EN 1998-1 2008). In this context, updated national seismic hazard
maps will be used to provide guidance on the application of the revision of the Eurocode
8 in the UK calibrating the design seismic requirements to the seismicity levels of the UK.

The development of the 2020 NSHM accounts for the advances that have been made
in several projects to assess seismic hazard in the UK, including the 2013 European Seis-
mic Hazard Model (ESHM13) for the SHARE (Seismic Hazard Harmonisation in Europe)
project (Woessner et al. 2015), and the site-specific probabilistic seismic hazard assess-
ments carried out for the development of new nuclear power plants (e.g. Tromans et al.
2019; Villani et al. 2020) in connection with the British Government’s Nuclear Industrial
Strategy (BIS 2013). Furthermore, in the last five years, many countries in Europe and
worldwide have published new NSHMs, such as Switzerland (Wiemer et al. 2016), Ger-
many (Griinthal et al. 2018), France (Drouet et al. 2020), and Australia (Allen et al. 2020).
These countries also experience low levels of seismicity and share the challenge of fully
capturing the epistemic uncertainties in the NSHM using sparse and limited sets of data.
This challenge is a result of the short time length of earthquake observations, which span a
few hundreds of years in the best case, in comparison with the seismic cycle of large earth-
quakes, which is of the order of thousands of years in low seismicity regions (e.g. Stein
et al. 2015).

This paper gives an overview of the development of the 2020 NSHM for the UK and
the resulting changes in the calculated seismic hazard with respect to previous models. The
technical report by Mosca et al. (2020) provides a detailed description of the methods and
results.

2 Seismo-tectonic context

The UK lies in the northwest part of the Eurasian plate approximately 1,500 km north-
east from the Mid-Atlantic Ridge and at the northeast margin of the North Atlantic
Ocean around 2,000 km south from the plate boundary between Africa and Eurasia
(Fig. 1a). As a result of this geographic position, the UK is characterised by low lev-
els of earthquake activity that is generally understood to result from the reactivation of
existing faults in response to present-day forces (e.g. Musson 2012a). The nature of the
crustal strain field and its relation to the observed distribution of earthquake activity in
the British Isles is still not clearly understood due to the very low strain rates. 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 result-
ing 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). During the Quaternary,
the British Isles were affected by repeated glaciations (e.g. Lambeck 1993; Shennan
et al. 2006). As a result, it has been suggested that glacio-isostatic adjustment may play
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Fig.1 a Topographic map of Europe where black lines represent the plate boundaries and the red rectangle
indicates the region being considered in this study. b Seismotectonic map for the British Isles where earth-
quakes (mainshocks and time-dependent events) of M, >3.0 from the BGS catalogue, the ISC database,
and the catalogue of Manchuel et al. (2018) are described by red, blue, and purple circles, respectively. The
distribution of earthquakes covers the period between 842 and 2018. The yellow polygon delineates the
boundaries of the study area. Faults (thin grey lines) and major tectonic structures (bold dark grey lines)
are taken from Pharaoh et al. (1996), Woodcock and Strachan (2012), and Bluck et al. (1992). Yellow stars
indicate sites selected for the hazard calculations in Sect. 6. GGF=Great Glen Fault; HBF=Highland
Boundary Fault. The topography in a and b is from the global model ETOPO1 (Amante and Eakins 2009)

a significant role in the seismicity of the region (Muir-Wood 2000; Main et al. 1999).
Due to the limited amount of geodetic observations, currently, it remains unclear which
is the primary factor explaining the observed nature and distribution of seismicity.

There are relatively strong variations in the spatial distribution of seismicity through-
out the British Isles (Musson 2007; 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 (Fig. 1b). The earthquake band on
mainland Britain cuts across the geological terrane boundaries and activity is not con-
fined to either particular structural blocks or boundaries between the blocks (Chadwick
et al. 1996).
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The geographical distribution of instrumentally recorded earthquakes from 1970
to the present generally follows the distribution of historical seismicity over the last
300 years (Musson 2007). However, historical evidence shows that significant earth-
quakes have occurred in the Dover Straits, southwest Wales and around Inverness in
north-east Scotland (Fig. 1b), where there has been relatively little instrumentally
recorded seismicity. There is considerable evidence for damaging earthquakes in the
Dover Straits over the last 1000 years, such as a 5.5 M,, earthquake in 1580 (Garcia-
Moreno et al. 2015) and the 6.2 M, earthquake in 1382 (Musson, pers. comm.). Musson
(2015) also speculates that an earthquake with 6.0 Mw occurred in southwest Wales
in 1275. However, there is relatively little macroseismic data for this event and both
the location and magnitude are subject to large uncertainties. Earthquakes with magni-
tudes of 4.8 and 4.7 M, 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. This earthquake was followed by an
aftershock sequence that lasted some months (Musson 2007).

The largest instrumentally recorded earthquake in the UK catalogue occurred on 7
June 1931 (5.9 M,,) 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, including earthquakes in North Wales in 1247 and northwest Scotland
in 1508, but their locations and magnitudes are highly uncertain. The largest onshore
earthquake in the UK since 1970 occurred on 19 July 1984 near Yr Eifl on the Lleyn
Peninsula in northwest Wales and had a magnitude of 5.1 M,,. There have been three
moderate magnitude (M, >4.0) earthquakes since the end of 2007: the 4.9 M, Market
Rasen earthquake on 27 February 2008; the 4.0 M,, Jersey earthquake on 11 July 2014;
and the 4.3 M, Swansea earthquake on 17 February 2018 (Fig. 1b).

The hypocentral depths of the earthquakes in the UK catalogue are distributed
throughout the crust between depths of 0 and 30 km. However, the uncertainties in the
focal depths for instrumentally recorded depths can exceed + 10 km. Similarly, the cata-
logue does not contain uncertainties for the depths of historical earthquakes and these
will likely exceed typical depth uncertainties for instrumentally recorded events. Depth
estimates for historical events are based on macroseismic estimations, and while apply-
ing the same methods to modern events suggests good agreement with instrumentally
determined depths, the uncertainties for events may vary widely with macroseismic data
quality.

Focal mechanisms for selected earthquakes in the UK show mainly strike-slip faulting
that suggests north—south to northwest—southeast compression and east—west to north-
east—southwest tension (Fig. 2; Baptie 2010). These orientations appear consistent with
tectonic loading from first-order plate motions that result in northwest—southeast compres-
sion and northeast—southwest tension and is supported by other stress data (e.g. Heidbach
et al. 2016). For example, in Scotland, the strike of left-lateral mechanisms is similar to the
orientation of tectonic features such as the northeast—southwest striking Great Glen Fault
or the Highland Boundary Fault; whereas in England and Wales, focal mechanisms pre-
dominantly show either right-lateral motion on either east—west or north—south oriented
fault planes.

No earthquake in the UK in the historical or instrumental record has ever produced
unambiguous evidence of a surface rupture. 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.
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Fig.2 a Focal mechanisms for selected earthquakes (e.g. Baptie 2010). b Focal mechanisms in North
Wales shown by the red rectangle in a. Blue and white quadrants show areas of compression and dilatation

Furthermore, seismicity may be associated with unmapped faults whose spatial extent and
orientation is unknown.

3 Earthquake catalogue

The earthquake catalogue used in this study lies inside the polygon in Fig. 1b. It starts
in 842 AD, has been extended from June 2007, as it was in MS07, to 31 August 2018,
and contains 683 earthquakes (mainshocks and dependent events) of 3.0 M,, and above
for which the origin time, location and magnitude are known. The seismic events in the
catalogue come from three sources that have been merged: the British Geological Survey
(BGS) catalogue, the ISC online database and the French earthquake catalogue of Man-
chuel et al. (2018), referred to as FCAT-17.

