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Summary 

This report presents the new seismic hazard maps for the UK offshore Exclusive Economic 
Zone (EEZ) developed using a Monte Carlo-based approach. These are intended to update the 
current maps for UK waters published in 2002. The work done by the BGS team in this project 
has been informed at key stages by external experts who have reviewed the main components 
of the seismic hazard model. 

The analysis is based on a comprehensive catalogue of earthquake activity across the region 
developed by combining existing earthquake catalogues and data from regional and local 
monitoring agencies. Anthropogenic events such as those related to blasting, underwater 
explosions, mining and hydrocarbon exploration have been removed where possible. We also 
remove foreshocks and aftershocks to ensure that the catalogue only contains time-
independent events. We then use published empirical magnitude conversion relationships to 
convert different magnitudes to moment magnitude (Mw) to ensure that the catalogue has 
consistent and homogeneous magnitudes across the region of interest. Finally, we assess 
catalogue completeness for different time intervals using both published information for the 
earthquake catalogues from the region and by examining cumulative and annual numbers of 
earthquakes for specific magnitudes. 

We model earthquake occurrence across the region using a seismic source characterisation 
(SSC) model that consists of a series of zones, where seismicity is considered to be 
homogeneous. The shape and extent of each zone are based on knowledge of the tectonics, 
geology and seismicity of the study area. We use four different seismic source zone models 
within the SSC to capture the epistemic uncertainty in different rupture scenarios but we do not 
include specific fault sources in the SSC model because of the difficulty relating earthquakes to 
particular faults. We estimate the rate of earthquake occurrence for each seismic source zone 
using the earthquake catalogue derived for the study. A logic tree approach was used to 
account for the epistemic uncertainty in earthquake activity rates, maximum magnitude, 
earthquake depth distribution, and faulting style. 

Ground motions are estimated for different rupture scenarios using a ground motion 
characterisation (GMC) model that consists of five recently published multiple ground motion 
prediction equations (GMPEs) considered to be applicable to the region. The GMPEs are 
included in a logic tree where the weights are informed by the fit between observed and 
modelled ground motions. The GMC model also includes the host-to-target adjustments 
(HTTAs) and a single-station sigma model. 

We calculate the hazard using Monte Carlo-based simulations to generate artificial catalogues 
by random sampling of the probability distributions in the SSC model. This follows the same 
methodology used for the latest national seismic hazard maps for the UK. Hazard is calculated 
at individual points spaced at 0.125° in latitude and 0.25° in longitude for peak ground 
acceleration (PGA) and spectral acceleration at 0.2 s (SA0.2 s) and 1.0 s (SA1.0 s) for 5% damping 
and Vs30 = 800 m/s (rock conditions) as a proportion of g and for the return periods of 95, 475, 
1100, 2475, and 5000 years. This is the first time that maps of the seismic hazard at short    
(0.2  s) and long periods (1.0 s), which are particularly relevant for offshore structures, have 
been produced for UK waters. Uniform hazard spectra are calculated for two offshore carbon 
capture and storage sites in the North Sea (Endurance storage site, the Acorn area) and the 
HyNet North West in the southeast Irish Sea and a disaggregation of the hazard for these sites 
has also been undertaken to identify the earthquakes that control the hazard for key return 
periods. 

For a return period of 475 years, the PGA hazard is lower than 0.04 g for much of the UK 
offshore EEZ, except for the Irish Sea close to North Wales, the northern North Sea and the 
southern North Sea. The hazard is up to 0.05 g in the region offshore North Wales, 0.07 g in the 
northern North Sea, and 0.05 g in the southern North Sea. A similar spatial pattern in the hazard 
is observed at 0.2 s with the highest hazard in the northern North Sea (0.16 g) with more 
pronounced variations. At 1.0 s, the hazard is less than 0.02 g and there is little variation across 

the UK offshore EEZ.  
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For 2475 years, the northern North Sea, the offshore area close to western Scotland, the Irish 
Sea close to Wales, and the southern North Sea are the areas of highest hazard for PGA and 
SA0.2 s.  The highest hazard values (0.19 g for PGA and 0.39 g for SA0.2 s) are observed in the 
northern North Sea. 

The Acorn site has the lowest hazard of the three carbon capture and storage license areas 
with a PGA hazard value of 0.04 g for a 2475-year return period. The PGA hazard values at 
Endurance and the HyNet are 0.11 g and 0.07 g for the same return periods. For SA0.2 s the 
hazard values for the 2475-year return period increase to 0.10 g at Acorn, 0.23 g at Endurance, 
and 0.16 g at HyNet. The uniform hazard spectra for return periods of 475 years and 2475 
years show the hazard values for different periods of ground motion with an equal probability of 

exceedance and demonstrate that the hazard values peak between periods of 0.1 to 0.4 s. 

The comparison between the maps for the 475-year return period from this study and the 
previous maps shows a good agreement although the input data and the SSC and GMC models 
used for the calculations between the two studies are different.     

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. 

The products of this project will be accessible to the public through a dedicated webpage 
(http://www.earthquakes.bgs.ac.uk/hazard/UKhazard.html) and an interactive mapping tool  
(https://www.bgs.ac.uk/map-viewers/geoindex-offshore/). The computer code can be made 
available on request to ukeqs@bgs.ac.uk. 
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1 Introduction 

In the context of the United Kingdom's (UKôs) decarbonisation and net zero carbon policy, the 
UK continental shelf and in particular the North Sea and the Irish Sea has a strategic role in 
achieving this target with an increasing number of licensed carbon capture and storage (CCS) 
sites (Figure 1). The presence of historical seismicity, including the largest recorded earthquake 
in the UK (Versey, 1939; Neilson et al., 1984), near offshore CCS areas suggests that robust 
estimates of earthquake hazard are essential for the planning and design of offshore critical 
infrastructure. Although updated seismic hazard maps for the UK were recently published to 
inform the National Annex to Eurocode 8 (earthquake-resistant design of structures; Mosca et 
al., 2020, 2022), these maps do not extend offshore and the most recent hazard maps for the 
offshore regions around the UK were published in 2002 (EQE, 2002). Since then, there have 
been significant advances in seismic hazard assessment, in particular how to model the ground 
shaking produced by potential, future earthquakes and capture its uncertainties.  

Principia Mechanica Ltd. (1986) carried out one of the earliest studies to assess the seismic 
hazard in the North Sea for the UK Department of Energy largely motivated by the development 
of the offshore oil and gas industry. Around the same time, Bungum et al. (1986) assessed 
seismic hazard in the Norwegian sector of the North Sea. Scientific collaboration between 
Norway and the UK led to two separate seismic hazard studies for the Norwegian and UK 
sectors of the North Sea by NORSAR and NGI (1998) and EQE (2002), respectively. 
Furthermore, Bungum et al. (2000) presented seismic hazard maps for Norway, the North Sea, 
and the United Kingdom that combined the results of these two studies.  

The EQE (2002) seismic hazard model (referred hereto as EQE02) includes UK waters 
between 49°N to 62°N and 11°W to 3°E but does not include the entire UK offshore Exclusive 
Economic Zone (EEZ). The model used two equally weighted seismic source models and two 
ground motion prediction equations (GMPEs; Ambraseys et al., 1996; Toro et al., 1997). The 
resulting contour maps express the seismic hazard in terms of peak ground acceleration (PGA) 
on bedrock for return periods of 100, 200, 495, 1000, and 10,000 years. The results suggest 
that for a 10,000-year return period, PGA can be up to 0.30 g in the northern North Sea, around 
0.25 g in the southern North Sea, and around 0.20 g offshore Wales and northwest England. 

Following an earthquake in the EkoFisk field in 2001 (Ottemoller et al., 2005), the Offshore 
Safety Division of the UK Health and Safety Executive commissioned the Mallard Partnership to 
review existing offshore seismic hazard studies. Mallard et al. (2003) highlight several possible 
issues with the previous studies including the difficulty in interpolating hazard values, the 
treatment of uncertainty and the lack of low-frequency ground motion hazard estimates, which 
are particularly relevant for offshore installations. Mallard et al. (2003) also developed a new 
hazard map for PGA and a 10,000-year return period, which gives PGA values of 0.3 g in the 
northern North Sea and around 0.275 g in the southern North Sea and Dogger Bank. 

A recent study by Carlton et al. (2022) estimated the seismic hazard for the Sofia Offshore Wind 
Farm, which is located about 200 km northeast of England in the southern North Sea. The 
seismic source model consisted of two areal seismic source models and four different smoothed 
seismicity models, and eight different GMPEs (i.e., Akkar and Caĵnan, 2010; Atkinson and 
Boore, 2011; Akkar et al., 2014a; Bindi et al., 2014; Boore et al., 2014; Chiou and Youngs, 
2014; Cauzzi et al., 2015; Rietbrock and Edwards, 2019) selected based on comparisons with 
regional data. The results show that the variation in seismic hazard across the site is negligible 
and the PGA values appear to be lower than previous regional studies, with values of 0.025 g, 
0.050 g, and 0.089 g for the return periods of 475 years, 2475 years, and 10,000 years, 
respectively, at the site. 

NORSAR carried out a PSHA study for Norway to assess the seismic hazard in the country 
developing hazard maps for Vs30 =1200 m/s and for PGA and spectral acceleration at 0.1 s 
and 1.0 s for 5% damping and 475 year return period. The maps cover mainland Norway and 
the Svalbard archipelago but Norwegian waters were excluded (NORSAR, 2020; Lindholm et 
al., 2024). Both works are still not publicly available yet.  
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Building regulations for offshore structures are given in ISO 19901-2 (2022) and DNV (2021) 
where the seismic design criteria are based on the damage limit state-based approach.  The 
return periods of the damage limit states depend on the hazard curves and the exposure level 
of the structure. DNV (2021) states the associated return periods for key damage limit states 
may be inferred in Eurocode 8 and its upcoming revision. For example, the Serviceability and 
Ultimate Limit State may be associated with a return period of 95 years and 475  years, 
respectively (Klose et al., 2021; Carlton et al., 2022). ISO 19901-2 (2022) does not consider the 
seismic design for long return periods, such as 10,000 years. Based on the review of ISO 
19901-2 (2022) and DNV (2021), the specifications for the offshore seismic hazard maps follow 
those in Mosca et al. (2022). We also compute seismic hazard maps for the 5000-year return 
period, which were not included in the UK national hazard maps (Mosca et al., 2022), because 
this value can be the upper bound for the exposure level of high-consequence structures (i.e., 
L1 in ISO 19901-2, 2022). 

In this study, we develop a new seismic hazard model and accompanying hazard maps for the 
current UK offshore EEZ (black polygon in Figure 1) using the latest available data and recent 
advances in seismic hazard methodology, that robustly capture the uncertainties in the data and 
our understanding of the earthquake process. The UK offshore EEZ describes the 200-mile 
EEZ around the UK coastline as defined in the Marine and Coastal Assess Act 2009 (Gibson, 
2009). We consider a study area of up to 300 km from the UK offshore EEZ (red polygon in 
Figure 1) to account for all seismic sources which may influence the hazard in UK waters. 
Earthquakes beyond 300 km from a site are unlikely to affect the hazard (e.g. IAEA, 2022). 
Figure 1 shows also the locations of the gas and oil hydrocarbon fields, wind farms, and 
licensing offshore CCS sites as reported by the North Sea Transition Agency. Coordinates are 
given in decimal degrees throughout the report. 

Section 2 of this report describes the methodology that we use for our probabilistic seismic 
hazard analysis.  Section 3 describes the development of the earthquake catalogue used in the 
hazard assessment. It also describes how we estimate the magnitude of completeness (i.e., the 
magnitude above which the earthquake catalogue can be considered to be complete) for 
different time periods. Section 4 describes the seismo-tectonics of the region including potential 
sources of crustal deformation, relevant tectonic structures and historical and instrumental 
seismicity in the study area. Section 5 shows the development of the seismic source 
characterisation (SSC) model using the information from the previous section. We use four 
different seismic source zone models to capture the epistemic uncertainty in different rupture 
scenarios. Each zone is described in terms of the geometry (pairs of latitude and longitude for 
the zoneôs boundaries), the earthquake recurrence statistics for the seismicity in the zone, 
maximum and minimum magnitudes,  distribution of the hypocentral depths, and faulting style. 
Section 6 describes the ground motion characterisation (GMC) model used in this study. We 
select a suite of five recently published GMPEs, which we consider applicable to the study area. 
The GMPEs are corrected for the host-to-target adjustments (HTTAs), which account for 
differences between the host region where the GMPE was derived and the target region where 
the hazard is being estimated (Douglas and Edwards, 2016). The section also describes the 
model used to describe the aleatory variability in the predicted ground motions. Section 7 
presents the hazard outputs for this work and compares those against the results from previous 
studies. Finally, we present our conclusions in Section 8. 

The individual components of the regional seismic hazard model (development of the 
earthquake catalogue, the SSC model, and the GMC model) and the first draft of the report 
have been reviewed by three external experts (Associate Director Ziggy Lubkowski -Arup-, Dr 
Chen Huang -NORSAR-, and Dr Volker Oye -NORSAR). Specifically, the individual components 
of the analysis were included in short, informal reports that were extensively reviewed. We 
included the comments of the three experts in the final model and the present report and did 
respond to these comments formally. 
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Figure 1: Map of the current  UK offshore  Exclusive Economic Zone (EEZ; inner polygon), the 
study area for this project (outer polygon) and the locations of the gas and oil hydrocarbon 
fields, wind farms, and licensing offshore CCS sites as reported by the North Sea Transition 
Agency.  

2 Methodology 

We use a probabilistic seismic hazard analysis (PSHA) framework, which combines 
seismological, geological and geophysical data to produce a probabilistic description of 
expected ground shaking that may occur at a site (see Cornell, 1968; Reiter, 1990; McGuire, 
2004; Baker et al., 2021). This largely consists of four steps (e.g., Baker et al., 2021). 

Step 1: Definition of seismic sources based on knowledge of the tectonics, geology and 
seismicity of the study area. Such a model may contain both areal sources, where seismicity 
has an equal probability of occurring anywhere within a given area, and fault sources that 
account for specific faults, or fault zones, that are considered to be active. A collection of 
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seismic sources makes up the seismic source zone model. This is often referred to as the SSC 
model. 

Step 2: Quantification of 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: 

ÌÏÇὔ ὥ ὦ ὓ ρ 

where N is the number of earthquakes above a given magnitude M. The constant a describes 
the seismic productivity in the sample and is known as the activity rate. This is commonly 
normalised over a period of time, such as per annum. The constant b gives the negative slope 
of the frequency-magnitude curve and expresses the average ratio of exponentially distributed 
small and large-magnitude earthquakes. This is commonly referred to as the b-value. Numerous 
authors have examined b-values using both global (e.g., Frohlich and Davis, 1993) and regional 
data (e.g., Schlaphorst et al., 2016). In general, the b-value lies in a range of 0.5ï2.0, with the 
average value for global seismicity catalogues in the range of 0.79ï1.25 (Frohlich and Davis, 
1993). Given a b-value of 1 in Equation (1), for each unit of magnitude increase, the number of 
earthquakes 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: 

ὔ ὓ ρπ
Ὡ Ὡ

ρ Ὡ
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where ɓ=b*ln(10), M0 is the minimum magnitude and Mmax is the maximum magnitude. 

Step 3: Characterisation of the óearthquake effectô (Reiter, 1990). This is generally expressed in 
terms of some instrumental ground motion measure, such as PGA, or seismic intensity. This is 
often referred to as the GMC model. 

Step 4: Estimation of the hazard at the site(s) by analytically integrating over the source models 
for the location and size of potential future earthquakes (Steps 1 and 2) with expected values of 
the potential shaking intensity caused by these future earthquakes (Step 3), including the 
associated variability 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 to as Cornell-McGuire PSHA (Cornell, 1968; McGuire, 1974). For the present project, 
Steps 1 and 2 are described in Section 5, whereas Step 3 is described in Section 6 and the 
description of the results in Section 7 represents Step 4 of PSHA.  

Two types of uncertainties are recognised in PSHA: the aleatory variability that describes the 
inherent randomness in the seismic process; and the epistemic uncertainty that results from our 
lack of knowledge about the earthquake process (e.g., Atkinson et al., 2014). Earthquake 
source parameters and ground motions are associated with both aleatory and epistemic 
uncertainties. 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 SSC and 
GMC 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 
variability in SSC and GMC models is captured by including 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 confidence in the models and parameters 
(Coppersmith and Bommer, 2012). 

We calculate the hazard using Monte Carlo-based simulations to generate artificial catalogues 
by random sampling the probability distributions in the SSC model (Musson, 1999, 2000; 
Assatourians and Atkinson, 2013; Mosca et al., 2020; Baker et al., 2021). This follows the same 
methodology used for the latest national seismic hazard maps for the UK (Mosca et al., 2020, 
2022). Below we describe how Monte Carlo-based PSHA works. 



 

5 

2.1 MONTE CARLO-BASED PSHA 

PSHA based on Monte Carlo simulations uses random numbers to sample from the different 
probability distributions in the SSC model to generate artificial catalogues (e.g., Musson, 1999, 
2000; Assatourians and Atkinson, 2013; Baker et al., 2021). Since the SSC model is assumed 
to completely describe how earthquakes occur in a region, each of the artificial earthquake 
catalogues represents a version of what could occur in the next N-years, e.g. 50 or 100 years, 
based on what has previously been observed. This corresponds to Steps 1 and 2 in the Cornell-
McGuire PSHA. The ground motion at a specific site is computed for each synthetic catalogue 
(i.e. Step 3 in the traditional PSHA). This process is iterated R times in order to simulate millions 
of years of data and therefore resolve the hazard accurately for long return periods. For 
example, to estimate the hazard for a return period of 10,000 years, the user simulates 100,000 
catalogues of 100 years, or 200,000 catalogues of 50 years, giving a total number of 
10,000,000 years. To find the ground motion that has an annual probability of being exceeded 
by 1 in 10,000, the user sorts the values in order of decreasing severity and picks the 1001st 
value. This has been exceeded 1,000 times out of 10,000,000 and therefore has a 1 in 10,000 
probability of being exceeded (Musson, 2000). The process is summarized in Figure 2. Using 
the same procedure, it is possible to identify ground motions associated with different return 
periods. The hazard estimate in Monte Carlo-based PSHA differs from Step 4 in Cornell-
McGuire PSHA because the hazard results from the analytical integration over the earthquake 
scenarios in the latter, whereas in the former the hazard is computed from the direct 
observation of the effects of a very large number of simulations, which randomly sample the 
earthquake scenarios.  

Monte Carlo-based PSHA and Cornell-McGuire-type approaches to PSHA are mathematically 
equivalent ways of solving the same problem (Baker et al., 2021) and produce the same output 
given the same initial model (Musson, 2012a; Mosca, 2019). One of the main differences 
between these two approaches for PSHA is the treatment of epistemic uncertainties. In the 
Cornell-McGuire approach, the hazard results are performed for every possible combination of 
branches in the logic tree and the outcome represents a weighted mean (e.g. McGuire, 2004; 
Musson, 2012a). In a Monte Carlo-based PSHA, not all possible values of the logic tree 
branches are computed but they are sampled randomly in proportion to their weights and a 
single hazard calculation is performed (Musson, 2012). For this reason, the Monte Carlo-based 
PSHA is computationally efficient when a logic tree is complex and contains many branches. 
There are three clear advantages of the Monte Carlo approach. First, it is very flexible and can 
be adapted easily by implementing SSC models or new GMPEs when they are published. 
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. However, 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. 

The Monte Carlo-based approach of Musson (1999, 2000) is encoded in the FORTRAN 
software M3C, which consists of FORTRAN subroutines for the components of PSHA (e.g. 
GMPE and generation of synthetic catalogues). The modular structure of the software allows us 
to incorporate advances in the methodology when they are available. In particular, each ground 
motion model is implemented as stand-alone functions in their sub-routine. Mosca (2019) 
checked the implementation of the individual GMPEs in M3C against the ground motion library 

implemented in the software OpenQuake (Pagani et al., 2014). 
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Figure 2:  The elements of the Monte Carlo simulation approach to probabilistic seismic hazard 
assessment (from Musson, 2000). BGS © UKRI 2000 

3 Earthquake catalogue 

The earthquake catalogue built for this project consists of 4753 tectonic earthquakes with 
moment magnitude (Mw) Ó 2.0 from the year 1000 to 31 December 2022 within the study area 
(Figure 3). It includes data from several sources due to the extent of the study area. To merge 
the data from different sources and avoid duplicate events, which are presumed to be the same 
earthquake, we compare events with identical origin times (i.e. year, month, day, hour and 
minutes) and similar locations (the tolerance in latitude and longitude between two duplicate 

events is assumed to be °0.4 )̄ for specific time periods and we assign priority to the data from 
the local seismic monitoring agencies in each country. Below we describe the sources that are 
used to build the composite catalogue and how we prioritise the data from these sources.  A 
summary of these sources is also given in Table 1. 

For the UK onshore and offshore, including the English Channel, we used the British Geological 
Survey (BGS) database, which contains historical (before 1970) and instrumental data for the 
British Isles and surrounding regions.  

a. The primary source of data before 1970 is the catalogue of Musson (1994), which is 
based on historical reports of earthquake effects, and subsequent updates. The location 
and magnitude of historical events are calculated using the area over which the 
earthquake was felt as determined from historical accounts and an empirical relationship 
between felt area and magnitude (Musson, 1996). We did not use the historical 
earthquake catalogue developed for the 2020 European Seismic Hazard Model 
(ESHM20; Danciu et al., 2021- see below for more details) for the British Isles for three 
reasons. First, the BGS catalogue includes small (< 4.0 Mw) events, which are excluded 
from the ESHM20 catalogue. Second, the magnitude of the earthquakes in the BGS 
database is in the original scale (i.e. local magnitude -ML), whereas the ESHM20 
catalogue does not provide the original magnitude scale. Third, the information on the 
source parameters of each earthquake in the BGS database is well-documented. 

b. The primary source of instrumental data (after 1970) is the annual bulletins of 
earthquake activity published by the BGS (e.g. Burton and Neilson, 1980; Galloway et 
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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). Earthquake size in the BGS database is expressed in terms of ML, which is 
measured from the maximum amplitude of the recorded ground motion at multiple sites 
and corrected for distance (Luckett et al., 2019).   

Agency/Database Code Number 

of  

events 

Time 

interval 
Magnitude  

Range 
[Mw] 

British Geological Survey BGS 1606 1122 - 
2022 

2.0 ï 5.9 

Catalogue of Manchuel et al. (2018) FCAT-17 453 1962 - 
2009 

2.0 ï  3.9 

Irish National Seismic Network INSN 24 1980 - 
2022 

2.0 ï 4.1 

ESHM20 catalogue  ESHM20 241 1000 - 

1966 
2.7 ï 5.4 

Laboratoire de Détection et de 
Géophysique/CEA 

ISC-LDG 737 1975 - 
2022 

2.0 ï 4.4 

Royal Netherlands Meteorological Institute KNMI 42 1932 - 
2020 

2.0 ï 4.2 

Other Agencies ISC-
Others 

50 1970 - 
2019 

2.0 ï 5.5 

Royal Observatory of Belgium ISC-UCC 153 1986 - 

2022 
2.0 - 5.5 

Norwegian National Seismic Network NNSN 1447 1900 - 
2022 

2.0 - 5.3 

Table 1: Monitoring agencies used in the earthquake catalogue for this work. 
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Figure 3: Distribution of earthquakes with Mw Ó 2.0 in terms of selected agencies within the 
study area described by the black polygon. The size of the circles is scaled by magnitude. See 
Table 1 for the acronyms of the agencies.  

 



 

9 

The prioritisation scheme for northern France is the following. 

a. For the historical (before 1970) events, we use the earthquake catalogue developed for 
the ESHM20 (Danciu et al., 2021). The ESHM20 parametric earthquake catalogue 
consists of pre-instrumental (from 1000 to 1899) and instrumental parts (from 1900 to 
December 2014) and covers Europe and the Mediterranean region. The magnitude 
scale used is Mw and the original magnitude scales are not provided. 

b. The primary source of data between 1960 and 2009 is the French earthquake catalogue 
of Manchuel et al. (2018; referred hereto as FCAT-17), which is a parametric earthquake 
catalogue that merges the historical and instrumental catalogues for France and covers 
the period between 500 to December 2009. The magnitude scale used is Mw and the 
original magnitude scales are not provided. For the historical events in France, we do 
not use the FCAT-17 because it has a significantly higher number of moderate-to-large 
earthquakes in the time window 1800-1950 compared to that in instrumental time 
suggesting a lack of homogeneity between instrumental and historical Mw estimates 
(Beauval et al., 2020). The procedure for estimating the moment magnitude of historical 
events in France seems to have resulted in an overestimation of the magnitude of these 
events as observed also by Mosca et al. (2020). 

c. For events that occurred in France after 2009, we use the data from the Laboratoire de 
Détection et de Géophysique/CEA (LDG) in France that are included in the International 
Seismological Centre Bulletin (ISC, 2021). These earthquakes are expressed in ML. 
Note that we use the determination from the BGS database for events that occurred in 
the English Channel, the Channel Islands and the Cotentin Peninsula after 2009 rather 
than the LDGôs events as reported in the ISC Bulletin. This choice is because the BGS 
database indicates whether an event is anthropogenic or tectonic (see Subsection 3.1).  

The prioritisation scheme for the other regions is the following. 

a. We use the ESHM20 catalogue for the historical part of the catalogue. 
b. The instrumental part of the project catalogue consists of data from the local monitoring 

agencies. For the Norwegian region including the Norwegian sector of the North Sea, we 
use the earthquake catalogue built from the Norwegian National Seismic Network 
(NNSN) database (https://nnsn.geo.uib.no/nnsn/#/). This is the result of data processing 
at the University of Bergen with contributions from NORSAR, contains mostly events 
from instrumental times (1970-now) and a few events from 1060 to 1970. Earthquake 
size is expressed in terms of ML.  The data for the Republic of Ireland are from the Irish 
National Seismic Network (INSN), which is maintained by the Dublin Institute for 
Advanced Studies, together with the Geological Survey Ireland (https://www.insn.ie/). 
The INSN catalogue is a parametric catalogue, which contains event origin times, 

locations and ML determined from instrumental recordings from 1980 to the present. We 

use the catalogue from the Royal Netherlands Meteorological Institute (KNMI) for the 
Netherlands (https://dataplatform.knmi.nl/dataset/aardbevingen-catalogus-1). It contains 
the location, origin time, magnitude in ML, depth and type of earthquakes in and around 
the Netherlands. 

c. To improve the picture of seismicity in these regions, we use also events from the ISC 
Bulletin, which contains data from 1904 to the present and is based on bulletin data 
collected from 515 seismological agencies around the world (ISSC, 2021). Each 
earthquake is characterised by an origin time, epicentre coordinates, hypocentral depth 
and any magnitude estimated by the agencies that detected the event. We select the 
determinations from the main local monitoring agencies in each country (e.g. Royal 
Observatory of Belgium for Belgium) if possible; otherwise, we use global databases 
such as the National Earthquake Information Centre online database of the US 
Geological Survey (USGS, 2017) and the Global Centroid Moment Tensor catalogue 
(http://www.globalcmt.org). When possible, we prefer to select the events from the 
database of the local monitoring agencies (e.g. BGS and KNMI) because the ISC 

database does not discriminate between anthropogenic and tectonic earthquakes.  

Figure 3 shows two earthquakes (5.5 Mw 8 September 1692 and 3.0 Mw 13 June 1992) 
reported in the BGS database that occurred in Belgium (red circles in Figure 3). The 3.0 Mw 
event is also shown in the ISC database without an estimated magnitude. 

https://nnsn.geo.uib.no/nnsn/#/
https://www.insn.ie/
http://www.globalcmt.org/
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3.1 REMOVING ANTHROPOGENIC SEISMICITY 

As the first step to have a catalogue of tectonic (natural) earthquakes, we remove all events 
known to be of anthropogenic (man-made) origin from the catalogue so that these do not bias 
estimates of activity rate. Also, the physical mechanisms of anthropogenic seismicity are 
different from those of tectonic earthquakes and may not follow the same Gutenberg-Richter 
frequency-magnitude law that is used to quantify the rate of occurrence of tectonic earthquakes 

(e.g. Moein et al., 2023).  

Anthropogenic seismicity includes earthquakes induced by oil and gas production such as the 
4.1 Mw earthquake on 7 May 2001 in the Ekofisk gas field (Ottemöller et al., 2005; Cesca et al., 
2011), and induced seismicity in the north and northeast of the Netherlands, such as the 
seismicity around the Groningen gas field (van Eijs et al. 2006; van Eck et al. 2006). Similarly, 
micro-earthquakes of magnitude smaller than 2.0 ML induced by the hydrocarbon production at 
the Valhall oil field in Central Graben (Kristiansen et al., 2000) are also removed. However, we 
note that there are also earthquakes (e.g. 3.9 Mw earthquake on 24 September 2019 in the 
Shearwater Field) that cannot be linked conclusively to production although they are close to 
operating fields. As a result, we do not remove these events from the catalogue. Note that the 
induced seismicity in the North Sea is characterised by small (< 4.0 Mw) magnitudes and 
therefore induced earthquakes, including the Ekofisk and Shearwater earthquakes, would fall 
outside the completeness thresholds of the catalogue (see Section 3.4). This means that 
removing these events would not lead to any change in the seismicity rate in the North Sea 
region.  

Mining-induced seismicity in the UK has also been removed. This includes events identified as 
mining-induced (e.g. Baptie et al., 2016), occurring close to operating mines and with shallow 
depths (<5 km). Nearly all these events have magnitudes of less than 3 ML. Wilson et al. (2015) 
reviewed the distribution, timing and probable causes of 1769 seismic events across the UK 
with ML > 1.5 between 1970 and 2012 suggesting that at least ~21% are of an anthropogenic 
origin. 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 the majority of such events, have been removed by 
checking locations against known quarries and, where possible, 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 ambiguous events, information reported by relevant authorities 
(e.g. Coastguard) and other seismological agencies is also used to discriminate between 

natural earthquakes and explosions.    

We do not discriminate between tectonic and mining-induced earthquakes in the coal area of 
the Hainaut province in Belgium and the Pas-De-Calais because we do not have such 
information. However, this would have a negligible influence on the hazard for the UK offshore 
EEZ because mining-related earthquakes have a small (< 3 Mw) size and therefore would fall 
outside the completeness thresholds for the region. From the analysis of the impact and 
damage of shallow seismic activity that occurred from the end of the 19th century until the late 
20th century in the Hainaut province (when the mining area was in operation), Camelbeeck et 
al. (2022) concluded that only very shallow (up to a depth not exceeding 1km) events suggest a 
close link to mining activities. Many events, including the largest shallow events in the coal area 
before 1970, occurred at depths greater than 2 km, which would exclude a direct relationship 
with mining, but still might imply a triggering causality. Some small earthquakes in the Pas-De-
Calais may have a mining origin since there was little seismic activity before the mining activity 
in the region but there is no conclusive evidence that these events are anthropogenic (Doubre 
et al., 2021).  

3.2 MAGNITUDE HOMOGENISATION 

Although Mw is the preferred magnitude scale for seismic hazard assessments, the catalogues 
compiled by the regional agencies used in this study consider a variety of magnitude scales, 
primarily ML. We use published empirical magnitude conversion relationships to convert all 
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magnitudes to moment magnitudes and ensure that the project catalogue has consistent and 
homogeneous magnitude values across the region of interest.  

For the LDG events selected from the ISC Bulletin, we use the ML - Mw equation of Cara et al. 