The BGS catalogue is the primary source for this work and includes historical and
instrumental events in and around the British Isles. Earthquakes before 1970 are from
Musson (1994, along with subsequent updates), which includes all events with local mag-
nitude (ML)>4.0 before 1969 and some onshore events of ML <4.0. From 1970 to the
present, the primary source of data is the annual bulletins of earthquake activity published
by the BGS (e.g. Burton and Neilson 1980; Galloway et al. 2013). We removed the min-
ing-induced events from the BGS catalogue by assuming that these induced earthquakes
have occurred in the proximity to operating mines, have a magnitude smaller than 3.0 ML,
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and are shallow (<5 km) events. Events of an explosive origin due to quarrying, mining,
weapon testing or disposal, naval exercises, geophysical prospecting and civil engineering
have also been excluded where possible. Quarry blasts, which account for most of such
events, have been removed by checking locations against known quarries and, where pos-
sible, confirming blasting times with the relevant quarry. Explosions from the detonation
of ordnance or other sources mostly occur offshore and have been removed by analysing
the waveform characteristics, which are different from tectonic earthquakes. For ambigu-
ous events, information reported by relevant authorities (e.g. Coastguard), as well as other
seismological agencies are also used to discriminate between natural earthquakes and
explosions.

The ISC Bulletin contains global seismicity 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/). We use data from the ISC database to improve the catalogue completeness in
the North Sea, the English Channel, and the border between France and Belgium. Explo-
sions have been removed from the ISC catalogue as explained above. FCAT-17 is a para-
metric earthquake catalogue that merges the historical and instrumental catalogues for met-
ropolitan France (Manchuel et al. 2018). All magnitudes are given as M,, and the catalogue
is used to augment the UK data for the southernmost part of the study area. To merge the
data from the three sources, we used the following hierarchy where there were duplicated
events (i.e. events with similar locations and original times). The events from the BGS
catalogue were given priority across the study area because these were considered to be
the most well-constrained for the region, then the event from the ISC database and last the
entries from FCAT-17.

It is standard practice in seismic hazard assessment to use M,, (Bolt and Abraham-
son 2003). To homogenise the composite earthquake catalogue in terms of M,, we
use the equations of Griinthal et al. (2009) that have been derived from earthquakes of
3.5<ML<6.5 in Central and Northern Europe. The M,, values calculated using Griinthal
et al. (2009) do compare relatively well with measured M,, for the UK although there are
very few data for earthquakes larger than 4.0 ML to extend the comparison to larger mag-
nitudes (see Mosca et al. 2020). This magnitude relationship has also been used recently in
site-specific PSHA for nuclear power plants in the UK (Tromans et al. 2019; Villani et al.
2020).

3.1 Declustering and assessing catalogue completeness

To decluster the earthquake catalogue and therefore to remove the time-dependent events
(aftershocks and foreshocks), we use the windowing method of Burkhard and Griinthal
(2009). This is based on magnitude-dependent time and space windows calibrated for the
earthquake catalogue in Central Europe. Initial inspection of the results showed that in
general, the time and space windows are acceptable for the UK data but in a few cases (e.g.
the Torridon earthquake sequence with 2.7-3.8 M,, between August 1934 and May 1936,
the Kintail earthquake sequence with 2.0-4.1 M, in Western Scotland between 1974 and
1975, and the 5.1 M,, earthquake in the Lleyn Peninsula on 19 July 1984 with its after-
shock sequence), the Burkhard and Griinthal (2009) method fails to identify aftershocks
correctly. In these cases, the dependent events are removed manually. This problem may
have arisen because location and magnitude uncertainties are not accounted for by the
declustering process and these may be large from some historical and older instrumentally
recorded earthquakes. Furthermore, the sequence of aftershocks for the 1984 Llyen event

@ Springer


http://www.isc.ac.uk/
http://www.isc.ac.uk/

640 Bulletin of Earthquake Engineering (2022) 20:633-675

650 400
Non-declustered catalogue Non-declustered catalogue
6001 peclustered catalogue 3501 Declustered catalogue
550
500 300]
_ 450 =
Q W
£ 400 £ 250
2 350 2
2 £ 2001
% 3001 £
3 3
§ 250- § 1501
200
150 1001
100 50
0
& 12
-
S 104 | ‘
g I
£ 8 I
s | I
S ‘In' I
% 2, AN ok R
ol LT L
1700 1800 1900 1900 1920 1940 1960 1980 2000
Year Year

Fig. 3 Cumulative number (top panel) and annual number (bottom panel) of M,,>3.0 earthquakes as a
function of time from 1600 to 2018 on the left-hand side and from 1900 to 2018 on the right-hand side. For
both, black denotes the whole catalogue and red denotes the declustered catalogue

Table 1 Completeness values for
the earthquake catalogue. The
completeness analysis for the 0

Mc UK Mc North sea

North Sea is from Woessner et al. 1975 3.7 1970

(2015) 4.0 1750 4.1 1890
4.5 1700 4.7 1800
5.0 1650 5.5 1700
6.5 1000

is relatively long for an earthquake of that size. Stein et al. (2015) suggest that the dura-
tion of aftershock sequences in intraplate regions may be longer than in interplate regions
and this may also contribute to the failure of the declustering process in this case. Figure 3
shows the cumulative and annual number of earthquakes of 3.0 M,, and above in the cata-
logue before and after declustering. After declustering, the total number of mainshocks of
M,, >3 is 547 (out of 683 events of 3 M,, and above). We also test the temporal Poisson
behaviour of the declustered catalogue with M, >4.0 from 1750 to the present as discussed
below. This is the period for which the catalogue is assumed to be complete for M, >4.0
(Table 1). Using a chi-square test (e.g. Luen and Stark 2012), we find that the null hypoth-
esis that the earthquake distribution is Poissonian cannot be rejected with a 95% confidence
level.

There are several methods available to assess the completeness of earthquake cata-
logues including Wiemer and Wyss (2000), Cao and Gao (2002) and Woessner and Wie-
mer (2005). However, Roberts et al. (2015) suggest that catalogues should contain a mini-
mum of 200 events above the completeness magnitude to apply these methods and produce
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statistically meaningful results. Since our catalogue contains a relatively small number of
events we have to adopt a pragmatic approach to this problem. The historical catalogue
for the UK has changed little in recent years, so for the period before 1970, we adopt the
same completeness values as MSO7 (Table 1). For more recent earthquakes, the level of
completeness for the UK is largely determined by the level of instrumental monitoring in
the region. The development of the instrumental seismic monitoring network 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), and continued to expand through the
1980s and 1990s. The modelled detection capability of the instrumental network suggests
in the 1970s there were parts of mainland Britain where the detection threshold exceeded
3.3 M,,. In the Eighties, the network was capable of detecting events with a magnitude of
2.0 M,, or above across nearly all of mainland Britain (see Fig. 4 in Mosca et al. 2020).
Note that this modelling does not take into account the possible failure of individual moni-
toring stations and the resulting impact on 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 M,, and above from 1975 to the present (Table 1).

To test the validity of the completeness thresholds in Table 1, we compare the observed
frequency-magnitude distribution (FMD) and the Gutenberg—Richter frequency-magnitude
law (Gutenberg and Richter 1954) for the entire catalogue, the pre-1975 portion (i.e. dom-
inated by pre-instrumental data) and the post-1975 catalogue portion (instrumental data
only) for the UK region, excluding the North Sea. Our hypothesis is that if the assess-
ment of completeness is appropriate then the b-value for the entire catalogue and the two
‘sub-catalogues’ will be roughly the same. To determine the activity rate and b-value in
the FMDs, we use a penalised maximum likelihood procedure (Johnston et al. 1994; see
Sect. 4.2). Figure 4 shows that the b-values of the three catalogue variants are very similar
suggesting that the proposed completeness thresholds in Table 1 are suitable and that each
sampled period contains roughly the same proportion of larger and smaller events.

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. For this region, we use
the results of the completeness analysis for Northern Europe undertaken by Woessner et al.
(2015). According to this, our catalogue for the North Sea region can be considered to be
complete for 3.7 M,, and above since 1970 (Table 1).

4 Seismic source characterisation model

The SSC model aims to describe the location, size, and frequency of future earthquakes
through a set of parameters such as the geometry of the seismic sources, maximum earth-
quake magnitude, and recurrence parameters drawn from the FMD of the seismicity in each
source (e.g. Budnitz et al. 1997). The study area is divided into a series of seismic sources.
In each source, the seismic activity is considered to be spatially uniform and earthquakes
have an equal chance of occurring at any point (e.g. Reiter 1990). We use a single-source
model that is based on the current understanding of crustal geology, tectonic processes and
historical seismicity constrained by geological mapping, regional stress measurements and
models, geophysical surveys, macroseismic data and instrumental recordings of seismic-
ity. There is insufficient information to define individual fault sources so our SSC model
consists of zones only. The zonal approach also allows potentially buried, and therefore
unknown, fault structures to be accounted for.
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Fig.4 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 predicted FMD using the Gutenberg—Richter law
for the recurrence parameters, together with their standard deviation, given on the graph

The model consists of 22 source zones and draws heavily on previous regional source
models, including MS07 and the ESHM13 (Woessner et al. 2015; see Fig. 5). Both MS07
and ESHM2013 were influenced by a study of the seismo-tectonics of the UK by Chad-
wick et al. (1996). The zonation for the present study takes the ESHM13 zone boundaries
as its starting point but we have made some modifications in light of recent developments
in the understanding of tectonics in the UK. For example, the latest geophysical and geo-
logical data and models resolve the Malvern Lineament well (e.g. Pharaoh 2018) and so
the boundaries between MMCW, MMCE and PENN have been adjusted to reflect this (see
Fig. 5a). Also, since the Sangatte Fault, which runs through the Dover Straits from San-
gatte (northeast France) to south-east England is the probable source of the 1580 earth-
quake (5.5 M,;; Camelbeeck et al. 2007) and the 2007 Folkestone earthquake (Ottemoller
et al. 2009), the zone covering the Dover Straits (DOVE) has been extended slightly to
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the west to include the 2007 event and north to include another large (~6.0 M,,) historical
(1382) event in the Dover Strait, compared with the same zone in ESHM13.

We use the depth distribution determined by MS07 because the general understand-
ing of the distribution of the hypocentral depths of British earthquakes has not changed
since that report was published. In MS07, the earthquakes are assumed to have hypocentral
depths between 5 and 20 km, with a modal depth of 15 km (see Table 2).

The faulting in each zone has a weighted distribution of possible styles and orientations.
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 mecha-
nisms 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 seismic-
ity (Baptie 2010).

4.1 Maximum magnitude

Maximum magnitude (Mmax) defines 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 theoretically limited by fault length because any large earthquake
requires a sufficiently large structure or system of interacting structures to host it. Defin-
ing Mmax in intraplate regions is particularly challenging (Holschneider et al. 2011, 2014)
since 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 greatly exceeds the relatively
short duration of any earthquake catalogue based on historical data. As a result, it is quite
likely that the largest possible earthquake may not be included in the records.

The UK historical earthquake catalogue includes two earthquakes with magnitudes
greater than or equal to 6.0 M,,: a magnitude 6.2 M,, event in the Dover Straits in 1382
and a magnitude 6.0 M,, event in South Wales in 1275. Significant uncertainties are associ-
ated with both the locations and the magnitudes of these events. The largest earthquake for
which a magnitude can be estimated reliably is the Dogger Bank event that occurred on 7
June 1931 (5.9 M,,). Earthquakes of M,, > 6.0 have occurred in analogous tectonic regions.
The largest earthquake, which is known to be observed in north-west Europe, is the 1356
Basel earthquake in Switzerland (6.6 +0.5 M,,; Féh et al. 2011). Other examples of large
earthquakes in low seismicity regions are the three principal earthquakes in the 1811-1812
New Madrid sequence (6.7 M,,, 6.5 M,, and 6.8 M,, for the 16 December 1811, 23 January
1812 and 7 February 1812 earthquakes, respectively; Hough and Page 2011) and the 1886
Charleston earthquake in South Carolina (7.3 +0.3 M,,; Johnston 1996).

There is no standard procedure for determining Mmax for PSHA (for a review, see
Wheeler 2009 and Meletti et al. 2009). MSO7 used a weighted maximum magnitude distri-
bution for onshore areas (between 5.5 and 6.5 M,,, with the highest weighting for 6.0 M,,)

Table 2 Depth distribution used

in the NSHM for the UK Depth (km] Weight
5 0.1
10 0.25
15 0.4
20 0.25
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and offshore areas (6.0-6.5 M,, with the highest weighting again on 6.0 M,,) based on the
expert judgement from analogous regions. Here we use the Mmax distribution proposed
for the British Isles by Meletti et al. (2009) for the ESHM13 model (Table 3). This was
determined using the statistical approach of Johnston et al. (1994 and updated in EPRI
2012) to determine the Mmax distribution in areas of low seismicity. We use the Mmax
distribution shown in Table 3 for all zones. The magnitudes in the distribution are higher
than those used by MS07 to account for new information on the occurrence of earthquakes
with magnitudes of 6.0 M,, or greater (see Musson 2015) becoming available since 2007
and the examples of the occurrence of large earthquakes in analogous regions. This indi-
cates that we cannot rule out future earthquakes of magnitude larger than 6 Mw.

4.2 Recurrence statistics

The relationship between the magnitude and number of earthquakes in a given region and
time period generally can be expressed by the Gutenberg—Richter frequency-magnitude
law (Gutenberg and Richter 1954):

log, N =a—-bM ey

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 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 meaning that for each unit increase in magnitude, the number of earth-
quakes reduces tenfold. Cornell and Vanmarcke (1969) define a truncated version of the
Gutenberg—Richter law where the range of earthquake magnitudes is limited by a lower
and upper bound:

—p(M-M,) _ ,~p(Mmax—My)

N> M = 10°M) €
- —p(Mmax—M,)

)

l1-e

where f=5b*In(10), M, is the minimum magnitude for the recurrence statistics, Mmax

is the maximum magnitude, a (M) is the log of the number of earthquakes of magnitude
M, and above.

We use the penalised maximum likelihood procedure (PMLP) described in Johnston
et al. (1994) to estimate the FMD for the seismic source model. This accounts for different
time windows of the catalogue completeness, the uncertainty in @ and b and the correla-
tion 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. Using Eq. (2), the results from
the PMLP are expressed by a 55 matrix of possible values for a and b, determining 25

Table 3 Distribution of the

maximum magnitude (Mmax) Mmax Weight
used in the NSHM for the UK 6.5 03

6.7 02

6.9 02

7.1 0.1
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triplets of activity rate, b-value and their weight. We did not apply the standard error for
individual magnitude estimates because the magnitude uncertainty of the earthquakes is
not assessed uniformly in the three sources used to construct the catalogue for this work.
EPRI (2012) and Musson (2012b) recognise that care should be taken when 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. This
is to avoid over- or under-estimating the activity rate and the b-value in the area under
consideration.

We apply the PMLP to each zone in the source model using the completeness thresholds
in Table 1. The minimum magnitude (M, in Eq. 2) for the recurrence calculations is 3.0
M,,. For the maximum magnitude (Mmax in Eq. 2) we use a value of 7.1. This is the largest
value in the Mmax distribution used for the hazard calculations (see Table 3). However, the
choice for Mmax is not critical for the results because it has little influence on the estima-
tion of the activity rates and b-values of the source model (Musson 2012b). We use the
b-value determined in Sect. 3.1 (1.0) as the prior for this analysis.