(2015), which was derived using earthquakes of ML ¢ 4.0 that occurred in France: 

ὓύ
πȢτυ πȢφφτὓὒ              ὭὪ ὓὒ σȢρȠ
ὓὒ πȢφ                    ὭὪ σȢρ ὓὒ τȢπȢ

                                                     σ 

The standard deviation for this relationship is not reported. For the earthquakes from other 
sources, including those from the BGS database, we convert ML to Mw using the relation of 
Grünthal et al. (2009) that was derived from about 8000 earthquakes of 3.5 < ML < 6.5 in 
Central and Northern Europe: 

ὓύ πȢπσχφὓὒ πȢφτφὓὒ πȢυσȢ τ 

The magnitude-dependent standard deviation in the converted Mw is between 0.29 and 0.34 
(see Annex 4 in Grünthal et al., 2009), which we approximate to 0.3 for all magnitudes. The Mw 
values calculated using Grünthal et al. (2009) do compare relatively well with measured Mw for 
the UK (see Mosca et al., 2020) although there are very few data for earthquakes larger than 

4.0 ML to extend the comparison to larger magnitudes.  

The composite catalogue built for this project also contains events with surface wave magnitude 
(Ms) and body wave magnitude (mb). We use the Ms ï Mw and mb ï Mw conversion equations 
of Grünthal et al. (2009): 

ὓύ ρπȢψυ ЍχσȢχτ ψȢσψὓί    Ὢέὶ ὓί χȢπȢ υὥ 

ὓύ ψȢρχ ЍτςȢπτ φȢτςάὦ       Ὢέὶ άὦ φȢπȢ υὦ 

Grünthal et al. (2009) do not report the standard deviation for these two equations.  

Figure 4 shows the importance of using different magnitude conversion relationships for each 
catalogue to avoid an overestimation of Mw in Northern France. If we use Equation 4 to convert 
the ML(LDG) values into Mw, we would obtain larger Mw estimates than using Equation 3 (see 
the green stars in the bottom right-hand side plot in Figure 4). The top right-hand side plot in 
Figure 4 shows that the Mw values in the FCAT-17 catalogue are higher than the converted Mw 
values for the same events in the BGS database. In contrast, a comparison of the latitudes and 
longitudes from the three datasets (i.e. BGS, FCAT-17, and ISC-LDG) shows an excellent 
agreement with a correlation coefficient higher than 0.99.    

The total standard deviation in the converted Mw results from two sources of uncertainty. 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 historical (before 1970) 
events in the BGS earthquake catalogue. Furthermore, there is an additional source of 
uncertainty in the standard deviation of converted Mw for historical events, which is related to 
the conversion of macroseismic intensity data into ML. The ML uncertainty for instrumental 
(after 1970) events has been uniformly estimated in the last three years (Baptie, 2022). The 
standard deviation in ML for the instrumental earthquakes is between 0.0 and 0.9. A value of 
0.0 is assigned to events with only one phase, whereas a high standard deviation is mainly 
associated with events that occurred offshore. The total uncertainty in the converted Mw 
accounts for the standard deviation in ML and the magnitude-depending standard deviation of 
0.3 from the equation of Grünthal et al. (2009). For BGS instrumental events the estimated Mw 
standard deviation is between 0.3 and 0.9 (see red circles, together with their error bars, in 
Figure 5). 

The earthquake magnitudes in FCAT-17 are given in terms of Mw, together with its standard 
deviation (Manchuel et al., 2018). Figure 5 compares the standard deviation in Mw between the 
instrumental events in the BGS database and FCAT-17. The latter appears to be significantly 
smaller than the former. We could not extend this comparison to the magnitude estimates for 
events from other sources (e.g., the catalogue of NNSN) because the uncertainty in the original 
magnitude scale was not reported. This highlights the difficulty of merging catalogues from 
different regions where different methods of analysis have been used. 
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Musson (2012b) demonstrates that care should be taken when the magnitude uncertainties are 
accounted for in the recurrence statistics (Equations 1 and 2), especially when an earthquake 
catalogue merges many sources and contains more than one original magnitude scale to avoid 
over- or underestimating the activity rate and the b-value in the area under consideration. For 
this reason, we do not consider the magnitude uncertainty in this work, including the recurrence 
statistics in Section 5.3.  

 
Figure 4: Comparison of latitude, longitude, and converted Mw for common events in the BGS 
database and the FCAT-17 catalogue (top plots), and the BGS database and LDG as reported 
in the ISC database (bottom plots). The red and green circles in the right-hand side bottom plot 
describe the converted Mw values computed from the relationship of Cara et al. (2015) and  
Grünthal et al. (2009), respectively. 

 
Figure 5: Comparison of the standard deviation in Mw between instrumental events in the BGS 
database and the FCAT-17. 
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3.3 DECLUSTERING THE CATALOGUE 

The majority of 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 (Cornell, 
1968). Therefore we remove time-dependent earthquakes (i.e. foreshocks and aftershocks) 
from the catalogue before further analysis. 

Following Mosca et al. (2022), we apply the windowing method of Burkhard and Grünthal 
(2009). This uses magnitude-dependent time and space windows calibrated for the earthquake 
catalogue in Central Europe but it does not include data in the British Isles. The time windows 
for foreshocks and aftershocks are:  

ὨὝὓύ
ὩὼὴτȢχχ ЍπȢφςρχȢσςὓύ ὭὪ ὓύ χȢψ

ὩὼὴφȢττπȢπυυὓύέὸὬὩὶύὭίὩȠ
φὥ 

ὨὝὓύ
ὩὼὴσȢωυ ЍπȢφς ρχȢσςὓύ ὭὪ ὓύ φȢφ

ὩὼὴφȢττπȢπυυὓύέὸὬὩὶύὭίὩȠ
φὦ 

and the space window is: 

ὨὙὓύ ÅØÐ ρȢχχ ЍπȢπσχρȢπςὓύ φὧ 

where dTf and dTa are the numbers of days before and after the mainshocks, respectively, and 
dR is the distance in kilometres of the location of the foreshocks and aftershocks from the 
mainshockôs epicentre. Ideally, the time and space windows of the declustering approach 
should be calibrated to the local data but this could not be developed within the timescale of the 
project. 

Figure 6 shows the cumulative and annual number of earthquakes of Ó 2.0 Mw (Figure 6a,c) 
and Ó 3.0 Mw (Figure 6b,d) in the catalogue before and after declustering. The black and red 
lines in Figure 6a display an increase in the cumulative number of earthquakes of Mw Ó 2.0 after 
1980 corresponding to a better detection of small earthquakes by local instrumental monitoring 
networks. After declustering, the total number of mainshocks of Mw Ó 2 is 4018 (out of 4753 

events of 2 Mw and above before declustering).  
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Figure 6: (a) Cumulative number of earthquakes with Mw Ó 2.0, (b) cumulative number of 
earthquakes with Mw Ó 3.0, (c) annual number of earthquakes with Mw Ó 2.0, (d) annual 
number of earthquakes with Mw Ó 3.0 before and after the declustering analysis as a function of 

time from 1900 to 2022. 

3.4 CATALOGUE COMPLETENESS 

Earthquake catalogues are incomplete representations of the actual seismicity of a region. 
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). The Mc value is expected to vary 
with time and is usually low for recent seismicity, where instrumental recordings are available, 

and gets progressively higher further back in time. 

Since the project catalogue merges local datasets that are very heterogeneous in space and 
time, we introduce completeness regions to assess the catalogue completeness (Figure 7). The 
boundaries of these regions are based on the homogeneity of earthquake reporting through 
time history, i.e. the earthquake reporting rates are assumed to be spatially homogeneous 
within each of the completeness regions. We assume that the completeness thresholds up to 
around 70 km distance from the coast are the same as for onshore areas, as long as there are 
populated areas near the coast (BGS and Arup, 1997).     
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Figure 7: Boundaries and names of the completeness regions. 

Several statistical methods are available to assess the completeness of the instrumental (after 
1970) earthquake catalogues (e.g., Wiemer and Wyss, 2000; Cao and Gao, 2002). However, 
Woessner and Wiemer (2005) and Roberts et al. (2015) find that catalogues should contain a 
minimum of 200 events above the completeness magnitude to apply these methods and 
produce statistically acceptable results. Since the instrumental part of the catalogue in each 
region contains less than 150 events within the expected completeness thresholds, we do not 
apply such statistical methods. Instead, we use the cumulative and annual numbers of 
earthquakes for specific magnitudes, together with published information on the completeness 
analysis for the earthquake catalogue of the individual countries and the ESHM20 catalogue. 
The assumption is that any slope change in the cumulative number of events represents a 
change in the completeness of the earthquake catalogue. 

The results of the completeness analysis for the declustered catalogue are shown in Table 2 for 
different time windows and the four completeness regions in Figure 7. Figures 8-10 show the 
cumulative and annual number of mainshocks for selected Mc values. 

3.4.1 The United Kingdom and Ireland 

For the UK and Ireland region, we use the Mc value of 3.0 Mw for the period after 1975 as used 
by Mosca et al. (2022). We use a Mc value of 3.5 Mw for the period from 1880 based on the 
slope change of the cumulative number of earthquakes with Ó 3.5 Mw as a function of time 
(Figure 8). For the years 1750,1700 and 1650, we use the same values of Mc in Mosca et al. 
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(2022), i.e. 4.0, 4.5 and 5.0 Mw, which are based on the studies of UK historical earthquakes by 
Musson (2007). We use a value of Mc = 6.5 Mw for 1300 based on the work of Johnston et al. 
(1994). They estimated the global completeness thresholds based on the global instrumental 
magnitude detection from 1896 to 1994 using information on early seismograph installations 
from McComb and West (1931) and Ambraseys and Melville (1982) and considering population 
and seismograph density in specific stable continental regions (SCRs).   

EQE02 indicates Mc values of 4.5 Ms (4.8 Mw) and 5.0 Ms (5.2 Mw) from 1800 and 1700, 
respectively, for the historical catalogue. They agree roughly with the completeness thresholds 
in this work and Mosca et al. (2022). Also, our estimated completeness thresholds compare 
relatively well with those for the ESHM20 catalogue for the same regions for Mw Ó 4.0; whereas 
there are some clear differences for Mc between 3.5 and 3.7 Mw. For example, the ESHM20 
catalogue for the UK, Ireland and surrounding offshore regions is estimated to be complete for  
Ó 3.5 Mw from 1839. Although the Mc value of 3.5 Mw from 1850 was indicated in the previous 
national hazard maps by Musson and Sargeant (2007) and corresponds to the newspaper tax 
lifting in the UK, we do not think it can be extended to the entire UK, including the most remote 
regions in Scotland and the surrounding offshore regions. 

3.4.2 Northern France and Belgium 

For the catalogue in Northern France and Belgium, we use the results of the completeness 
analysis of Drouet et al. (2020), who developed the national seismic hazard maps in France and 
included also the seismicity in the bordering regions with France (Table 2). This is based on the 
detection of any slope change in the cumulative number of events as a function of time, 
together with the Hakimhashemi and Grünthal (2012) method that tests the standard deviation 
of the inter-event time. They find that the instrumental earthquake catalogue in metropolitan 
France is complete for Mw Ó 2.5 from 1970 and Mw Ó 3.0 from 1950. Even in seismically active 
places with a well-developed monitoring network such as California, a Mc value of 2.5 Mw from 
1970 seems to be optimistic. For this reason, we do not consider this completeness threshold. 
Although Mc = 3.5 Mw for 1850 has a clear change in the cumulative number of earthquakes 
(central plot Figure 9), there is no jump in the cumulative number of mainshocks for the other 
completeness thresholds.  

3.4.3 Norway and Continental Shelf  

Figure 10 shows the cumulative and annual number of mainshocks for three Mc values for the 
Norway region and one Mc value for the Continental Shelf. It is difficult to see any slope change 
in the cumulative number of events as a function of the year due to the sparse number of events 
detected here. It is also remarkable that no earthquakes of Mw > 3.4 have occurred in Norway 

since 2000. 

Johnston et al. (1994) find that the catalogue for the Continental Shelf is likely to be complete 
for 4.6 Mw and above from 1980, and 4.8 Mw from 1964. This estimate corresponds to 
improvements in the detection capability of global earthquake monitoring after the World-Wide 
Standard Seismograph Network started to operate in the early 1960s. For Fennoscandia, 
Johnston et al. (1994) have found the catalogue for Fennoscandia is complete for Mc = 3.7 and 
4.0 Mw from 1979 and 1950, respectively.  

Bungum et al. (2000) used Mc values of ~4.0-4.3 from the 1960s and ~4.5 from 1880 for the 
catalogue completeness of the North Sea and Norway. The magnitude scale is not specified. 
The completeness thresholds for the North Sea region in EQE02 are the same as NORSAR 
and NGI (1998). Mallard et al. (2003) infer Mc = 5 Ms (5.2 Mw) from 1800 for the historical 
catalogue in the offshore region based on the material used in site-specific hazard assessments 
by the Seismic Hazard Working Party. Similarly, they report a completeness threshold of 4.5 Ms 
(4.8 Mw) from 1980 for the instrumental catalogue in the UK and North Sea. For the North Sea 
up to Viking Graben, Mosca et al. (2022) use the results of the completeness analysis for 
Northern Europe undertaken by Woessner et al (2015). According to this, the catalogue in this 
region can be considered to be complete for 3.7 Mw and above from 1970. In the ESHM20 
catalogue, which is an updated version of the catalogue in Woessner et al (2015), the 
completeness thresholds for Norway and surrounding regions have been revised. In particular, 
Danciu et al. (2021) find that the catalogue of mainshocks in that region is complete for 3.7 Mw 
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and above from 1879. This Mc value seems to be unlikely for that region considering the small 
number of reported events before the instrumental monitoring network started there.  

To try to understand the magnitude of offshore earthquakes that might be felt, we used two 
different intensity prediction equations (IPEs) to estimate earthquake intensities for both a 
specific event and a grid of possible earthquake locations. Figure 11 shows the expected 
intensities for the earthquake on 23 March 2022 in the Viking Graben (see Section 4.5 for more 
information on this event) modelled using the intensity prediction equation of (a) Allen et al. 
(2012) and (b) Musson (2013). The former shows much higher intensity attenuation, which 
might be expected for a relationship derived using recordings from active crustal regions. Red 
squares in Figure 11 show places in the UK where the earthquake was reported as felt. A 
comparison with the modelled intensities suggests that the Musson (2013) relationship is a 
better fit of the data. Figure 12 shows the expected magnitude of the earthquakes that might be 
felt in at least one populated place with an intensity of 3 across the North Sea region. The 
populated places are marked by red squares and the intensities are modelled using the IPE of 
Allen et al. (2012) in Figure 12a and Musson (2013) in Figure 12b. These confirm that the 
magnitude of earthquakes that would be felt increases rapidly with distance offshore. The use of 
Allen et al. (2012) suggests that for earthquakes in the Central North Sea, only those with a 
magnitude greater than 6 would be felt, whereas using Musson (2013) suggests that events 
greater than magnitude 5 would be felt. The different results are explained by the different data 
used to derive the two intensity models - > 13,000 intensity data from crustal earthquakes 
worldwide with 5.0-7.9 Mw for Allen et al. (2012) versus 727 intensity data from 326 British 
earthquakes with 2.0-6.0 Mw for Musson (2013). 

Since the Mc values determined by Johnston et al. (1994) for the Continental Shelf and Norway 
agree well with the results of the test in Figures 11 and 12, here we adopt these completeness 
thresholds.  

United Kingdom 

and Ireland 

Continental Shelf Norway Northern France 

and Belgium 

Mc Year  Mc Year  Mc Year Mc Year 

3.0 1975 4.6 1980 3.7 1979 3.0 1950 

3.5 1880 4.8 1964 4.0 1950 3.5 1850 

4.0 1750 5.3 1950 4.5 1918 4.5 1700 

4.5 1700 5.6 1918 5.0 1860 5.0 1600 

5.0 1650 6.0 1899 5.6 1800 5.5 1500 

6.5 1300 6.8 1800 6.0 1600   

  7.1 1700 6.5 1350   

Table 2: Completeness magnitudes Mc for the earthquake catalogue of this work using the 
completeness region in Figure 7. 
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Figure 8: Cumulative number (top panel) and annual number (bottom panel) of mainshocks for 
selected Mc values for the UK region in Figure 7. The red, dashed lines indicate the 
completeness threshold. 

 
Figure 9: Cumulative number (top panel) and annual number (bottom panel) of mainshocks for 
selected Mc values for Northern France and surrounding regions in Figure 7. The red, dashed 
lines indicate the completeness threshold. 