The recurrence statistics determined for each of the zones in the source model are
shown in Fig. 6 where the length of the error bars is inversely proportional to the num-
ber 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 25 recurrence parameters in the probability distribution of the FMD are described by
the grey lines in Fig. 6, whereas the black lines are the FMD from the weighted mean
of the 25 recurrence parameters. The sum of the weighted mean of (N>3.0 M, )/yr esti-
mates for the individual zones in the UK region (excluding VIKI and NORM) is (N>3.0
M,,)/yr=2.07 and therefore approximately equal to the regional estimate of (N>3.0 M,,)/
yr=2.12+0.18 in Fig. 4. This consistency gives some confidence in the (N>3.0 M, )/yr
estimates for individual zones. For zones SLPT, ESCO and VIKI we use 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 adopt
the completeness estimates for the North Sea for this zone. For zones BALA and ESCO,
which contain no earthquakes within the completeness thresholds, the b-value is fixed to
be the chosen prior of 1.0 and (N>3.0 M,,)/yr depends on the area of the zone and the
average rate for the low seismicity regions of Central and Northern Europe (Musson 2011).
The seismicity in zones MMCW in Mid and South Wales and MENA in North Wales
shows a “hump”, or departure from a straight line, around 4.5 M,, with more earthquakes
of M,,>4.5 than are predicted by the Gutenberg—Richter FMD between 3.0 and 5.0 M,,
(see Figs. 6 and 7). This “semi-characteristic” behaviour of the seismicity in these regions
was first observed by MS07, and later by Tromans et al. (2019) and Villani et al. (2020)
and can be explained by a ‘bipartite FMD’ (see Musson 2015; Mosca et al. 2019) as shown
in Fig. 7. This means that the seismicity of MMCW and MENA can be modelled as two
populations of earthquakes with distinct FMDs. The first is a population of “normal” earth-
quakes represented by the levels of seismicity in the magnitude range between 3.0 and 4.5
M,,. The second population consists of earthquakes in the magnitude range of 4.5-7.1 M,,..
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 M,,, a hazard-critical range for
the UK (Fig. 7). Although this behaviour may be because the earthquake catalogue is not
long enough to adequately reflect the long-term hazard in the region, we take a pragmatic
decision to use the bipartite FMD as it fits the data in these two zones and reduces the
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N2>M, peryear

Observed seismicity
Predicted seismicity

Fig.6 FMD for each of the zones in the source model. The grey lines describe the 25 recurrence parameters
in the probability distribution of the FMD computed using the PMLP
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Fig.7 Magnitude-frequency recurrence for the source zones MMCW and MENA using the bipartite FMD
(solid lines) and the single FMD (dashed lines)

possibility of underestimating the number of earthquakes of M,,>4.5 in North and South
Wales.

5 Ground motion characterisation model

The GMC model describes the value(s) of the ground motion parameter of interest at a site
resulting from all possible earthquake scenarios. Constructing the GMC model is one of
the most challenging aspects of seismic hazard assessment because it significantly influ-
ences the hazard estimates. Moreover, capturing the associated aleatory and epistemic
uncertainties in the GMC model adequately is very difficult with limited data. The most
common way to capture the epistemic uncertainties in a GMC model is to use multiple
GMPEs (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). Care is required in the design of the logic
tree, especially with regard to which and how many branches to include in order to fully
characterise the epistemic uncertainty. Bommer and Scherbaum (2008) argue that because
the alternative GMPEs selected to populate the ground motion logic tree are often derived
from the same dataset, multi-GMPE logic tree does not fully capture the epistemic uncer-
tainty in the median prediction of the GMC model. In the last few years, the backbone
approach has emerged as a way to achieve this. It is based on the selection of one or more
GMPEs, which is referred to as the ‘backbone model’. The median predictions of the
backbone model are then scaled up and down to capture the epistemic uncertainties in the
median ground motion (e.g. Atkinson et al. 2014; Goulet et al., 2017; Douglas 2018). This
approach requires sufficient data to calibrate the backbone model to the region of interest.
The development of the GMC model is the result of a workshop between specialists
on ground motion modelling and the members of the project team in September 2018 and
informal advice from these experts throughout the project. Although the backbone approach
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Table 4 Logic tree for the -
GMPE Weight
median prediction of the GMC “18
model developed for the site- .
Atk d B 2006 .1
specific PSHA for the Hinkley ) inson and Boore ( ) 0
Point C (Tromans et al. 2019) Rietbrock et al. (2013) 0.1
and also used in this study Bindi et al. (2014) 0.3
Boore et al. (2014) 0.3
Cauzzi et al. (2015) 0.2

was explored to characterise the GMC model for this work, the multi-GMPE logic tree
approach implemented in Tromans et al. (2019) was preferred for use in the UK NSHM.
The GMC model of Tromans et al. (2019), was developed for the new nuclear site at Hin-
kley Point C (HPC) in Somerset (see Table 4). This consists of five GMPEs: the stochastic
model of Atkinson and Boore (2006), which is modified in Atkinson and Boore (2011)
to account for more data from moderate earthquakes and is valid for stable continental
regions; the GMPEs of Boore et al. (2014), Bindi et al. (2014), and Cauzzi et al. (2015)
that are valid for active shallow crustal regions; and the stochastic model of Rietbrock et al.
(2013), which was developed specifically for the UK. The weights given to each GMPE by
Tromans et al. (2019) were based on expert judgement because a comparison of the predic-
tions made using the GMPEs with the available ground motion data for the UK could not
determine which best predicted the observations. Tromans et al. (2019) assign a low weight
(0.1) to the stochastic GMPEs of Atkinson and Boore (2006) and Rietbrock et al. (2013)
because these models are poorly constrained at short distances. The GMPEs 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 GMPEs considered to be possible candi-
dates for use in the HPC PSHA. The GMPE of Cauzzi et al. (2015) is given a weight of 0.2
because it performs less well than Boore et al. (2014) and Bindi et al. (2014) (for further
information, see Tromans et al. 2019).

5.1 Vs-k, adjustment

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(s) for which they were derived. Ide-
ally, when applying a GMPE from a given host region to a specific target site or region,
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—x, (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. The near-surface site-specific
attenuation is described by the parameter «, that represents the attenuation of shear waves
at a given site as a result of the physical properties of the near-surface rocks and soils.

In this work, we follow the approach of Al Atik et al. (2014) that uses the inverse ran-
dom vibration theory (IRVT) to transform the response spectrum calculated using a given
GMPE for a specific earthquake scenario into a compatible Fourier amplitude spectrum
(FAS). This methodology allows us to compute the k, values for the host region. Then, the
host-to-target adjustments are applied to the FAS before recalculating the response spectra
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using random vibration theory (RVT). It requires no assumptions about the background
seismological model (e.g. stress drop and attenuation model) for the host and target sites.

For this study, the target Vs30 is 800 m/s across the whole of the UK. This value marks
the transition from soil class A (Vs30>800 m/s) to class B (350 m/s < Vs30< 800 m/s)
in Eurocode 8 (CEN 2004) and is required in the forthcoming revision. The input param-
eters required for the Vs—x, adjustments are the Vs profile and the x, parameter for the
target site and the host region for the GMPEs. We consider the generic Vs profile given
for the target value of Vs30=800 m/s using the equations of Cotton et al. (2006). 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 veloci-
ties are represented by a power-law model. The target x;, value is computed for the target
Vs30=800 m/s using the empirical relationship between Vs30 and k, of Van Houtte et al.
(2011), which was derived from a large number of measurements worldwide. For our cho-
sen Vs30, we estimate a value for x, of 0.027 s. We use the standard deviation of 0.55 in
In(x,) (Van Houtte et al. 2011) to estimate the lower and upper bounds for k), i.e. 0.016 and
0.047 s, respectively. This allows us to account for epistemic uncertainty in x,, though we
do not include any uncertainty in the target Vs30. The three values of k (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 k,=0.027 s agrees with
Ky, =0.030 s for 760 <Vs30<1100 m/s estimated by Villani et al. (2019) using the record-
ings of ground motions from sites across the UK.

We use a host Vs30 of 800 m/s for the empirical GMPEs (i.e. Boore et al. 2014; Bindi
et al. 2014; and Cauzzi et al. 2015). This eliminates any amplification differences due to
the shear wave velocity by using the same Vs profile for both host and target. The Vs pro-
file for the GMPE of Rietbrock et al. (2013) is the generic Vs profile for the UK given by
Booth et al. (2001). We then apply the Quarter Wavelength method (Boore 2003) to esti-
mate 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 given
in Table 4 of their publication.

Response spectra are calculated using each GMPE for different earthquake scenarios
with different magnitude and distance combinations. These scenarios were selected by
doing a preliminary disaggregation of the hazard at four selected sites that are located in
regions with different levels of hazard in the UK (see Sect. 6). Since the Vs- x, adjustment
factors are more important at short distances and high frequencies (Al Atik et al. 2014),
we select nine earthquake scenarios based on the disaggregation analysis in the high-fre-
quency range: M,,=4.0, 5.0, and 6.0, and Joyner-Boore distances Rjb=35, 15, and 25 km.
The final Vs—, adjustments for the GMPE is the average from all nine scenarios.

The average ;. values calculated using IRVT for the five selected GMPEs are shown
in Table 5. For the three empirical GMPEs (Bindi et al. 2014; Boore et al. 2014; and Cauzzi

ot five oo e g GMPE Kopos: [

motion model Atkinson and Boore (2006) 0.0164+0.0027
Rietbrock et al. (2013) 0.0102+0.0027
Bindi et al. (2014) 0.0375 +£0.0057
Boore et al. (2014) 0.0374+0.0048
Cauzzi et al. (2015) 0.0347 +£0.0035
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et al. 2015), the average K },.5, values are all similar (~0.350-0.375 s), slightly greater than
our target k, value of 0.027 s. The average ¥, values for the two stochastic GMPE’s
(Atkinson and Boore 2006; Rietbrock et al. 2013) are both smaller than the target &
value. Figure 8 shows the calculated Vs—x, adjustment factors for both the median value
and the upper and lower limits in our target k, as a function of the period for each of the
five GMPEs in the GMC model. Overall, we find that the calculated adjustment factors for
PGA and the GMPEs vary between approximately 0.65 and 1.25 for the median target
value of 0.027 s (Fig. 8). Calculated values of the adjustments for a K i, Value of 0.027 s
for all five GMPEs converge to approximately 1.0 at longer periods. The adjustments for
all three empirical GMPEs (Bindi et al. 2014; Boore et al. 2014; Cauzzi et al. 2015) have
a similar form, with a peak at 0.05 s and values that decrease at longer periods. The maxi-
mum adjustment factor for Boore et al. (2014) and Bindi et al. (2014) is approximately
1.4-1.5, whereas the maximum adjustment factor is approximately 1.2 for Cauzzi et al.
(2015). Applying these host-target adjustments will result in slight increases in the spectral
response at periods less than~ 1 s. This is consistent with the calculated values for the host
Kk, for these three GMPEs, which are all larger than those for the target k;, considering that
the host and target Vs30 are relatively similar. 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 ¥, for the host and target. Specifically, the adjustments for Atkinson and Boore (2006)
are smaller than 1.0 at periods < 1.0 s, resulting in 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 <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 the upper and lower target K, allow us to assess the effect
of epistemic uncertainty in our choice of target k;, on the results. The adjustments for the
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lower K qargee Value of 0.016 s are consistently larger than those for the Ky e 0f 0.027 s,
and are greater than 1.0 for all five GMPEs and most periods. Conversely, adjustments for
the upper Ko, yrge; Value of 0.047 s are smaller than 1.0 for all the GMPEs.

5.2 Comparison between predicted and observed ground motion

To assess whether the GMC model of Tromans et al. (2019) was an appropriate choice for
the UK seismic hazard maps, we compare the Vs—i, adjusted ground motion predictions
computed from ten GMPEs with the UK strong motion data. Besides the GMPEs used by
Tromans et al. (2019) in Table 4, we selected also Abrahamson et al. (2014), Campbell
and Bozorgnia (2014), Chiou and Youngs (2014), Akkar et al. (2014a), and Pezeshk et al.
(2011). All these ten GMPEs pass the exclusion criteria of Bommer et al. (2010) and are
considered to be applicable for the UK. We did not consider the GMPE of Yenier and
Atkinson (2015) for SCRs because it does not provide the aleatory variability (i.e. sigma
model). For this work, we use the stochastic model of Pezeshk et al. (2011) and Rietbrock
et al. (2013) rather than their updated models (Pezeshk et al. 2018; Rietbrock and Edwards
2019) because the latter was not available when we started to test the existing GMPEs
against the UK strong motion data in 2018.

The UK strong motion data consist of 377 recordings of PGA at Rjb up to 400 km from
35 small-to-moderate (3.3 <M,, <5.0) earthquakes that have occurred in the UK between
January 1980 and August 2018. In the interests of brevity, we show the visual comparison
of ground motion predictions for the GMPEs used in the GMC model and observed ground
motions from five earthquakes (Fig. 9). The data from these five earthquakes are listed
in Table 6. The ground motion predictions are computed for a rock site (Vs30=800 m/s)
and a strike-slip faulting mechanism. In general, the agreement between predictions and
observations is better for data recorded from small (<3.9 M,,) earthquakes rather than from
moderate earthquakes and the former fall clearly within one sigma from the median predic-
tions of the GMPEs. Many GMPE:s for active shallow crustal regions seem to underesti-
mate the UK data, whereas the model of Atkinson and Boore (2006) seems to overpredict
the UK data.

We apply the residual analysis, the log-likelihood (LLH) method of Scherbaum et al.
(2009), and the Euclidian Distance-based Ranking (EDR) method of Kale and Akkar
(2013) to make a more objective assessment of the suitability of a particular GMPE.
The reader can refer to Mosca et al. (2020) for the full details of these analyses. The
LLH function of Scherbaum et al. (2009) evaluates the performance of the GMPE for a
particular ground motion dataset. The EDR approach results in three output parameters,
MDE (Modified Euclidian distance), k®°, and EDR (Kale and Akkar 2013). 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 the EDR
parameter. The results of these analyses are displayed in Fig. 10 for the ten selected,
adjusted GMPEs. Among the four NGA (Next Generation Attenuation)-West2 GMPEs
(Abrahamson et al. 2014; Boore et al. 2014; Campbell and Bozorgnia 2014; Chiou and
Youngs 2014), which were derived using a similar dataset of recordings, the model of
Abrahamson et al. (2014) seems to perform better than the others against the UK data.
The GMPEs of Akkar et al. (2014a) and Bindi et al. (2014) were derived using record-
ings from earthquakes in Europe and the Middle East included in the RESORCE Euro-
pean strong-motion database (Akkar et al. 2014b). The statistical results indicate that
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Fig.9 Comparison of the Vs—i adjusted ground motion predictions using the GMPEs in Table 4 with PGA
observations for the five UK earthquakes in Table 5. The strong motion data for PGA are expressed as the
geometric mean of the two orthogonal horizontal components. The solid red lines describe the median pre-
diction of the GMPEs, and the dashed red lines describe the median prediction +one sigma

Table 6 Earthquakes selected for the visual comparison between predicted and observed ground motions in
Fig. 9

Date Location Depth [km] M,, Number of Range of the PGA values
recordings

27/02/2008 Market Rasen 18 49 15 1.2x107% 1.4x 1072

18/04/2014 Oakham 3 3.3 23 4.8x107% 5.4x10™

22/05/2015 Ramsgate 12 3.9 18 5.8%107%;1.7x107°

17/02/2018 Swansea 8 43 31 24%107°%;5.1x107°

09/06/2018 Grimsby 19 35 39 5.9%107%23%x107°
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Fig.10 LLH, MDE, k%5, and EDR values as a function of ten selected, adjusted GMPEs for PGA.
GMPEs are abbreviated as follows: AB06 = Atkinson and Boore (2006); PEZ11=Pezeshk et al. (2011);
RSEI13 =Rietbrock et al. (2013); ASK14=Abrahamson et al. (2014); BSSA14=Boore et al. (2014);
CB14=Campbell and Bozorgnia (2014); CY14=Chiou and Youngs (2014); AKKI14=Akkar et al.
(2014a); BIN14=Bindi et al. (2014); CAU15=Cauzzi et al. (2015)