 
Figure 10: Cumulative number (top panel) and annual number (bottom panel) of mainshocks for 
selected Mc values for Norway and the Continental Shelf in Figure 7. The red, dashed lines 
indicate the completeness threshold. 
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Figure 11: Expected intensities for the earthquake on 23 March 2022 in the Viking Graben 
modelled using the intensity prediction equation (IPE) of (a) Allen et al (2012) and (b) Musson 
(2013). Red squares in (a) and (b) show places in the UK where the earthquake was felt. Made 
with Natural Earth. Free vector and raster map data @ naturalearthdata.com 

 
Figure 12: The expected magnitude of the earthquake that would be felt in at least one 
populated place (red squares) with an intensity of 3 across the North Sea region. Intensities are 
modelled using the IPE of (c) Allen et al. (2012) and (d) Musson et al. (2013). Blue-shaded 
circles describe the earthquakes that occurred before 1970 (see Section 3). The figure contains 
population data © Esri. Made with Natural Earth. Free vector and raster map data @ 

naturalearthdata.com 



 

20 

4 Seismo-tectonic context 

The study area lies in the northwest part of the Eurasian plate at the northeast margin of the 
North Atlantic Ocean, approximately 1,500 km northeast of the Mid-Atlantic Ridge and around 
2,000 km north of the plate boundary between Africa and Eurasia (Figure 13). As a result of this 
geographic position, distal to active plate boundaries, the UK and North Sea regions are 
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, earthquakes 
causing damage are rare.  

The present configuration of the study area resulted from a complex geological history 
consisting of multiple episodes of deformation (Strachan et al., 2002; Woodcock and Strachan, 
2012). This started with a series of tectonic collisions related to the closure of the Iapetus and 
Rheic oceans, which began in the Ordovician and ended in the earliest Permian with the final 
assembly of the supercontinent Pangaea (Ziegler, 1992; Woodcock and Strachan, 2012). Two 
composite orogenic events are recognised: the Caledonian Orogeny (470ï390 Ma), which 
represents the collisions between Baltica, Avalonia and Laurentia and the closure of the Iapetus 
Ocean; and the Variscan Orogeny (370ï290 Ma), which reflects the collisions of a series of 
other fragments of Gondwana with Laurasia. The basin formation of the North Sea commenced 
in the Carboniferous to Permian (300-260 Ma). Rifting activity in the North Sea started at the 
transition from the Permian to the Triassic (260 ï 200 Ma), intensified during the Middle 
Jurassic (175 Ma) to the earliest Cretaceous (140 Ma) times and then gradually abated during 
the Cretaceous as the focus of crustal extension migrated to the area between Greenland and 
northern Europe, leading to North Atlantic rifting from the late Cretaceous onwards (Ziegler, 
1992). Igneous activity in the North Sea is largely restricted to the Middle Jurassic and was 
accompanied by the uplift of a broad rift dome, causing a temporary reversal in the subsidence 
pattern of the Central Graben (Ziegler, 1992). The oil and gas accumulations in the North Sea 
all originated from shale strata that were deposited from the Late Jurassic to the earliest 
Cretaceous times (Gautier, 2005). The North Sea Graben Province in the northwest, the Anglo-
Dutch Basin Province in the south, and the northwest German Basin Province in the southeast 
account for the large majority of oil and gas resources in Western Europe (Figure 13). The 
North Sea Graben Province is distinctly oil-prone, in contrast to the adjacent gas-prone Anglo-

Dutch and Northwest German Basin Provinces (Gautier, 2005). 

The crustal thickness corresponds to the depth of the crust-mantle boundary, the Mohorovicic  
(Moho) discontinuity (e.g., Licciardi et al., 2012) and provides an upper bound to the maximum 
seismogenic depth. Published studies suggest that the Moho is at depths of 29-36 km in Ireland 
and Great Britain (e.g., Maguire et al., 2011; Davis et al., 2012; Pharaoh, 2018; Licciardi et al., 
2020), around 12-22 km in the Atlantic Ocean, west of Ireland (Licciardi et al., 2012), and at 
depths of 20-25 km under the Viking and Central Grabens (Ziegler, 1992). Licciardi et al. (2012) 
have found that maximum values of Moho depth are in Wales (36ï37 km), southeast England 
(36ï37 km), and near the Faroe Islands (38ï40 km), while minimum values of Moho depth   
(11ï12 km) are located offshore southwest Ireland. Sichien et al. (2012) estimated a crustal 
thickness between 28 and 37 km in Belgium with a value of 31 km beneath the Brabant Massif. 
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Figure 13: Topographic map of Europe where yellow lines represent the modern plate 
boundaries (from Bird, 2003) and the red polygon indicates the region being considered in this 
study. The purple polygon describes the North Sea Graben Province. Topography is from the 
global model ETOPO1 (Amante and Eakins, 2009). 

4.1 TECTONICS OF THE NORTH SEA 

The North Sea, which is located in the maritime waters of the United Kingdom, Norway, 
Denmark, Germany, and the Netherlands, is an intracontinental shallow-marine sedimentary 
basin with a present-day bathymetry of less than 150 m (Patruno et al., 2022). It is part of the 
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North Sea Rift System (NSRS),  a typical ñpassiveò rift that represents a failed arm of the Arctic-
North Atlantic rift system (Figure 13). The NSRS evolved in response to the build-up of regional 
extensional stress fields during the Triassic-mid-Jurassic break-up of Pangea and the Late 
Jurassic-Paleogene disintegration of Laurasia (Ziegler, 1992).  

Overall, the North Sea region is dominated by grabens and half-grabens: the north-west south-
east oriented Lower Rhine Graben under the southern North Sea and the Netherlands, the 
northïsouth-oriented North Sea Central Graben that begins north of the Dutch coast and ends 
in the region east of Scotland, the Viking Graben along the south-east Norwegian coast, the 
Horn Graben east of the Central Graben and in front of the Danish coast (Figure 14).  Generally, 
the North Sea is characterised by abundant normal faulting in Permian to late Cretaceous times, 

followed by deposition of late-Cretaceous to Cenozoic sediments with few active faults. 

Below we describe the main tectonic structures in the Northern, Central, and Southern North 
Sea. 

4.1.1 Northern North Sea  

The northern North Sea includes the North Sea Graben Province of the NSRS, which is a 
~150ï200 km wide zone of extended crust that separates the East Shetland Platform in the 
west from the Horda Platform in the east. It is a trilete rift system, which consists of the Moray 
Firth Basin, the Viking Graben and the Central Graben (Figure 14; Andrews et al., 1990). These 
structures are characterised by large rotated fault blocks with sedimentary basins in asymmetric 
half-grabens associated with the extension and thinning of the crust (Fjeldskaar et al, 2004). 
The Caledonian basement consists of intrusive igneous rocks and low- to high-grade 
metamorphic rocks, including metasedimentary sequences (Gautier, 2005). 

The Moray Firth Basin runs approximately east-west between the northeastern coast of 
Scotland and the middle of the North Sea. It is separated from the Viking Graben and the 
Central Graben by the Witch Ground Graben, a NW-SE trending extensional basin (Figure 14). 
The NE-trending tectonic patterns of the Precambrian basement provided some control over the 
subsequent development of sedimentary basins (Andrews et al., 1990). The Moray Firth Basin 
formed during phases of crustal extension in the Late Triassic ï Early Cretaceous (213 ï  144 
Ma). Andrews et al. (1990) subdivide the Moray Firth into its inner and outer basins. The Inner 
Moray Firth Basin (IMFB) is ~500-1500 m shallower than the Viking and Central Grabens 
(Argent et al., 2002). This difference is due to a tilt of the whole western area of the North Sea 
(Underhill 1991; Underhill and Partington, 1993; Japsen, 1999; Argent et al., 2002).  Andrews et 
al. (1990) show that during its formation, the direction of maximum extension in the IMFB was 
oriented perpendicular to the Great Glen Fault. In the Outer Moray Firth Basin, Andrews et al. 
(1990) show that faulting occurred without Caledonian control. The rift basin is controlled by 
major basin-bounding faults, including the Banff Fault to the south, the Helmsdale and Great 
Glen faults to the northwest and the Wick Fault to the north, that were formed during the late 
Jurassic (Underhill, 1991; Argent et al., 2002; Tamas et al., 2022). The present understanding 
of the structure and evolution of the Moray Firth Basin has been considerably advanced by the 
search for hydrocarbon reserves. The absolute age of faulting and fault reactivation is poorly 
constrained but the recent work of Tamas et al. (2022) shows that the latest phases of basin-
wide fault movement are Early JurassicïLate Cretaceous, followed by localised Cenozoic 

reactivation. 
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Figure 14: Seismo-tectonic map of the North Sea Region. The faults are from Asch (2003). Red 
circles show earthquakes and are scaled by magnitude. The earthquake catalogue comes from 
several sources described in Section 3. 

The Viking Graben is a 500-km long, NNE ïSSW trending rift system situated in the 
northernmost part of the NSRS between the East Shetland Platform, the Fladen Ground Spur, 
the Horda Platform, Fenno-Scandian Shield, and the Norwegian Caledonides (Figure 14). It 
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terminates to the south at the junction with the Central Graben and the Moray Firth/Witch 
Ground Graben structures. It is understood to have developed during two phases of extension: 
the first in the late Permian (c. 248 Ma) and the second in the late Jurassic (c. 144 Ma; e.g., 
Christiansson et al., 2000, Odinson et al., 2000). Seismic reflection profiling indicates that the 
structure is a composite of large rotated fault blocks and basins within asymmetric half-grabens 
that contain thick sedimentary deposits (Christiansson et al., 2000). The Viking Graben is 
separated from the Faroe-Shetland Basin below the Atlantic by the Shetland Platform and these 
two structures join in the area north-east of the Shetland Islands.  

The East Shetland Platform is a vast region (c. 62,000 km2) structural high forming the footwall 
of the fault-controlled Viking Graben, East Shetland Basin, the Inner and Outer Moray Basins 
and the Witch Ground Graben (Figure 14). It formed a regional high throughout the Mesozoic 
and Tertiary with only a thin Triassic to recent succession preserved (Platt and Cartwright, 
1998). Limited seismic coverage across the platform and poor seismic imaging beneath the 
base Mesozoic resulted in a reliance on regional structural studies and gravity data (e.g. 
Holloway et al. 1991) in understanding the platform structure. The Fladen Ground Spur is the 
East Shetland Platform's southern extension and occurs west of the Viking Graben.    

The East Shetland Basin is located in the northern North Sea, offshore western Norway, on the 
western margin of the North Viking Graben (Figure 14) and encompasses an area 
approximately 180 km long and up to 90 km wide. The present geometry of the basin is 
characterised by large (>25-km length), N-S to NE-SW striking, east-dipping normal fault 
systems that bound 15- to 25-km-wide half-grabens that developed during protracted, pre-
Triassic-to-Late Jurassic rifting (~150 Myr) (e.g., Claringbould et al., 2017; Ravnås et al., 2000). 

The Horda Platform comprises a thick sequence of TriassicïJurassic sediments in a series of 
large, rotated fault blocks (Platt, 1992), east of the Viking Graben. The rotation of these fault 
blocks was associated with extensional movement on deep westward-dipping detachment 
surfaces beneath the Horda Platform. Most movement of the faults in the Horda Platform is 
thought to be of the Triassic age, although additional fault block rotation occurred during the late 
Jurassic (Platt, 1992). The Horda Platform is bounded to the east by the Øygarden Fault 
Complex (Figure 14).  This basement-involved structural element marks a major change in 
crustal thickness in the easternmost part of the northern North Sea. The fault complex strikes 
approximately north-south, extends well over 100 km and exhibits lateral (along-strike) 
structural variations from the Horda Platform in the north to the Stord Basin in the south. It 
marked the eastern extent of major activity in the North Sea during the Permo-Triassic and 
Jurassic-Cretaceous rift events (Færseth et al., 1995). 

The Tampen Spur area is situated in the northern part of the North Sea and is bounded by the 
Viking Graben to the southeast, the East Shetland Basin to the west, and the Marulk Basin to 
the northwest (Figure 14). The region comprises major fault blocks tilted in the west direction, 
the largest being the Snorre fault block, which includes several oil discoveries, e.g., the Snorre, 

Tordis, and Vigdis fields (Dahl and Sollie, 1993; Jerkins et al, 2023). 

4.1.2 Central North Sea  

The central North Sea comprised the Central Graben, the Norwegian-Danish Basin, the Mid 
North Sea High, the Ringkøbing Fyn High, and the Horn Graben. 

The Central Graben is a NWïSEïtrending fault-bounded trough that runs between 52 N̄ and 

58 N̄ (Figure 14). Its formation started during a major rifting period in the late Triassic and 
continued with crustal extension during the Jurassic (Pekot and Gersib, 1987; Ottemöller et al., 
2005). The Central Graben underwent rapid subsidence in the Quaternary mostly due to rapid 
sedimentary loading. The conclusion of the study on the Earthquake Loading on the Norwegian 
Continental Shelf by NGI et al. (1988) was that during this period, no other tectonic processes 
were occurring. Recent (Miocene to present) subsidence can also be attributed to thermal and 

isostatic crustal adjustment 

The Cenozoic NorwegianïDanish Basin is situated east of the Central Graben and south of the 
Fennoscandian Shield (Figure 14). The basin partly overlies the basement blocks and 
Palaeozoic half-grabens of the Ringkøbing-Fyn High (e.g. Cartwright 1990; Andresen, 2020). 
Generally, the Cenozoic evolution of the eastern North Sea was dominated by tectonic 
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quiescence with thermal subsidence following the Jurassic rifting, local inversion in the Central 
Graben and halokinesis of mobile Zechstein evaporites deposited in the Northern Permian 
Basin (e.g., Zanella and Coward 2003; Clausen et al., 2012; Andresen, 2020). This basin 
includes the SorgenfreiïTornquist Zone, which strikes through northern Denmark from the 
Skagerrak Sea to Bornholm in the SE and is the northwesternmost segment of the Tornquist 
Zone. This is a fault zone extending from the Black Sea to Skagerrak, which has been active at 

least since the Late Carboniferous (e.g., Ziegler 1990; Sørensen et al., 2011). 

The Horn Graben is a NNEïSSW-trending Late Carboniferousï Late Triassic extensional 
system formed at the suture between the Avalonia and Baltica tectonic plates, cutting 
perpendicular to the NNWïSSE-trending Ringkøbing and Schill Grund highs in the present-day 
offshore areas of Germany and Denmark (Best et al., 1983; Clausen and Korstgård, 1994; 
Thybo, 1997; Abramovitz and Thybo, 1999; Guterch et al., 2010; Kilhams et al., 2010). 

The Mid North Sea High is an E-W trending broad Palaeozoic ridge between the 
Northumberland coast to the west and the Central Graben to the east (Figure 15). The ridge 
separates the Forth Approaches Basin to the north from the Southern North Sea Basin to the 
south. This structure has Devonian and Carboniferous basins at depth, which were controlled 
by granite-cored blocks (Brackenridge et al., 2020). The structure had a significant control on 
sedimentation and facies of the region through most of the Mesozoic with significant 
unconformities during the Permian and Jurassic before regional tilting, subsidence and 
increased sedimentation during the Cenozoic (Brackenridge et al., 2020).   

4.1.3 Southern North Sea  

The southern North Sea includes the region from the east coast of England to the Netherlands, 
Belgium and France and extends from the Dogger Bank in the north to the Dover Strait in the 
south (Cameron et al., 1992). It comprises Permian-Mesozoic Anglo-Dutch Basins, such as the 
Sole Pit Basin (or Trough) and Broad Fourteens Basin (Figure 15).  