the former predicts slightly better the UK strong motion data than the latter. The sto-
chastic GMPE of Atkinson and Boore (2006) gets lower LLH and EDR values than the
Pezeshk et al. (2011) GMPE. Both were derived for SCRs. The GMPEs of Rietbrock
et al. (2013) and Cauzzi et al. (2015) were derived using recordings from the UK and
worldwide with a large majority from Japan, respectively. Their LLH score and EDR
values are in line with those computed for the other GMPEs. The overall performance
of the 10 GMPEs for the same statistical parameter is relatively similar (between 3 and
5.8 for LLH, 1 and 2 for MDE, 1.2 and 1.5 for k%>, and 1.1 and 2.7 for EDR) suggesting
that the statistical methods are unable to assess the predictive model performance of the
selected GMPE:s for the strong motion dataset in the UK and provide only a qualitative
indication of the GMPE performance. This is because this dataset consists of only weak
motion data and does not contain recordings at short source-to-site distances to rank the
GMPEs with greater resolution. This conclusion was also highlighted in Tromans et al.
(2019).
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To select the suite of GMPEs to populate the ground motion logic tree, we made the
following considerations. We prefer the GMPE of Boore et al. (2014) among the NGA-
West2 models because the functional form of this GMPE is relatively simpler than that
of Abrahamson et al. (2014), Campbell and Bozorgnia (2014), Chiou and Youngs (2014),
and does not contain some input parameters (e.g. depth-to-top of the rupture and depth to
Vs=2.5 km/s), which are unknown in most of the regions in the world and thus are set to
default values calibrated on earthquakes that occurred mainly in California. We select Bindi
et al. (2014) over Akkar et al. (2014a) as this is used in two of the most recent site-specific
PSHA studies in the UK (Tromans et al. 2019; Villani et al. 2019, 2020). We also select the
model of Atkinson and Boore (2006) between the two models for SCRs. This is because
the UK is an intraplate region with low levels of seismicity and we cannot rule out GMPEs
for SCRs. However, the seismological properties of the crust under the UK (e.g. attenua-
tion model) are more similar to active seismic regions such as Western North America than
the stable regions such as Eastern North America. For this reason, we assign a low weight
to the Atkinson and Boore (2006) model. To complete the suite of GMPEs for this work,
we select also the GMPE of Rietbrock et al. (2013) and Cauzzi et al. (2015). The model
of Rietbrock et al. (2013) has a lower weight because it is poorly constrained at short dis-
tances. Given these considerations, we adopt the GMC model of Tromans et al. (2019)
for this work (Table 4). This model is also consistent with the recommendations for the
definition of the GMC model in Villani et al. (2019) who suggest using one GMPE among
Abrahamson et al. (2014), 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).

6 Hazard results

We calculate the hazard using Monte Carlo-based simulations to generate artificial cata-
logues by random sampling of the probability distributions in the SSC model (Musson
2000). Musson (2012c) and Mosca (2019) show that the Monte Carlo-based approach is
compatible with a Cornell-McGuire type approach and provides the same output given the
same initial model. The implementation of the individual GMPEs has been checked against
the ground motion library in the OpenQuake (Pagani et al. 2014).

The minimum magnitude (Mmin) in a hazard calculation is defined as the threshold
for potentially damaging earthquakes (e.g. Bommer and Crowley 2017). This parameter
is usually defined between 4 and 5 M,, for PSHA. In MSO7, Mmin was 4.5 M,,, whereas
here, we consider that 4.0 M,, is more appropriate because it includes the probability
that the impulsive nature of small earthquakes and their high-frequency content could be
potentially causing damage. The impact of such small but damaging earthquakes is clearly
shown by the 4.0 Mw Folkestone earthquake in 2007, which was relatively small, but
caused significant non-structural damage and also some light structural damage in very few
locations (Sargeant et al. 2008). The choice of a minimum magnitude of 4.0 Mw is consist-
ent with previous PSHA for nuclear sites in the UK (e.g. Villani et al. 2020). However,
we note that another recent PSHA for a nuclear site in the UK (Tromans et al. 2019) use a
minimum magnitude of 4.5 M,,. Recent NSHMs in low seismicity regions have a minimum
magnitude between 4.3 and 4.5 Mw (Wiemer et al. 2016; Griinthal et al. 2018; Drouet et al.
2020).
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Fig. 11 SSC and GMC logic tree for the NSHM for the UK

The SSC and GMC models used in the hazard computation are shown in Fig. 11. Using
the SSC model (top panel in Fig. 11), we generate 100,000 synthetic earthquake cata-
logues, each 100 years long. This gives a total of 10,000,000 years of simulated data, which
is sufficient to resolve the hazard accurately for return periods up to 10,000 years (Mus-
son 2000). Each simulated catalogue represents a version of what could occur. The ground
motion is computed for each earthquake in the simulated catalogues using the GMC model
(bottom panel in Fig. 11). Following Strasser et al. (2008), we did not truncate the distribu-
tion representing the aleatory uncertainty of ground motions. By sorting the ground motion
results in order of decreasing severity, it is possible to identify ground motions associated
with different frequencies of exceedance (Musson 2000).

The hazard calculations were carried out for the region between 49° N and 61° N and
8.5° W-2° E for a grid of 4141 points spaced 0.125° in latitude and 0.25° in longitude
(~12 km in both directions). We computed the hazard for PGA, SA,, ,, and SA, , ( with
5% damping for Vs30=800 m/s and return periods of 95, 475, 1100, and 2475 years. The
resulting hazard maps for return periods of 475 years (10% annual frequency of exceedance
in 50 years) and 2475 years (2% annual frequency of exceedance in 50 years) are shown in
Figs. 12 and 13, respectively. The maps for 95 and 1100 years are available at http://www.
earthquakes.bgs.ac.uk/hazard/UKhazard.html.

For 475 years, PGA is less than 0.04 g for most of the UK, except for North Wales
and the England—Wales border region where the hazard reaches around 0.09 g and
0.05 g, respectively (left panel of Fig. 12). A similar spatial variation is observed at
0.2 s but the effects are more pronounced (central panel of Fig. 12). These areas of
relatively higher hazard are due to source zones with higher levels of seismic activ-
ity (i.e. MMCW, MMCR and NORM). At 1.0 s, accelerations are smaller than 0.02 g
(right panel of Fig. 12) but show less variation across the UK. For a return period of
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2475 years, the Channel Islands, North Wales, the England—Wales border region
through to North Central England, the Lake District and north-west Scotland are the
areas of highest hazard for PGA and SA, , (Fig. 13). The highest hazard values (0.25 g
for PGA and 0.47 g for SA,, () are observed around the region of Snowdonia, in North
Wales.

6.1 Site-specific hazard results

We have computed hazard curves, uniform hazard spectra (UHS), and the disaggrega-
tion analysis for four sites (i.e. Cardiff, Dover, Edinburgh, and London) that are located
in regions of different levels of hazard across the UK (see yellow stars in Fig. 1b). Fig-
ure 14 shows the hazard curves for PGA, SA,, ., SA,,,, and the UHS for 475 and
2475 year return period for the four sites.

We disaggregated the hazard results in terms of magnitude, Rjb, € (the number of stand-
ard deviations above or below the median ground motion prediction) and the originating
source zone to determine which earthquake(s) control the hazard for the key return periods.
Using a Monte Carlo-based PSHA, this simply means searching the synthetic catalogues
derived from the SSC model for ground motions that are greater than or equal to the design
acceleration (plus or minus a small tolerance factor that is 0.001 g here; Musson 2000). In
the interests of brevity, we present the results for PGA and the four sites (Figs. 15, 16, 17
and 18).

Disaggregating by zone for Cardiff, 86-92% of ground motions for PGA are greater
than or equal to the design value (0.033 g for 475 years and 0.100 g for 2475 years) from
the second population of earthquakes (4.5-7.1 M,,) in MMCW. Disaggregating the haz-
ard by magnitude, distance and € for PGA (Fig. 15), we observe that for both 475 yr and
2475 yr, the greatest contribution to the hazard comes from relatively small earthquakes
of around 4.5-4.7 M,, at relatively short distances (<20 km). Zones in south-eastern Brit-
ain and northern France region control the hazard at the Dover site with by far the big-
gest contribution coming from zone DOVE. This is also clear by disaggregating the hazard
for the Dover site in terms of magnitude, distance and & (Figs. 16). For PGA, there is a
single pronounced peak at 4.0-4.1 M,, and distances of 5-15 km for 475 yr and 2475 yr.
For the site in Edinburgh, the largest contributions to the hazard are from zones SC34,
SC78 and PENN and a broader range of earthquakes contributes to the PGA hazard (dis-
tances of 0—150 km and magnitudes of 5-6 M,,) although there is a peak at 4.3-4.5 Mw
and 35-45 km for 475 yr and 4.5-4.7 M,, and 15-25 km for 2475 yr (Fig. 17). Finally,
for the London site, zones in southern Britain dominate the hazard as would be expected
although the zone MMCW?2 also makes a relatively large contribution. The hazard at this
site is dominated by relatively small earthquakes (4.3-4.5 M,,) at short distances (less than
40 km) for PGA (Fig. 18).

Overall, the disaggregation results for PGA indicate that moderate (<5.0 M,,) earth-
quakes at short distances dominate the hazard in the UK.

6.2 Sensitivity analysis
We have carried out a sensitivity analysis to investigate the impact of different decisions

taken to develop the SSC and GMC models on the seismic hazard for various sites across
the UK. We tested the following features of the NSHM:
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Fig. 14 PGA, SA, ., SA, ( hazard curves, and UHS for return periods of 475 yr and 2475 yr for a site in
Cardiff, Dover, Edinburgh, and London (see Fig. 1b for the location of the sites)

The minimum magnitude of 4.5 M, (rather than 4.0);

The maximum magnitude distribution used in MS07;

The assessment of catalogue completeness used in MS07;

The SSC model of MSO7 with a minimum magnitude of 4.0 M,,;

The individual GMPEs included in the GMC model;

The effect of excluding the Vs—x, adjustments for the GMPEs in the GMC model.

Here, we show the results for Cardiff, South Wales, a site located in a region of
higher hazard in the UK. The reader can refer to Mosca et al. (2020) for the sensitiv-
ity analysis for the sites in Dover, Edinburgh, and London. The results are expressed
in terms of the percentage difference between the values of PGA for the individual
tests and the values in Fig. 14 at return periods of 475 yr and 2475 yr (Fig. 19). A per-
centage 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 haz-
ard between —0.02 and 0.02 g. The effect of using a minimum magnitude of 4.5 M,,
(rather than 4.0) is very small (<3%) for the three ground motion parameters and the
two return periods because the hazard is dominated by earthquakes of >4.5 M,, and
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Fig. 15 Disaggregation of the PGA hazard for the Cardiff site by magnitude (M,,), Joyner-Boore distance

and epsilon (g) 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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Fig. 16 Disaggregation of the PGA hazard for the Dover site by magnitude (M,,), Joyner—Boore distance
and epsilon (g) 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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Fig. 17 Disaggregation of the PGA hazard for the Edinburgh site by magnitude (M,,), Joyner-Boore dis-
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values used for the disaggregation
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therefore using a minimum magnitude of 4.0 or 4.5 M,, does not produce any sig-
nificant difference. Using the maximum magnitude distribution in MS07 results in
an overall decrease in the hazard which is more pronounced for SA, ,, since larger
earthquakes make a greater contribution to long period spectral accelerations. Using
the assessment of catalogue completeness in MS07 results in a relatively small (< 6%)
increase in PGA, SA,, and SA, ;. If the SSC model of MS07 is used, there is a small
decrease (< 10%) for PGA and SA, , and a significant decrease for SA, ;, (between 40
and 50%). This reduction in the hazard is because the seismicity in South Wales, where
Cardiff is located, was modelled as a separate zone in MS07, whereas in the 2020 SSC
model the seismicity is amalgamated in a larger zone (i.e. MMCW). If we exclude the
Vs—x, adjustments for the GMPEs in the GMC model, the hazard decreases by up to
20%. 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 Atkin-
son and Boore (2006) and Rietbrock et al. (2013). These two GMPEs have the lowest
weight in the GMC model (see Sect. 5).

6.3 Comparison with previous studies

We compare the hazard maps produced in this study with the maps developed by MS07,
the ESHM 13 maps of Woessner et al. (2015), and the national hazard maps for France and
Germany.

Both this study and MSO07 find that the hazard in the UK is relatively low compared
to more active regions. To facilitate this comparison, we have calculated the absolute
difference between the ground motion parameters at each point for which the maps
have been calculated. The differences between the results of the two studies are shown
for PGA and the return periods of 475 yr and 2475 yr (Fig. 20). These differences are
explained by the different components of PSHA used to build the two NSHMs. Regions
in blue in South Wales and the English Midlands reflect a reduction in PGA due to the
different SSC model used in MSO7 and in this study. For example, the seismicity in
South Wales was modelled as a separate zone in MS07, whereas it is amalgamated into
a large zone (MMCW) in the 2020 NSHM. Furthermore, the zone for South Wales in
MSO07 accounted for the second population of earthquakes with 4.5-7.1 M,,. Regions in
red reflect an increase in PGA, especially in North Wales, North Central England and
north-west Scotland (Fig. 20), due to many factors, especially the SSC model and the
GMC model. A general increase in PGA across the UK from the 2007 maps to the 2020
maps is due to the higher Mmax distribution, which determine an increase in hazard up
to 15% (Fig. 19), and the GMC model, including the Vs—k, adjustments, in the 2020
NSHM. Furthermore, the PGA values in Central Wales are higher in the 2020 maps
than in MSOQ7 because the bi-partite FMD is applied for MMCW. The increase in hazard
in southern England in the 2020 maps is due to the influence of the zones NORM and
PASC. The spatial distribution of the absolute difference between the 2007 and 2020
studies is similar for 475 and 2475 years but it is slightly higher for the latter than for
the former. The most noticeable feature for the 2475 year return period is the decrease in
PGA over Comrie in central Scotland (right-hand side plot in Fig. 20). This is because
the small source zone used in MSO7 to account for intense earthquake swarms in this
area in historical time is not included in our model and the seismicity is now accounted
for in the larger zone SC34 resulting in a decrease in hazard around Comrie. One impor-
tant difference between the MSO7 and the 2020 NSHM is the inclusion of zones NORM
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the variation in hazard of less than +20%

and PASC to account for seismicity in northern France and Belgium (see Fig. 5a).
Although the zones have little influence on the hazard in southern England, they do
result in higher hazard for the Channel Islands compared to MS07.

The comparison between the 2020 seismic hazard maps for the UK and the ESHM13
maps developed by the SHARE project (Woessner et al. 2015) are shown in Figs. 21-22
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Fig.20 Maps showing the absolute difference between the results of this study (PGA[2020]) and MS07
(PGA[2007]) for the return periods of 475 and 2475 years

for 475 yr and 2475 yr, respectively. Note that the absolute difference in hazard between
the 2020 maps and the ESHM13 maps is larger than that between the 2007 and 2020
national maps. For 475 yr, the differences between the results of the two studies are
relatively small for PGA and slightly higher at a spectral period of 0.2 s (Fig. 21).
The greatest differences are in the English Midlands (—0.02 g for PGA and —0.05 g
for SA, ,,) and around the Menai Strait (—0.02 g for PGA and —0.05 for SA, ). For
SA, .. there a general tendency across England for ESHM13 to give higher values (up
to 0.02 g higher). At 1.0 s spectral period, the two maps are very similar and the abso-
lute differences between the two studies are smaller than 0.01 g. For 2475 yr, the spa-
tial distribution of the absolute differences between the 2020 NSHM for the UK and
ESHM13 is similar to that for 475 yr but the magnitude of the absolute differences is
higher (Fig. 22). The difference between the two studies is not surprising given that
most elements of the models used in the hazard assessments are different.

@ Springer



Bulletin of Earthquake Engineering (2022) 20:633-675 667

10— ——————— —————— —————
PGA SAgz2s SAios
60° b b

59°

58°

57°

56°

55°

54°

53°

52° o~
o ao =0

wl T | A~ |
49° H R —

_8° 7°_@°-_5°4°-3°-2°_1°(0° {° 2° _8° 7° @°_5°_4°_3°_2°_{°(Q° {° 2° _8°_7°_@G°_5°_4°_3° Do _{°o(Q° {° 2o

T -

_016 -042 -008 -0.04 000 004 008 012  0.16
( GM (2020) - GM (ESHM13) ) [g]

Fig.21 Maps showing the absolute difference between the results of this study (GM[2020]) and Woessner
et al. (2015) (GM[ESHM13]) for PGA, SA,,, and SA,  and the return period of 475 yr

We also compared our results with the recently published maps for France and Ger-
many to check whether the hazard levels in the UK are comparable to those of other
European countries that are classified as “low seismicity” regions. The PGA hazard for
northern and central France is smaller than 0.04 g and increases up to 0.25 g in the Alps
and the Pyrenees for a return period of 475 years (see Fig. 20 in Drouet et al. 2020). For
475 years, the national hazard map for Germany (left panel in Fig. 24 in Griinthal et al.
2018) shows high hazard (>0.3 g) in the regions along the river Rhine and the border
with the Austrian Alps; whereas most of northern and central Germany has PGA values
of <0.04 g. Although the revised NSHM for the UK was considered independently from
those for France and Germany, we find that the hazard values in the UK are largely con-
sistent with the low hazard in northern France and Germany, providing some additional
confidence in the robustness of our results.