The NW-SE-oriented 150 km-long and 50-km wide Sole Pit Basin, which is located in the 
western half of the Southern North Sea Basin, is characterised by NW-SE trending, en echelon, 
inverted basins (Van Hoorn, 1987). It was the principal depocentres during the Jurassic, 
accumulating up to 1000 m of marine mudstones with subsidiary sandstones and limestones 
before undergoing erosion at the end of the Jurassic Period, followed by post-Jurassic inversion 
(Glennie and Boegner, 1981; Van Hoorn, 1987; Cameron et al., 1992). The Sole Pit Basin 
comprises a complex network of transpressional and transtensional faults at Permian 
Rotliegend levels, which are thought to represent the upward termination of a series of wrench-
induced flower structures with a right-lateral sense of displacement (Van Hoorn, 1987). The 
NW-SE-striking Dowsing Fault Zone and Swarte Bank Hinge Zone form complementary areas 
of structural complexity on the southwestern and north-eastern margins of the Sole Pit Basin 
(Cameron et al., 1992). The Dowsing Fault Zone has been shown to have a complex history of 
reactivation through the Permian and Mesozoic and probably acted as a syndepositional fault in 
Carboniferous time (Leeder and Hardman, 1990). Since this fault separates crust of distinctly 
different seismic reflectivity (Blundell et al., 1991; Klemperer and Hobbs, 1992), it may also 
represent a major crustal or terrane boundary (Pharaoh et al., 1995). The Vale of Pickering-
Flamborough Head Fault Zone was originally thought to be the onshore continuation of the 
Dowsing-Hewett Fault Zone (Kent, 1974, 1980). However, offshore seismic reflection data 
suggest these are separate structures, which meet at an acute angle.  

The narrow NW ïSE trending Broad Fourteens Basin in the southern Dutch North Sea 
developed in response to multiple Late Palaeozoic and Early Mesozoic rifting events (Ziegler, 
1990; De Lugt et al., 2003). This structure is a NW-SE trending Mesozoic basin, approximately 
120 km long and 45 km wide. The basin is now inverted and covered unconformably by the 
Cenozoic sedimentary fill of the Southern North Sea Basin. It rests on the Southern Permian 
Basin, which in turn unconformably overlies an even older sedimentary basin, the Variscan 
foreland basin (Verweij and  Simmelink, 2002). 
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Figure 15: Seismo-tectonic map of the British Isles and the surrounding region. The faults are 
from Asch (2003). Red circles show earthquakes and are scaled by magnitude. The earthquake 
catalogue comes from several sources described in Section 3. LDBFZ, Lake District Boundary 
Fault Zone; PLF, Pontesford-Linley Fault; QNFZ, Quesssoy/Nort-sur-Erdre Fault Zone; WCF, 
Watchet-Cothelstone Fault. 
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4.2 TECTONICS OF THE NORTHEAST ATLANTIC 

The northeast Atlantic region, which is situated north of Scotland and in the northwest part of 
the study area, includes the FaroeïShetland, East Shetland, North Minch Basins, the Rockall 
Trough, the Faroe-Shetland Trough, and the Faroe-Rockall, Outer Hebrides, and Orkney-
Shetland Platforms (Figure 13; Stoker et al., 1993). This region is located in the North Atlantic 
Ocean on the outer part of the NW European continental margin situated approximately in the 
central part of the  North  Atlantic Igneous Province between Iceland and the British Isles 
(Ólavdóttir et al., 2017). 

The 400-km-long and 250-km-wide NE-trending Mesozoic rifting FaroeïShetland Basin lies 
between the Faroe Islands and the Shetland Islands (Figure 13) and consists of a complex 
amalgam of sub-basins generally separated by north- to NE-trending structural highs. The 
geometry is less clear on the northwestern side of the basin due to the presence of thick Late 
Paleocene flood basalts (Ritchie et al, 2011). 

Rockall Plateau is situated in the NE Atlantic Ocean between 450 and 1000 km west of the 
Scottish mainland and is separated from the British and Irish continental shelf by the Rockall 
Trough and the Faroe-Shetland Trough. It comprises the bathymetric features of Rockall Bank, 
Hatton Bank and the intervening Hatton Basin (Figure 13; Naylor et al., 1999; Hitchen, 2004). 
Rockall Plateau is underpinned by continental crust, which is thicker beneath the banks and 
thinner under Hatton Basin. The continent-ocean crustal transition occurs beneath the western 
flank of Hatton Bank where it is associated with seaward-dipping reflectors resulting from large-
scale outpourings of basaltic lava.  

4.3 TECTONICS OF THE BRITISH ISLES 

A detailed description of the tectonics of the British Isles is given in Chadwick et al. (1996) who 
subdivide this region into a number of geological provinces or terranes, based upon the crustal, 
geological and tectonic structures, as well as the geological history of these provinces.  

4.3.1 Northern Britain 

The region north of the Iapetus Suture (Figure 15) 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 (Grampian Terranes), Mesoproterozoic (Midland Valley Terrane) and 

Ordovician (Southern Uplands Terrane).  

The Hebridean Terrane represents the Laurentian foreland of the Caledonian orogen and is 
bounded by the Outer Hebrides Fault to the northwest and the Moine Thrust Zone to the 
southeast. The ESE-dipping Outer Hebrides Fault has a long history of reactivation including 
likely Neoproterozoic and Caledonian thrusting, late Caledonian sinistral strike-slip and later 
Palaeozoic to Mesozoic normal faulting (Stein, 1988; Imber et al., 2001). It is well-imaged on 
deep seismic reflection data (e.g. Smythe et al., 1982) and is known to offset the Moho. The 
ESE-dipping, low-angle Moine Thrust Zone extends for over 200 km from Durness on the north 
coast to Sleat in Skye. It likely accommodates several hundred kilometres of top-to-the-WNW 
displacement that occurred during the Silurian Scandian phase of Caledonian shortening 
(Trewin and Rollin, 2002).  

The Northern Highland Terrane is bounded by the Moine Thrust Zone in the northwest and the 
Great Glen Fault to the southeast. The steeply-dipping strike-slip Great Glen Fault is a regional-
scale reactivated fault that cuts across the Ordovician-Silurian Caledonian orogenic belt 
(Stewart et al., 2001). It has a NEïSW strike and extends to at least 40 km depth suggesting 
that the structure has some expression in the upper mantle (Hall et al., 1984). The Great Glen 
Fault extends north-north-eastwards from the north-western coastal region of Ireland, across 
the Scottish mainland towards the Shetland Islands in the north-east, where it may be 
kinematically linked with the Walls Boundary Fault, at least since the Silurian. 

The Grampian Highlands Terrane is limited by the Great Glen Fault to the northwest and the 
Highland Boundary Fault to the southeast. The Highland Boundary Fault follows the Caledonian 
structural trend (NEïSW) and marks the southern boundary of the Laurentian crust. It extends 
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from Stonehaven on the east coast of Scotland to the Isle of Arran in the west and continues 
southeast of the Kintyre Peninsula via Fair Head in Northern Ireland to Clew Bay in the Republic 
of Ireland (Ottemöller and Thomas, 2007). During the formation of the British Isles, this structure 
behaved as a strike-slip feature associated with a collisional suture (Woodcock and Strachan, 
2012; Musson and Sargeant, 2007). Interpretation of deep seismic reflection data suggests that 
the Highland Boundary Fault dips to the northwest.  

The northwest and southeast boundaries of the Midland Valley Terrane are the Highland 
Boundary Fault and the Southern Upland Fault, respectively, both of which are likely to have 
experienced Caledonian sinistral strike-slip displacements. The sub-surface geometry of the 
Southern Upland Fault is steeply inclined to sub-vertical but remains uncertain at depth (e.g. 
Stone et al., 2012). During the Carboniferous, the Midland Valley was affected by the intense, 
intra-plate volcanism, associated with the Variscan orogeny in the south of England.  

The southernmost terrane in Northern Britain is the Southern Upland Terrane, which is bounded 
by the Southern Upland Fault to the northwest and by traces of the Iapetus Suture to the 
southeast. This terrane is viewed as an accretionary wedge, formed during the closure of the 
Iapetus Ocean. The Iapetus Suture Zone extends into northern Wales and the West Midlands 
and separates the Caledonian rocks of the Laurentian and Avalonian continents. The Iapetus 
Suture is not strongly expressed at the surface but it can be recognised in the fossil record and 

has been imaged on deep profile surveys (Beamish and Smythe, 1986). 

4.3.2 Central Britain 

Central Britain, south of the Iapetus Suture and north of the Variscan Front (Figure 15) 
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 Iapetus Ocean in Silurian time. The same 
Caledonian structural trend is also clear throughout the Iapetus Suture Zone, extending into 
northern Wales and the West Midlands. 

The Leinster-Lakes Terrane (or Lake District-Manx Terrane) is bounded by the Iapetus Suture 
to the north and the Ballycogly Mylonite Zone to the south. This terrane is situated in the 
northern passive margin of the Avalonia Microcontinent in Cambrian time, bordering on the 
opening Iapetus Ocean. The latter began to close in early Ordovician time and the margin 
turned into a destructive one, with the development of a volcanic arc associated with the 
southward subduction of the Iapetus oceanic lithosphere (Chadwick et al., 1996). 

The Monian Terrane in North Wales is separated from the Welsh Caledonides by the Llyn-
Menai Strait Shear Zone to the southeast, and from the Lake District-Manx Terrane by the 
Ballycogly Mylonite Zone to the northeast. It comprises gneisses, intrusions and a younger 
metasedimentary sequence of the latest Precambrian or early Cambrian age (Chadwick et al., 
1996). The Llyn-Menai Strait Shear Zone is interpreted as a major terrane boundary and is 
dominated by a largely subparallel plexus of north-east to south-west faults, which juxtapose 

Precambrian and early Palaeozoic rocks as well as late Palaeozoic strata (Howells, 2007). 

Eastern England from Pennines to the Thames Estuary comprises the Concealed English 
Caledonides whose sub-Carboniferous basement is composed of low-grade metasedimentary 
rocks of Ordovician and Silurian age (Molyneux, 1991) and plutonic and volcanic igneous rocks 
(Pharaoh et al., 1993).  The structural grain of this region is NW-SE reflecting the late 
Ordovician collision of Avalonia with Baltica (Pharaoh, 2018). 

Differently from the Eastern Concealed English Caledonides, the Welsh Caledonides is 
characterised by a strong NE-SW trending structural grain, resulting from Caledonian 
deformation of a thick succession of Lower Palaeozoic sediments infilling the Welsh Basin. The 
Welsh Borderland Fault System marks the southeastern limit of the Welsh Caledonides and 
separates it from the Wrekin Terrane, which is part of the Welsh Massif. 

The Charnwood and Wrekin Terranes form the concealed Midland Microcraton, a wedge-
shaped block of Proterozoic crust, and adjacent elements of the Caledonides in southern 
Britain, forming the core of the Anglo-Brabant Massif in England (Pharaoh, 2018), appear to 
have been little affected by either Caledonian or Variscan compression or Mesozoic extension. 
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Pharaoh (2019) suggests that the Malvern Lineament forms the boundary between the 
Charnwood and Wrekin Terranes. 

The AngloïBrabant Massif (or Platform) is a structural high stretching from the Rhineland in 
western Germany across northern Belgium (in the province of Brabant) and the North Sea to 
East Anglia and the middle Thames in southern England. During Devonian and Carboniferous 
times, the central part of the Larussia paleocontinent formed part of the Anglo-Brabant Massif 
(Ziegler, 1990) but it was significantly affected by extension at that time. The crust of the Anglo-
Brabant Massif is thicker (perhaps up to 38 km) than that of the surrounding regions, typically 
about 30 km thick (Chadwick and Pharaoh, 1998; Ziegler and Dezes, 2006). 

4.3.3 Southern Britain 

The region south of the Variscan Front Thrust is part of the Variscan Orogenic Belt and extends 
from Cornwall to the Ardennes Massif. The south-dipping WNW-trending Variscan Front Thrust 
is a major structural feature forming the northern edge of the Variscan orogeny, active in 
Carboniferous to Permian times. This fault is visible on seismic reflections and refraction profiles 
from southern Ireland to northern France (Figure 15). Much of this front has been buried 
underneath younger Mesozoic strata, but shear and fault zones still occur at depth, and fault 
reactivation may have caused faulting in younger and shallower strata. The Variscan Orogenic 
Belt is cut by both E-W trending thrusts and NW-SE trending transcurrent faults (Stephan et al., 
2016). Examples of these include the Watchet-Cothelstone Fault and the dextral strike-slip 
Sticklepath-Lustleigh Fault. 

The Mesozoic-Cenozoic English Channel basin is a ~600 by 200 km ENE-WSW trending basin 
that lies entirely within the continental crust. The Central English Channel Basin is bounded by 
the Purbeck-Wight Fault Zone to the north, and the E-W Mid-Channel (or Central Channel) 
Fault to the south (e.g., Westhead et al., 2018; Figure 15). The Ouessant-Alderney Fault Zone 
marks the structural boundary between the Palaeozoic Cornubian Ridge on the northern side of 
the English Channel and the Precambrian Armorican Massif on the southern side of the 
Channel (Figure 15). 

4.3.4 Irish Sea and Ireland  

The Irish Sea is surrounded by Ireland, southern Scotland, north-west England and North 
Wales. The sea has restricted outlets to the Atlantic Ocean through the North Channel to the 
north, and via the St George's Channel to the south (Jackson et al., 1995). Large sections of the 
Irish Sea coastline lie close to and run subparallel to, important basin-margin faults or other 
structural lines. A number of Permo-Triassic and younger basins are located in the East Irish 
Sea, the largest of which is the East Irish Sea Basin (Figure 15). This basin has been the 
subject of extensive hydrocarbon exploration and hosts several large hydrocarbon 
accumulations. It is bounded along its eastern margin by the Lake District Boundary Fault Zone, 
a network of normal faults, which separates Lower Palaeozoic rocks of the Lake District Block to 
the east from the younger, Upper Palaeozoic and Mesozoic rocks of the East Irish Sea Basin 
(Jackson et al., 1995). The East Irish Sea Basin is characterized by a number of half grabens 
controlled by N-S faults to the south, and by intersecting NE-SW and NW-SE faults to the north.  

Ireland and neighbouring Britain share the same tectonic history and the terrane boundaries 
(e.g. Highland Boundary Fault and Iapetus Suture) described in previous subsections (Figure 
15; Lebedev et al., 2023). For example, the Iapetus Suture extends from northeast Highlands 
into Britain and then across the Irish Midlands to the Shannon Estuary in the west.  

4.4 TECTONICS OF THE OVERSEAS REGIONS   

The overseas regions include Northern France, Belgium, the Netherlands, and the Western 

Approaches. 

The Brabant Massif, part of the Anglo-Brabant Massif, is a region of shallow basement rocks 
beneath the central and northern part of Belgium. Outcrops of the Brabant Massif are sparse 
and are only present in some incised river valleys along the southern rim of the Brabant Massif. 
The Brabant Massif dips towards the north and is mostly covered by Cretaceous chalk, 
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Cenozoic sand and clays, and Quaternary loess sediments (Van Noten et al., 2015). The 
basement of the Ardenne contains Paleozoic sedimentary rocks which were deformed in the 
Caledonian (only for Cambrian to Silurian) and Variscan orogenies (e.g. Fielitz and Mansy, 
1999; Barbarand et al., 2018). This basement belongs to the main Rhenish Massif, which is 
well-exposed in Germany.  

The North Artois Shear Zone, which runs through the Dover Strait from Sangatte in northeast 
France to Folkestone in southeast England, divides the Paris Basin and Ardenne Massif from 
the Brabant Massif to the north (Garcia-Moreno et al., 2015; Figure 15). This complex fault-and-
fold system defines the eastern part of the Variscan Front Thrust and the MidiïEifel fault zone. 
The present-day geometry of this fault zone results from several phases of post-Palaeozoic 
deformation that have induced different reactivations of structures inherited from the Variscan 
Orogeny (e.g. Chadwick et al. 1993; Van Vliet-Lanoë et al. 2002; Mansy et al. 2003; Garcia-
Moreno et al., 2015). Quaternary activity of the North Artois shear zone is widely debated but no 
conclusive field evidence of recent tectonic deformation has been associated with any of its fault 
segments. However, Van Vliet-Lanoë et al. (2000) identify possible extensional faults in the 
Sangatte cliff, and Colbeaux et al. (1981), Van Vliet-Lanoë et al. (2000), Mansy et al. (2003) 
show minor right-lateral deformations affecting river development and Quaternary fluvial and 
aeolian deposits in northeastern France. 

The southeastern edge of the study area of this work at the border between the Netherlands, 
Germany, and Belgium, comprises the Lower Rhine Graben or Roer Valley Rift System, which 
is the northwestern branch of the Rhine Rift System, part of the European Cenozoic rift system 
extending from west of the Alps to the North Sea (Figure 13; Ziegler, 1994; Ziegler and Dèzes, 
2005; Vanneste et al., 2013). The Lower Rhine Graben is a NW-oriented relay between the N-
NE-oriented Upper Rhine Graben and the Anglo-Dutch Basin in the North Sea (van den Berg, 
1994). It extends over a distance of Ḑ200 km between the city of Bonn in the southeast and the 
confluence area of the Rhine and Meuse Rivers in the northwest and consists of a series of 
grabens and horsts that are separated by NW-SE trending normal faults. The deformation in the 
Rhine Rift System is the result of the (still ongoing) continent-continent collision from the mid-
Cretaceous onset of Alpine orogeny onwards (Sissingh, 2006; Schmid and Kissling, 2000; 
Grünthal et al. 2017). In the Lower Rhine Graben, the rifting started only in the late Oligocene 
(Demyttenaere and Laga, 1988; Geluk et al., 1994). This tectonic structure is a reactivated 
structure that developed over older sedimentary basins of the Carboniferous and Mesozoic age 
and has gone through a complex evolution involving several phases of extension and inversion 

(Geluk et al., 1994; Vanneste et al., 2013).  

Northwest France is dominated by the Proterozoic Armorican Massif (Perrot et al., 2005), which 
is bounded by the English Channel Basin to the north, the Paris Basin to the east, and the 
Aquitaine Basin to the south. The massif is cut in three by the SE-NW striking North and South 
Armorican Shear Zones (Baize et al., 2012). The Mesozoic-Cenozoic sedimentary Paris Basin 
lies immediately east of the Armorican Massif and covers much of northern France. A segment 
of the Bray Fault in Northern France divides the Paris Basin into western and eastern parts. 
However, the seismogenic potential of this fault has not been demonstrated yet (Wyns, 1977; 

Larue, 2005; Baize et al., 2012). 

The Western Approaches region is a complex, 400 km-long, partly inverted Mesozoic rift in the 
Western European continental shelf situated at the transition between the Western English 
Channel and the northern termination of the Bay of Biscay (Figure 13; Ziegler, 1987). It is 
surrounded by the offshore extension of the Cornubian Ridge to the north and the Armorican 
Massif to the south. The major element of the Western Approaches is the Western Approaches 
Basin, containing mainly Permo-Triassic sediments and the Southwest Channel Basin and 
Brittany Trough, both of which contain thick Jurassic and Early Cretaceous series (Ziegler, 
1987; Le Roy et al., 2011). 

4.5 SEISMICITY  

Seismicity in the study area is concentrated in a north-south band along the length of Britain, 
mainly along the western flank, Northern France and Belgium, the northern part of the Viking 
Graben, and along the Norwegian coast. The seismicity levels are higher in the Northern North 
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Sea and the Norwegian coast than in the British Isles. The northeast of Britain, the northwest 
Atlantic margin, Ireland, the western North Sea, and the southern North Sea down to the 
Netherlands all show very little seismicity (Figures 14-15). However, historical accounts of 
earthquake activity offshore will be limited because of the distance from populated places 
onshore. The geographical distribution of instrumentally recorded earthquakes from 1970 to the 
present generally follows the distribution of historical seismicity over the last 300 years but with 
a generally smaller magnitude. There are a few exceptions to the correlation between 
instrumental and historical seismicity, such as the historical earthquakes in the Dover Straits, 
SW Wales and around Inverness in NE Scotland where there has been relatively little 
instrumentally recorded seismicity. This highlights the fact that instrumentally recorded 

seismicity is not a reliable indicator of earthquake activity either in the past or in the future.  

In common with many regions of diffuse intraplate seismicity, it is difficult to unequivocally 
associate earthquakes in the entire study area with specific faults for the following reasons. 
Firstly, no earthquake recorded either historically or instrumentally has produced a surface 
rupture. Secondly, uncertainties in the epicentral location and depth of the earthquakes are 
typically several kilometres. 

The largest earthquakes in the study area are the ~6.0 Mw 1275 and ~6.2 Mw 1382 events in 
South Wales and the Dover Strait (Figure 15), respectively, but their magnitude and location 
estimates are associated with large uncertainties. 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). The epicentre of this event is between 20 and 40 km from 

the Endurance CCS area.  

The hypocentral depth of earthquakes in the study area is often not well-constrained due to the 
lack of stations close to the epicentre or for historical events it may be completely unknown. 
Many agencies typically assign a generic value to events with poorly constrained or unknown 
hypocentral depths. For example, a depth of 10 km is used to indicate that the hypocentre is 
shallow, while a depth of 33 km is used to indicate that the hypocentre is at the base of a 
continental seismogenic zone. As a result of this, the uncertainties in the focal depths for 
instrumentally recorded earthquakes onshore can exceed ±10 km when considering the 
average spacing between seismic stations in the study area and they are higher in offshore 
regions, whereas the uncertainties in the depths of historical earthquakes are unknown. The 
analysis of the depth of earthquakes in the project catalogue shows that the hypocentral depths 
of the onshore earthquakes within the study area are distributed throughout the upper 35 km of 
the crust with peaks around 10-12 km for the earthquakes in the British Isles (Figure 16a), 
Northern France and Belgium (Figure 16b), and the Continental Shelf (Figure 16c). The 
distribution of hypocentral depths in the offshore regions agrees with the findings of Lindholm et 
al. (2000) who indicate a focal depth distribution between 5 and 30 km for earthquakes in the 
northern North Sea region. Earthquakes in Norway are slightly deeper with a modal depth of 

around 18-20 km (Figure 16d). 

In the following sections, we discuss specific regions in more detail with respect to their 
seismicity. 

4.5.1 North Sea 

The distribution of seismicity in the central and northern North Sea delineates the trend of the 
grabens (Figure 14). This is more apparent for the Viking Graben where larger earthquakes 
have occurred and seismicity rates are higher.  

The northern part of the Viking Graben is the most seismically active area in Northern Europe 
(e.g., Musson, 2007). The largest earthquake for which a magnitude can be estimated reliably is 
the 5.3 Mw earthquake in 1927 (Figure 14; Bungum et al., 1991). It was felt over most of 
Scotland and down the east coast of England as far as Norfolk and in western Norway but it 
caused no damage to buildings (Musson et al., 1986).  Earthquakes of magnitude more than  
5.0 Mw have occurred in the Northern North Sea and offshore the western coast of Norway in 
the last 100 years. The largest of these included in our study area is the 5.5 Mw 1988 event 
(Hansen et al., 1989).  Recently, the 4.7 Mw earthquake on 21 March 2022 occurred close to 
the Snorre oil field in the northern part of the Viking Graben. It was the largest earthquake in the 
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North Sea in the last 33 years and was felt in Norway, the Shetland Islands and northeast 
Scotland (Jerkins et al, 2023). This event resulted in a temporary shutdown of the Snorre B oil 
platform, although no injuries and damage were reported associated with the earthquake. Note 
that the NNSN database  (i.e. Norwegian National Seismic Network) reports a magnitude of 4.7 
Mw, whereas the size of this event has been estimated to be 5.1 Mw and 4.9 Mw (5.2 ML) by 
Jerkins et al. (2023) and the BGS database, respectively. 

The Central Graben is much less seismically active than the Viking Graben and it was not clear 
that it was seismically active at all until monitoring networks improved sufficiently to be able to 
locate events in this area after 1970. Woo and Muir Wood (1986) describe most of the central 
North Sea as an aseismic zone but Marrow (1992) was able to show that this is not the case. 
Recently, two events of magnitude of 3.9 and 3.7 Mw occurred in 2019 and 2020 in the Central 
North Sea. The 3.9 Mw event occurred in the Shearwater Field approximately 250 km east of 
Aberdeen and was felt on oil platforms in the nearby Elgin-Franklin fields (Baptie, 2020). It was 
the largest earthquake in the Central North Sea since a 4.8 Mw event occurred at the southern 

part of the Viking Graben on 30 June 2017. 

Besides the 1931 earthquake in the Dogger Bank, the seismic activity in the southern North Sea 
is low.  

4.5.2 British Isles 

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 and the Great Glen Fault Zone). 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 largest known Scottish earthquake is the 4.9 Mw Argyll 
earthquake in 1880 (Figure 15) that was felt along the west coast of Scotland, east as far as 
Perthshire and throughout the Hebrides. 

In Northern Britain, strong earthquake activity is localised along the Pennines, from the Peak 
District to the Scottish Borders, and in the Lake District. The HyNet site is also relatively close to 
two earthquakes that occurred in the Irish Sea. The first of these events is the largest 
earthquake in the Lake District and 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 second event is the 4.7 Mw earthquake in 1843 offshore to the west of Barrow-in-Furness 
(Lancashire). It was felt throughout most of North England, South Scotland, North Wales, along 
the east coast of Ireland, and on board ships in the Irish Sea but the only damage reported was 
in the Isle of Man (Musson, 1994). 

North Wales is one of the most seismically active areas of mainland Britain, with a relatively 
high number of earthquakes of Mw Ó 4.0 having been observed compared to other parts of the 
UK. Most of these occurred on the Lleyn (or LlȒn) Peninsula, at the northwest 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 (4.9 Mw) onshore earthquake in the UK since 1970 occurred on 19 July 
1984 near Yr Eifl on the Lleyn Peninsula in northwest Wales. This area is relatively close to the 
HyNet CCS site. In particular, the epicentre of the 1984 Lleyn earthquake is 94 km from the 
HyNet area. South Wales has experienced a number of moderate-magnitude, damaging 

earthquakes in the last 300 years. Besides the 1275 earthquake of ~6.0 Mw, other examples of 
large earthquakes in this region occurred in 1727 (4.9 Mw), 1775 (4.8 Mw) and 1906 (4.9 Mw; 
Musson, 2007). More recently, the 4.3 Mw event occurred close to Swansea on 17 February 
2018. Considerable seismicity also appears to be associated with faults within the Welsh 
Borderland Fault System. For example, the 4.8 Mw Bishopôs Castle earthquake on 2 April 1990 
is believed to be associated with the Church Stretton Fault (Ritchie et al., 1990), although 
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uncertainties in both estimated depth and fault geometry make it difficult to assess if the 
hypocentre lies in the hanging wall or footwall of this fault. 

The Midland Microcraton is characterised by relatively low seismicity in the Anglo-Brabant 
Massif (to the east of the Malvern Fault) and higher levels of seismicity in the Wrekin Terrane to 
the west of this structure. The largest earthquake in the Anglo-Brabant Massif occurred on 11 
February 1957 approximately 10 km southeast of Derby (5.0 Mw). Much of eastern England 
(south of the Scottish Borders) is characterised by relatively low levels of seismicity. However, 
here the largest (4.9 Mw) earthquake in the UK since the 1984 Lleyn earthquake occurred on 27 
February 2008. Its epicentre was located 4 km north of the town of Market Rasen in 
Lincolnshire (Ottemöller and Sargeant, 2010; Mosca et al., 2020).  

The British region south of the Variscan Front Thrust is characterised by relatively low seismicity 
with few earthquakes greater than 4.0 Mw. There are considerable variations in seismicity along 
the Variscal Front Thrust. Significant historical seismicity has occurred close to the Variscan 
Front Thrust in both south Wales and the Dover Strait, 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 Variscal Front Thrust and northwest-
trending near-vertical transcurrent faults. Seismicity is higher in the southern English Channel, 
especially close to the Cotentin Peninsula and the Channel Islands, than in the northern English 

Channel, but it appears to be diffuse. 

Ireland is characterised by very low levels of seismic activity in comparison to mainland Britain. 
Its seismicity is concentrated in Irelandôs northernmost part and in the south coast and 
earthquakes are very rare in onshore Ireland. Lebedev et al. (2023) indicate that the difference 
in earthquake levels between Ireland and Britain mainland is controlled by the moderate 
variations in the lithospheric thickness.   

4.5.3 Overseas Regions 

Seismic activity is higher (up to 5.4 Mw) in the northwest Armorican Massif than in the northeast 
Armorican Massif, but is diffuse and shows no concentration or alignment along mapped faults. 
The Paris Basin is characterised by low seismic activity despite a similar basement with the 
Armorican Massif at depth (Ritz et al., 2021). The recorded (historical and instrumental) 
seismicity in the Western Approaches is very limited.  

Notable historical earthquakes have occurred in the Dover Strait, with a 6.0 Mw earthquake in 
1382 and a 5.5 Mw earthquake in 1580, but there is little instrumentally recorded seismicity in 
the last 50 years. Some authors (e.g., Camelbeeck et al. 2007) have suggested that the 
magnitude of the 1580 earthquake was as high as 6 Mw. Garcia-Moreno et al. (2015) suggest 
that the 1580 earthquake occurred on the Sangatte Fault and Camelbeeck et al. (2007) indicate 
that the 4.0 Mw Folkestone earthquake in 2007 may also have occurred on this fault.  

In Belgium, the earthquake activity is moderately high with events up to magnitude 5.5 Mw. The 
5.5 Mw 1692 Verviers earthquake occurred in the northern part of the Belgian Ardennes. It 
caused moderate to severe damages in the Brussels region, 100 km from the epicentre, and 
further up to the coastal region of Kent, UK, and was felt at least more than 550 km further in 
Oxford and Bath in the UK (Camelbeeck et al., 2000). Camelbeeck et al. (2000) report a 
magnitude between 6.0 and 6.5 for this event. The 5.5 Mw 1992 Roermond earthquake 
occurred in the Roer Valley Graben, which is part of the Lower Rhine Graben and was followed 
by more than 200 aftershocks (Camelbeeck et al., 1994; Braunmiller et al., 1994). 
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Figure 16: 3D histogram showing the distribution of earthquakes (Mw Ó 3) with respect to 
magnitude and depth for (a) the UK and Ireland region, (b) the Northern France and Belgium, 
(c) the Continental Shelf, and (d) Norway. The earthquake data are from several sources 
described in Section 3. 

4.6 PRESENT DAY DEFORMATION  

The observed seismic activity in the region provides evidence of ongoing local crustal 
deformation. However, the nature of the crustal strain field and its relation to the observed 
distribution of earthquake activity in the study area is still not clearly understood. This is partly a 
result of the very low strain rates, requiring a long-term and/or baseline series of geodetic 
measurements in order to resolve these. Tectonic stresses generated at the Mid-Atlantic Ridge 
due to forces acting perpendicular to the spreading ridge, as well as strains resulting from the 
collision of Africa with Europe, are expected to result in a uniform stress field with approximately 
NWïSE-oriented compression and NEïSW-oriented extension (e.g. Gölke 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 ongoing since the 
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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. 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 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 modern seismicity and strain accumulation, long-term 
geodetic observations from permanent GPS stations are required. 

Earthquake focal mechanisms provide both fault geometries and principal stress directions that 
can be used to constrain our understanding of the driving forces of current deformation. In areas 
of low seismicity and sparse station distribution, determining reliable focal mechanisms can be 
problematic and the number of available focal mechanisms is limited. Figure 17 shows the focal 
mechanisms available for 54 earthquakes with Ó 3.0 Mw in the study area (out of 440 events 
with Ó 3.0 Mw since 1970). Note that focal mechanisms of events with 2.5 and 3.0 Mw are 
available in the UK and northern France but they are not plotted in Figure 17. 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 NE-SW 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 result in NW-SE compression 
and NE-SW tension, or reverse with NW-SE compression, and are supported by other stress 
data (e.g. Heidbach et al., 2016). Focal mechanisms from Northern France (Mazzotti et al., 
2021) are more varied but largely show mechanisms that vary from strike-slip, through oblique 
normal to normal faulting. There are also a few events with a reverse faulting mechanism, 
particularly in the Cotentin Peninsula. However, the maximum horizontal compressive stress for 
most mechanisms is oriented NW-SE to NNW-SSE, which is in good agreement with the 
regional stress field (Mazzotti et al., 2021) and consistent with the results from mainland Britain. 
The available focal mechanisms in the North Sea show predominantly thrust to oblique thrust 
faulting with a compressive stress axis in the W-NW to E-SE direction consistent with the ridge-
push forces produced by the mid-Atlantic ridge. Therefore, normal faults in the North Sea from 
the failed rift can become reactivated as thrust earthquakes when influenced by the forces from 
the mid-Atlantic ridge over time (e.g., Jerkins et al., 2023). Bungum et al. (2005) and  Zarifi et al. 
(2022) show some deviations from this regional stress pattern suggesting that such secondary 
effects are caused by isostatic rebound from the past glaciation. Ottemöller et al. (2005) indicate 
that the NNW-SSE direction of the maximum horizontal stresses in the Central Graben will 
result in strike-slip or reverse faulting. 