7 Discussion

We have developed an updated NSHM for the UK that attempts to account for both limita-
tions in data and our understanding of the earthquake process in this region. Three areas
require more detailed consideration in future studies: the inclusion of robust uncertainties
in the earthquake catalogue; and, epistemic uncertainty in both the SSC and GMC models.

The BGS earthquake catalogue is not homogeneously and comprehensively assessed
for the uncertainty in the epicentral location and the magnitude of the historical and
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Fig.22 Maps showing the absolute difference between the results of this study (GM[2020]) and Woessner
et al. (2015) (GM[ESHM13]) for PGA, SA,,, and SA, ( and the return period of 2475 years

instrumental earthquakes. The former will have a strong impact on the delineation of the
seismic source zone model; the latter will strongly influence the calculation of the rate of
seismicity across the UK. Uncertainties in either location or magnitude are not currently
available for historical earthquakes in the catalogue. Further work is needed to robustly
estimate these from all the available macroseismic data. Simpler measures of uncertainty
could be estimated from either the age of the event or the number of macroseismic data
points. The former is based on the assumption that the oldest events have the largest uncer-
tainties, which may not be correct. Alternatively, all events could be given the same uncer-
tainty, which is unrealistic, but it would have allowed the introduction of some element of
uncertainty. Similarly, uncertainties for some, but not all instrumentally recorded events.
These were calculated differently in different time periods. Again, this requires systematic
analysis to resolve it and it is beyond the scope of this paper. We also note that the uncer-
tainty in location and magnitude can be strongly coupled, particularly for historical events
where the uncertainty in location is high. For example, the more distant the location from a
single macroseismic observation the larger the felt area and the greater the magnitude. This
problem is particularly critical for earthquakes that occur offshore. In such cases, Musson
(1994) uses the location that is closest to shore but still consistent with the available data.
The conversion of magnitudes from one scale to another, in this case ML to M,,, is an addi-
tional source of uncertainty that also needs to be accounted for. Similarly, local magnitudes
(ML) for historical earthquakes in the catalogue were estimated from the felt area, again
resulting in additional uncertainty. A careful assessment of the different components of the
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magnitude uncertainty for the individual events is required to avoid introducing bias in the
estimation of the seismicity rates (EPRI 2012; Musson 2012b).

The SSC model used in this study consists of a single source zone model and excludes
other potential source zone models based on different interpretations of the mapped tec-
tonic structures, large scale deformation, regional stress field, and observed seismicity in
the UK. Similarly, previous hazard assessments for the UK also only considered a single
source zone model (Musson and Winter 1996; Musson and Sargeant 2007). In comparison,
other recent NSHMs for Germany and France used more than one source zone model. The
use of a single source model is a limitation of the 2020 UK NSHM as it can be argued
that the epistemic uncertainties in our understanding of the tectonics and driving forces for
earthquake activity are not adequately captured in the model. Further research is required
to develop alternative source zone models by involving more specialists from different dis-
ciplines to interpret geological, seismological, geophysical and geodetic data in the UK
and propose different models that would capture the centre, body, and range of technically
defensible interpretations.

Recent national seismic hazard studies for Switzerland (Wiemer et al. 2016), Germany
(Griinthal et al. 2018), and France (Drouet et al. 2020) also included zoneless (zone-free,
smoothed) models (see Beauval et al. 2006; Zechar and Jordan 2010 for more details) in
the SSC model. These zoneless source models typically have lower weights than the zonal
source models as they rely on observed catalogues with limited temporal duration. How-
ever, the zoneless approach requires robust estimates of the uncertainties in earthquake
locations and magnitudes for all earthquakes, neither of which are available in the British
catalogue. Future work should focus on the zoneless source model for the UK as an alter-
native branch in the source model logic tree if when the magnitude and location uncertain-
ties are characterised for the entire catalogue.

Finally, the small British strong motion dataset, which consists of weak motion record-
ings only and does not contain recordings at near-source distances, represents a big
challenge in the selection of the GMPEs for the GMC model and limits which methods
(between the multi-GMPE approach and the backbone approach) can be implemented.
Although this challenge requires ongoing monitoring in the UK, one way to overcome the
limited amount of ground motion recordings is to augment the dataset with synthetic data
generated from stochastic simulations of the ground motion (e.g. Edwards and Fih 2013;
Drouet and Cotton 2015). Furthermore, the strong motion recordings in the UK are not
associated with Vs30 because most of the monitoring stations are uncharacterised in terms
of local site conditions. An investigation of the variability in the shear wave velocity in the
near-surface will help to better constrain the GMC model. For the Vs—k, adjustments to
the GMPEs in the GMC model, we used a single generic shear wave velocity profile for
the UK target. However, it is possible that multiple profiles with the same Vs30 of 800 m/s
could lead to different amplification functions. Further work is needed to better assess the
suitability of our generic target profile. During this project, new ground motion models
have been published (e.g. Pezeshk et al. 2018; Rietbrock and Edwards 2019) making some
of our selected models in the ground motion logic tree superseded. However, we preferred
not to adopt the most recent GMPE before it has been subject to extensive testing and rely
on consolidated models, in which strengths and deficiencies are well informed.

It is important to highlight that the level of details of PSHA at the regional scale should
be uniform across the country and is not driven by the specific site of interest as it happens
for site-specific PSHA (e.g. Gerstenberger et al. 2020). This means that a point in a seismic
hazard map is a first-order approximation at a national scale and the decisions to construct
the seismic hazard model are not taken with respect to a specific site (Musson and Sargeant
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2007). Furthermore, NSHMs usually do not consider the hazard for long (> 10,000 years)
return periods that are important for highly critical structures, such as dams and LNG
power plants. To compute the hazard for such long return periods, the effects of distant
large earthquakes and the occurrence of earthquakes at very long recurrence intervals
should be accounted for. The former requires computing the hazard at longer spectral peri-
ods, and the latter requires a detailed geological investigation in the area within 300 km
from the site. In this context, the NSHM and the accompanying hazard maps are not a sub-
stitute for a site-specific assessment if one is required.

8 Conclusions

We have presented an updated NSHM for the UK with accompanying hazard maps for
PGA and spectral acceleration at different return periods that have been derived using
objective and reproducible data-driven methodologies, especially for the analysis of the
earthquake catalogue.

The NSHM incorporates updated datasets and some of the advances made in PSHA and
ground motion modelling since 2007, such as the use of the Vs—k,, adjustments in the GMC
model. For the first time, the maps have been computed for a larger area, which includes
also the Shetland Islands, than in MS07 and are provided for SA, ; and SA, , to meet the
requirements of Eurocode 8 and the drafting of a National Annex for the revised edition of
Eurocode 8: Design of structures for earthquake resistance. The 2020 hazard maps confirm
that seismic hazard in the UK is generally relatively low and comparable to the low seis-
micity regions in France and Germany.

The main challenge in building seismic hazard maps is that parameters, such as max-
imum magnitude, cannot be reliably estimated at present even in areas of high seismic-
ity. This problem is exacerbated in low seismicity areas because the earthquake cata-
logue may not reflect the long-term hazard and the limited amount of ground motion
observations do not allow us to test the results from the NSHM. Although this challenge
requires ongoing monitoring in low seismicity regions, a way to strengthen the NSHM
is to focus on better capturing the uncertainties in every component of the hazard model
such as considering alternative branches in the source model logic tree and quantifying
the uncertainty in the earthquake parameters.
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