Left-lateral strike-slip along a NEïSW trend is consistent with the prevailing N- to NNW-oriented 
horizontal tectonic stresses of Western Europe (Grünthal and Stromeyer, 1992), and the earlier 
Palaeocene and Oligocene Alpine-related compression. This trend matches the recent 
geological history of the large-scale fault structures in the British Isles where Alpine-related 
compression has driven faulting. While this might suggest that earthquake activity across the 
region is driven primarily by the reactivation of these favourably oriented fault systems by 
deformation associated with first-order plate motions, the role of deformation associated with 
the Glacio-Isostatic Adjustment cannot be ruled out (Baptie, 2010). 
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Figure 17: Focal mechanisms available for earthquakes of Mw Ó 3.0 in the study area. Blue, red, 
and green beach balls represent strike-slip, reverse, and normal faulting styles, respectively. 
Focal mechanisms of the British events were published by Trodd et al. (1985), Marrow and 
Walker (1988), Ritchie et al. (1990), Walker (1991), Sargeant et al. (2008), Ottemöller et al. 
(2009), Baptie (2010), and the BGS bulletins (e.g. Galloway et al. 2013). BGS © UKRI 2023. 
The focal mechanisms of the earthquakes in France are from Mazzotti et al. (2021). The focal 
mechanisms of the earthquakes in the North Sea and Norway are from the ISC Bulletins (ISC, 
2021). 

5 Seismic source characterisation model 

The link between the integrated geological, geophysical, geotechnical, and seismological 
database, described in Sections 3 and 4, and PSHA is the SSC model (IAEA, 2022), which 
represents Steps 1 and 2 described schematically in Section 2. The SSC model provides a 
numerical representation of 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). To construct the SSC model, the study area is divided into a series of 
seismic sources (zones or faults) where the seismic activity within each source 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; Baker et al., 2021).  
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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 kinematics of the fault, will generally be 
treated as an individual source if sufficient information is available to define it. Although some 
earthquake activity in the UK appears to be spatially associated with large-scale tectonic 
structures (e.g. Chadwick et al., 1996), it is difficult to conclusively relate specific earthquakes to 
motion on particular fault structures because of uncertainties in both earthquake locations and 
the geometry of the faults themselves. Similarly, although faults in the UK are often well-
mapped at the surface, there is generally insufficient information to be able to define these as 
active fault sources due to the lack of supporting geodetic, neotectonic and seismic data. As a 
result, there is considerable epistemic uncertainty associated with any rupture scenario and we 
do not include fault sources in the SSC model. This is in keeping with other recent studies in 
intraplate regions with low levels of seismicity at national (e.g. Drouet et al., 2020; Mosca et al., 
2022) and local scales (e.g. Tromans et al., 2019; Villani et al., 2020). In addition, using source 
zones allows potentially buried, and therefore unknown, fault structures to be accounted for in 
the SSC model. 

Each zone is defined by the following parameters: 

a) The geometry of the zone. 
b) The Gutenberg-Richter frequency magnitude distribution (FMD). 
c) The maximum earthquake magnitude. 
d) The expected depth distribution 
e) 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 by a range of values with associated 
weights in a logic tree.  The branches for each parameter are randomly sampled in proportion to 

their weight (see Section 2.1). 

The parameters above are used to model each event in a simulated catalogue as a finite fault 
rupture in a simple way. The software M3C models fault and area sources but not point sources 
avoiding any simplifications in the fault rupture modelling. 

1- For a zone, a synthetic event is generated with a assigned magnitude based on the 
recurrence parameters of a randomly drawn FMD from the set of 25 pairs of a and b 
(Subsection 5.3) and the maximum magnitude sampled from its distribution (Subsection 
5.2). The magnitude is equal to or larger than the minimum magnitude for the hazard 
calculations (Subsection 5.6). 

2- The epicentral coordinates of the random event of a specific magnitude are generated at 
a random location within a source zone. The hypocentral depth, faulting style and 
orientations are randomly drawn from the possible value in their distribution 
(Subsections 5.4 and 5.5). For the areal sources, we consider generic values of rake 

and dip angles for the faulting style, i.e. rake = 0  ̄and dip = 90  ̄for strike-slip faulting; 

rake = -90  ̄ and dip = 50  ̄ for normal faulting; rake = 90  ̄ and dip = 40  ̄ for reverse 
faulting. For fault sources, rake and dip angles must be provided. 

3- The synthetic earthquake 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 (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.  

4- The distance metrics are exactly computed for the synthetic fault rupture with respect to 
a site to model accurately the ground motion without using conversion relationship. 

Ruptures are constrained to stop at 33 km depth, i.e. the generic reference thickness of the 
seismogenic zone, which corresponds to the depth of the Moho (see Section 4). This seems to 
agree with the overall distribution of the hypocentral depth of the earthquakes in the project 
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catalogue (see Subsection 5.4). Hypocentral depths for deeper events, such as the Lleyn 
Peninsula (1984) and Market Rasen (2008) earthquakes (Turbitt et al., 1985, Ottemöller and 

Sargeant., 2010), are relatively well-constrained at depths of around 20 km. 

5.1 DELINEATION OF THE GEOMETRY 

The basic outlines of the delineation of a SSC model reflect geological and geophysical 
features, which are relevant to controlling the distribution of seismicity, and the seismicity itself 
in the study area. We use four seismic source zone models (SZM1-SZM4; Figures 18-21) to 
capture the epistemic uncertainty in the behaviour and location of seismogenic structures and 
their correlation with seismicity. Figures 18-21 show also which completeness thresholds we 
apply to the source zones of the four SZMs and the distribution of the mainshocks, which fall 

within and outside the completeness thresholds in Table 2. 

SZM1 is strongly based on the main structural domains and the distribution of seismicity. It 
corresponds to the SSC model developed for the 2020 national seismic hazard model for the 
UK (Mosca et al., 2022) and the source model for northern France, Belgium, the North Sea, and 
the Atlantic Ocean used in the ESHM20 (Danciu et al., 2021). The zone geometry in the UK 
was developed as the result of our current understanding of the main structural domains and 
distribution of seismicity. The zonation for SZM1 took the zone boundaries of the 2013 
European Seismic Hazard Model (ESHM13) for the SHARE (Seismic Hazard Harmonisation in 
Europe) project (Woessner et al. 2015) as its starting point but some modifications were made 
in light of recent developments in the understanding of tectonics in the UK between 2013 and 
2020. The ESHM13 model for the UK was heavily influenced by the study of seismo-tectonics in 
the British Isles by Chadwick et al. (1996). The development of the source model of ESHM20 is 
an update of the area source model of ESHM13 where the modifications take into account the 
seismic hazard assessments at a national level that have been conducted across Europe. For 
example, the SSC model for the British Isles in ESHM20 is that in Mosca et al. (2022). SZM1 
consists of 39 zones.   

SZM2 is based on geological and structural understanding of the region focusing on zones that 
are consistent with the known geological structures. This includes rocks of similar type which 
have been subjected to the same deformation events and therefore have similar structural 
trends and should behave similarly in a given stress field. Examples of these include the 
basement terranes of northern Scotland, extensional basins and intervening blocks, such as 
those in the North Sea and the Irish Sea, and regions underpinned by stable rock mass like 
granitic intrusions such as Southwest England. In all these regions the geological structure and 
geology are broadly consistent at the scale of the model. This source model provides a balance 

against SZM1, which is strongly based on seismicity. SZM2 consists of 35 zones. 

Models SZM3-SZM4 are the two seismic source models used in EQE02. They correspond to 
the source model A and B in EQE02, respectively, which were developed by NORSAR and NGI 
(1998) as part of the Norwegian seismic hazard study. Bungum et al. (2000) consider only the 
source model A. The source model for the UK and the harmonisation with the NORSAR 
zonation are based on expert judgement and the experience gained by the authors of EQE02 in 
many site-specific seismic hazard studies.  SZM3 and SZM4 are the results of the modification 
of the source models A and B to the study area of the present project. They consist of 41 and 

31 zones, respectively, making the latter a coarser model than the former.  

Appendix 1 provides a detailed description of the individual zones of SZM1-SZM4. 
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Figure 18: (a) Geometry of the seismic source zone models SZM1. The blue polygons describe 
the CCS areas selected for the site-specific hazard estimates. The name of the zones is colour-
coded based on the completeness region in Figure 7: red for ñUnited Kingdom and Irelandò, 
orange for ñContinental Shelfò, green for ñNorthern France and Belgiumò, and violet for 
ñNorwayò. (b) Distribution of the mainshocks of Mw Ó 3.0 within (red circles) and outside (grey 
circles) the completeness thresholds in Table 2. 
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Figure 19: (a) Geometry of the seismic source zone models SZM2. (b) Distribution of the 
mainshocks of Mw Ó 3.0 within (red circles) and outside (grey circles) the completeness 

thresholds in Table 2. The other symbols are described in Figure 18. 
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Figure 20: (a) Geometry of the seismic source zone models SZM3. (b) Distribution of the 
mainshocks of Mw Ó 3.0 within (red circles) and outside (grey circles) the completeness 

thresholds in Table 2. The other symbols are described in Figure 18. 
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Figure 21: (a) Geometry of the seismic source zone models SZM4. (b) Distribution of the 
mainshocks of Mw Ó 3.0 within (red circles) and outside (grey circles) the completeness 

thresholds in Table 2. The other symbols are described in Figure 18. 

 

The uncertainties in the epicentral location have a strong impact on the delineation of the 
seismic source zone models. Similar to magnitude uncertainty (see Subsection 3.2), the 
location uncertainties are not homogeneously assessed across the entire composite catalogue 
used in this project. For the BGS database, location uncertainty for instrumental earthquakes 
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has been uniformly estimated in the last three years (Baptie, 2022). For the historical events, 
they are not quantitatively assessed but they are described by a quality factor in Musson (1994). 
Historical earthquakes are classified as class A (epicentral uncertainty of less than 5 km), B 
(epicentral uncertainty between 5 and 15 km), C (epicentral uncertainty between 15 and 35 km),  
and D (epicentral uncertainty of more than 35 km). Therefore, they can be used to extrapolate a 
reference value for the location uncertainty for each historical earthquake. The epicentre 
location of the events from other sources (e.g. FCAT-17 and the catalogue of NNSN) are not 
associated with uncertainty.    

The source models SZM1-SZM4 have been developed to account for the uncertainty in the 
correlation between seismogenic structures and seismicity and how this may influence the 
hazard in the UK offshore EEZ. The source model weighting scheme is based on discussions 
within the project team. SZM1 has the highest weight (0.4) because it has been through high 
scrutiny, whereas SZM2-SZM4 are assigned the same weight (0.20 each). SZM2 has a lower 
weight than SZM1 because it is strongly influenced by structural geology and little by seismicity 
and has not gone through the same level of scrutiny as SZM1. SZM2 is developed with an 
emphasis on the structural interpretation of the study area to capture the uncertainty in the 
tectonic structures, which may influence the hazard offshore, and how they correlate to the 
nearby seismicity. SZM3 and SZM4 also have a lower weight than SZM1 because they were 
developed more than 20 years ago and did not account for recent developments in 
understanding tectonics in the UK and the North Sea.  

The seismic source models constructed for the SSC model, together with their weights, are 
given in Table 3. 

Source model Weight 

SZM1 0.40 

SZM2 0.20 

SZM3 0.20 

SZM4 0.20 

Table 3: Weights given to the SZMs in the SSC model developed for this work. 

5.2 MAXIMUM MAGNITUDE 

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 theoretically limited by fault length because any large earthquake requires a 
sufficiently large structure or system of interacting structures to host it. Defining Mmax in 
intraplate regions is particularly challenging (Holschneider et al., 2011, 2014). This is because 
the recurrence interval of large earthquakes in such areas is of several hundreds to thousands 
of years due to the low deformation rate. This greatly exceeds the duration of most earthquake 
catalogues. As a result, it is quite likely that the largest possible earthquake may not be included 
in the records.  

The historical earthquake catalogue in the study area includes two earthquakes with 
magnitudes greater than or equal to 6.0 Mw: a 6.2 Mw event in the Dover Strait in 1382 and a 
6.0 Mw event in South Wales in 1275. Significant uncertainties are associated with the location 
and the magnitude of these events (Musson, 2015). The largest earthquake for which a 
magnitude can be estimated reliably is the Dogger Bank event on 7 June 1931 (5.9 Mw; Neilson 
et al., 1984). Although no destructive events have been reported in the North Sea, Ghione et al. 
(2019) suggest that the Øygarden fault in the northern North Sea is capable of producing 
earthquakes up to 7 Mw. Earthquakes of Mw Ó 6.0 have occurred in analogous tectonic regions. 
The largest earthquake, which is known to be observed in northwest Europe, is the 1356 Basel 
earthquake in Switzerland (6.6 ± 0.5 Mw; Fäh et al. 2011). Other examples of large earthquakes 
in low seismicity regions are the three principal earthquakes in the 1811-1812 New Madrid 
sequence in Missouri (6.7 Mw, 6.5 Mw and 6.8 Mw for the 16 December 1811, 23 January 



 

44 

1812, and 7 February 1812 earthquakes, respectively; Hough and Page, 2011) and the 1886 
Charleston earthquake in South Carolina (7.3 ± 0.3 Mw; Johnston, 1996).  

There is no standard procedure for determining Mmax for a PSHA (for a review, see Wheeler, 
2009; and Meletti et al., 2009). In general, Mmax must be at least as large as the largest 
observed earthquake (e.g. Petersen et al., 2014). EQE02 and NORSAR and NGI (1998) used a 
Mmax distribution that consisted of three values for all zones in the UK and North Sea: 6.0, 6.5, 
and 7.0 Mw with weights of 0.4, 0.4, and 0.2. The Mmax distribution in the national seismic 
hazard models for the UK (Mosca et al., 2022) consists of four values (6.5, 6.7, 6.9, and 7.1 
Mw) with weights of 0.5, 0.2, 0.2, and 0.1, respectively. This was determined by Woessner et al. 
(2015) for the ESHM13 using the statistical approach of Johnston et al. (1994) and EPRI 
(2012). The Mmax distribution in ESHM20 has been updated and it consists of three values 
(6.3, 6.6, and 6.9 Mw) with weights of 0.6, 0.2, and 0.2 for the UK, North Sea, Norway, northern 
France and Belgium (Danciu et al., 2021). The lower bound of Mmax (6.3 Mw) is equal to the 
highest magnitude observed for the zone plus its standard deviation; the second value (6.6 Mw) 
is assumed equal to 6.3 Mw plus a magnitude increment of 0.3, and the third value is assumed 
to be conservatively equal to 6.3 plus a magnitude increment of 0.6. Carlton et al. (2022) use 
three different Mmax distributions for the UK onshore (5.5 ï 6.5 Mw), the UK offshore            
(6.0 - 6.5 Mw) and Norway offshore (6.0 ï 7.0 Mw).  

Here we use the Mmax distribution for the national seismic hazard models for the UK (Mosca et 
al., 2022) for all four SZMs (Table 4) since this was the result of high scrutiny.   

Known structures, such as the North Artois shear zone, which has been associated with seismic 

activity of around 6 Mw, are long enough to accommodate earthquakes of ~7.1 Mw. In the UK, 
the Great Glen Fault and the Highland Boundary Fault are also long enough to accommodate 
earthquakes with magnitudes greater than 7.0 Mw, and have associated seismic activity, which 
is smaller 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).   

Mmax Weight 

6.5 0.5 

6.7 0.2 

6.9 0.2 

7.1 0.1 

Table 4: Mmax values and assigned weights used in the SSC model. 

5.3 RECURRENCE STATISTICS  

We use the truncated Gutenberg-Richter frequency-magnitude law (Equation 2) to quantify the 
predicted FMD. However, the low numbers of events in individual source zones in low seismicity 
areas, such as the North Sea, means that the uncertainty in the b-value may be high. Therefore, 
it is desirable to maximise the information provided by different time windows of the catalogue 
with different magnitude completeness thresholds (Weichert, 1980). The penalised maximum 
likelihood procedure of Johnston et al. (1994) accounts for different time windows of catalogue 
completeness, the uncertainty in a and b, 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 prior b-value is introduced as a penalty function for which the weight 
can be specified. The weight and the deviation of estimated b from a 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 penalised maximum likelihood procedure are 
expressed by a 5×5 matrix of possible values for a and b (i.e., median value, median value ± 
one standard deviation, and median value ± two standard deviations) determining 25 triplets of 
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activity rate, b-value and their weight. The weights are computed from a normal probability 
distribution of the recurrence parameters derived from the penalised maximum likelihood 
procedure. As explained in Subsection 3.2, in the calculation of the activity rate, we do not 
consider the magnitude uncertainty in the recurrence statistics to avoid over- and under-
estimation of the activity rate.   

To estimate the regional b-value, we apply the penalised maximum likelihood procedure to the 
study area excluding the offshore regions (Figure 22a) using only the portion of the instrumental 
catalogue complete for Mc =3.0 since 1975 (Table 2). We excluded the offshore regions due to 
the limited completeness of the catalogue there. For the recurrence calculations, we use a 
minimum magnitude of 3.0 Mw and a maximum magnitude (Mmax in Equation 2) of 7.1 Mw. 
This is the largest value in the Mmax distribution in the SSC model used for the hazard 
calculations (Table 4). 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 models 
(Musson, 2012b).  We do not specify a prior b-value. The results of the recurrence statistics are 
shown in Figure 22b where the length of the error bars 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 estimate of 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 Figure 22b, whereas the black lines are the FMD from the 
weighted mean of the 25 recurrence parameters. The regional estimates of the recurrence 

parameters are b = 0.950 ° 0.082 and (N Ó 3.0 Mw) /yr = 2.69 ± 0.23. This is equivalent to about 

2-3 earthquakes of 3.0 Mw and above per year somewhere in the red polygon in Figure 22a. 

 
Figure 22: Statistical distribution of seismicity. (a) The red polygon indicates the region selected 
to determine the regional estimate for the b-value. (b) Frequency-magnitude distribution (FMD) 
calculated for the polygon described in (a) using Mc = 3.0 Mw since 1975 (see Table 2). The red 
circles show the observed FMD and the black line shows the best-fitting model estimated using 
the penalised maximum likelihood method. The values of N (Ó3.0 Mw)/yr and b are shown with 
their standard deviation. The grey lines describe the 25 recurrence parameters in the probability 
distribution of the FMD computed using the penalised maximum likelihood procedure.  
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We apply the penalised maximum likelihood procedure to each zone in the four seismic source 
models using the results of the completeness analysis for the regions in Table 2 and the 
regional b-value as the prior. The results for the four seismic source models are given in Figures 
23-26 and Appendix 1. For zones, which contain no earthquakes within the completeness 
thresholds, the b-value is fixed to be the chosen prior of 1.0 ± 0.1 (it is rounded to one decimal 
place) and (N Ó Mw) /yr depends on the area of the zone and the average rate of seismicity for 
the completeness regions in Figure 7. This is applied to zones ESCO1, CEGR1, NOR11, 
NOR51, NOR61, NL11, NL21 NATL1, ESCO2, NORB2, CFSH2, SOTO2, HORP2, NDBA2, 
CEGR2, MNSH2, HORN2, NLBA2, BACK2, NISL3, MNPL3, IRIS3, OFLC3, NETH3, ESHE3, 
WCGR3, CEGR3, HORP3, SWBA3, NDBA3, BACK3, NISL4, FCN4, NSNL4, WSHE4, CEGR4, 
HORP4, NDBA4, WJUT4, and BACK4. Note that including the southern North Sea and the 
northeast Atlantic in the same completeness region may result in a slight increase in the activity 
rate of NATL1, BACK2, BACK3, and BACK4 (i.e. the zones located in the northeast Atlantic). 
However, this issue is mitigated by including realistic uncertainty in the a and b parameters for 
those zones. If there are few earthquakes in the zone, a 100% weight for the prior b-value 
indicates that the b-value is forced to be the prior b-value; otherwise, the estimated b-value is 
slightly adjusted to the events in the zone.  

We compare the recurrence statistics between the source model in Mosca et al. (2022) and 
SZM1. The comparison is done for the 20 source zones that are in common with the two 
studies. We have found that the mean activity rate and b-value are almost identical for all the 
zones in the UK mainland except for BALA1 and MENA1 (Figure 27). In the 2020 national 
seismic hazard model of Mosca et al. (2022), BALA did not have any events within the 
completeness thresholds; whereas in the present work, BALA1 contains one event due to the 
addition of the completeness threshold of Mc = 3.5 from 1880. In 2020, the recurrence 
parameters for MENA were estimated using seven events within the completeness thresholds, 
whereas now a and b for MENA1 were computed from six events. The extra event is the 1 
September 1990 earthquake, which was assigned previously a ML value of 3.2 (3.0 Mw) and 
recently has been re-estimated to be 3.0 ML (2.8 Mw) (see Subsection 3.2). The difference in 
the recurrence parameters between the two source models is significant for SLPT1, ESCO1, 
and VIKI1 because the completeness thresholds for the North Sea region have been revised in 
the last three years. In particular, the results of the completeness analysis in Table 2 produce a 
higher predicted seismicity for these zones.    

The seismicity in South and North Wales shows a ñhumpò, or departure from a straight line, 
around 4.5 Mw with more earthquakes of Mw Ó 4.5 than those predicted by the Gutenbergï
Richter FMD between 3.0 and 5.0 Mw (see Figures 23-25). We follow the same approach as in 
Tromans et al. (2019), Villani et al. (2020), and Mosca et al. (2022) to apply a óbipartite FMDô  as 
shown in Figures 23-25 (see Musson, 2015). This means that the seismicity of MMCW1, 
MENA1, NWAL2, NWAL3, and SWAL3 are modelled as two populations of earthquakes with 
distinct FMDs. The first is a population of ñnormalò earthquakes represented by the levels of 
seismicity in the magnitude range between 3.0 and 4.4 Mw. The second population consists of 
earthquakes in the magnitude range of 4.5ï7.1 Mw. The b-value is very similar for the two 
populations of earthquakes identified in each zone. Any attempt to model the seismicity by a 
single FMD was found inevitably to underestimate the number of earthquakes around             
4.5 ï 5.0 Mw, a hazard-critical range for the UK (see Figure 7 in Mosca et al., 2022). Although 
this behaviour may be because the earthquake catalogue is not long enough to adequately 
reflect the long-term hazard in the region, the use of a bipartite FMD is a pragmatic decision to 
fit the data in these five zones and reduces the possibility of underestimating the number of 
earthquakes of Mw Ó 4.5 in North and South Wales. 
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Figure 23: FMD for each of the zones in the source zone model SZM1 in Figure 18. The other 
symbols are described in Figure 22. 
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Figure 24: FMD for each of the zones in the source zone model SZM2 in Figure 19. The other 
symbols are described in Figure 22. 
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Figure 25: FMD for each of the zones in the source zone model SZM3 in Figure 20. The other 
symbols are described in Figure 22. 
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Figure 26: FMD for each of the zones in the source zone model SZM4 in Figure 21. The other 
symbols are described in Figure 22. 
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Figure 27: FMDs for 20 zones in the source zone model SZM1 in Figure 18 and the seismic 
source model in Mosca et al. (2022). 

5.4 DEPTH DISTRIBUTION  

In general, the hypocentral depths of the earthquakes in the study area are distributed 
throughout the upper 25 km of the crust with more earthquakes of shallow (< 15 km) depth (see 
Section 4.5). The distribution of hypocentral depths of earthquakes along Norwegian coast area 
appear to be slightly deeper than that in the UK and northern France. The depth distribution for 
the SSC model in Table 5 captures this and accounts for the depth uncertainty in the logic tree 
(see Section 4.5). 
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Depth (km) for 
the UK and 

Ireland 

Weight Depth (km) for 
the Continental 
Shelf and 
Norway 

Weight Depth (km) for 
Northern France 

and Belgium  

Weight 

5 0.25 5 0.20 5 0.30 

10 0.35 10 0.25 10 0.30 

15 0.20 15 0.25 15 0.15 

20 0.15 20 0.20 20 0.15 

25 0.05 25 0.10 25 0.10 

Table 5: Depth distribution used in the SSC model. 

5.5 FAULTING  

Each zone in the SSC model has a weighted distribution of possible faulting styles and 
orientations of faulting associated with it. This describes the faulting of synthetic ruptures for 
future, potential earthquakes and it is based on the focal mechanisms of past earthquakes. 
Given the stress conditions in the study area, it is assumed here that future significant 
earthquakes in the UK are most likely to be strike-slip faulting events with NïS to NW-SE 
compression and EïW to NE-SW tension for the zones in the British Isles. This is consistent 
with the tectonic structures and what has been observed predominantly for events in the last 30 
years of seismicity in the study area (e.g., Baptie, 2010; Figure 17). In the South Armorican 
Massif, based on the focal mechanisms in Figure 17, we expect 70% strike-slip earthquakes 
and 30% normal faulting earthquakes, whereas the proportion of strike-slip and normal faulting 
events is 80% and 20% in the North Armorican Massif. The earthquakes that occur in the North 
Sea and Norway are expected to be either strike-slip or reverse faulting with equally weighted 
N-S or NW-SE orientations (Lindholm et al., 2000; Ottemöller et al., 2005; see also Figure 17). 
In the northeast Atlantic region, we assume that future earthquakes are most likely to be strike-
slip events with unknown fault orientation due to the limited information on faulting in that 

region.  

The orientation of the synthetic faults for the zones in the study area is derived from the faulting 
maps in Figures 14-15. If the orientation of faults is unknown, random orientations are 
considered (Musson, 2009). 

5.6 MINIMUM MAGNITUDE  

The minimum magnitude 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 - 5 Mw for engineered structures. In this work, we consider the minimum magnitude 
to be 4.0 Mw to include the probability that the impulsive nature of small earthquakes and their 
high-frequency content could potentially cause damage at the site. This is consistent with the 
PSHA for the national seismic hazard model for the UK (Mosca et al., 2022).  

6 Ground motion characterisation model 

The GMC model (Step 3 in Section 2) describes the distribution (i.e. median prediction and 
variability) 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 variability.   

In PSHA, earthquake ground motions are commonly modelled using empirical GMPEs (also 
called ground motion model ï GMM)  that are derived from large datasets of strong-motion 
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recordings. The development of empirical GMPEs for low seismicity regions, such as the UK, is 
difficult due to the limited amount of strong-motion recordings available from large earthquakes 
and at near-source distances. Although there are a few empirical GMPEs derived using UK 
strong motion recordings (e.g. PML, 1985, 1988, and Free, 1996), they do not meet the 
requirements for current practice for PSHA (Lubkowski et al., 2004; Bommer et al, 2011). 
Stochastic ground motion models developed for the UK (Winter, 1995; Rietbrock et al., 2013; 
Rietbrock and Edwards, 2019) have been published. They are derived from stochastic 
simulations calibrated using source, path and site parameters estimated from weakȤmotion data 
recorded in the UK. Recently, Brooks et al. (2020) and Brooks (2021) investigated which 
ground-motion model from more than a dozen recent models is the most appropriate for the 
North Sea based on a residual analysis of ground-motion data from onshore seismic stations 
surrounding the North Sea. They also applied adjustments to the model with the best 
performance (i.e. Akkar et al., 2014a) to make the model more site- and path-specific thereby 
allowing a smaller aleatory variability to be used within a probabilistic seismic hazard 
assessment.  

The most common practice in the GMC model for low seismicity regions is to import a suite of 
GMPEs derived for other regions that can be considered appropriate for the tectonic setting of 
the target region, i.e. the study area. The procedure to select this suite of GMPEs consists of 
three steps (Cotton et al., 2006; Delavaud et al., 2012):  

1) Select candidate GMPEs using the exclusion criteria of Cotton et al. (2006) and Bommer 
et al. (2010). For example, these criteria suggest excluding GMPEs that are not relevant 
to the tectonic regime of the study area, are not published in peer-reviewed journals, do 
not cover the entire magnitude-distance range, and do not include the non-linear 
magnitude scaling, magnitude-dependent decay with distance and soil non-linearity. 

2) Compare these GMPEs with the regional strong-motion recordings using quantitative 
tests. 

3) Adjust the selected GMPEs to change parameter compatibility from the host region for 
which the GMPEs were derived to the target region where the hazard is being estimated. 

The use of multiple GMPEs in a logic tree, referred to as the ñmulti-GMPE approachò, is 
intended to capture the centre, body, and range of technically defensible interpretations of the 
GMC model (Budnitz et al., 1997; Atkinson et al., 2014). The variability in the ground motion is 
captured by including 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 confidence in the models and parameters (Coppersmith and Bommer, 2012). This often 
introduces a certain degree of judgement making the process to define the logic tree weighting 
scheme opaque. Moreover, 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 
ground motion model. 

The backbone approach has emerged as an alternative way to capture the epistemic 
uncertainties in the median prediction of the ground motion model (e.g. Atkinson et al., 2014; 
Bommer and Stafford, 2020). It is based on the selection of one, or more, GMPEs, which is 
referred to as the óbackbone modelô. The median predictions of the backbone model are then 
scaled (or adjusted) up and down to describe the range of epistemic uncertainties in the median 
ground motion (e.g. Atkinson et al., 2014; Douglas, 2018). The scaling factors can be 
considered as HTTAs to adapt the source, path, and site components of the backbone model 
that was derived for a host region to the target region (e.g. Stafford et al., 2022). The backbone 
approach has been successfully applied at a regional scale (e.g. Goulet et al.; 2017; Akkar et 
al., 2021; Weatherill et al.; 2020, Stafford, 2022) and a local scale (e.g. Coppersmith et al., 
2014; Bommer et al., 2015; Kowsari and Ghasemi, 2021; Boore et al., 2022). The backbone 
model for the UK of Douglas et al. (2024) has been recently published and was not available 
when we started to test the existing GMPEs against the UK strong motion data in 2023. For this 
reason, here we prefer to use the multi-GMPE approach that has been used for the recent 
PSHA works for the nuclear sites in the UK (Tromans et al., 2019; Villani et al., 2020; Aldama-

Bustos et al., 2022), and the national seismic hazard maps (Mosca et al., 2022). 
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We apply the exclusion criteria of Cotton et al. (2006) and Bommer et al. (2010) to select eight 
candidate GMPEs that are valid for active shallow crustal regions (ASCRs) and four candidate 
GMPEs for stable continental regions (SCRs) that are all published before 2021 (e.g. Douglas, 
2021). Note that the difference in the number of models between the two tectonic regimes is 
because the number of available GMPEs for SCRs is significantly less than those for ASCRs. 
Table 6 summarises the main features of the 12 GMPEs, together with their range of 

applicability.  

Pezeshk et al. (2018) develop two models using two different approaches for scaling at large 
magnitudes using: (1) the hybrid-empirical method (HEM) of Campbell (2003) to model 
magnitude scaling over the entire magnitude range; and (2) the HEM to model magnitude 
scaling for events of Mw Ò 6.0 and the magnitude scaling predicted by the GMPEs from the 
Next Generation Attenuation (NGA) ï West 2 (NGA-West2) project (Bozorgnia et al., 2014) for 
larger events. Here we use the model based on the second approach that is preferred by 
Pezeshk et al. (2018) because it eliminates or significantly reduces oversaturation of ground 
motion predictions at large magnitudes, short distances, and short periods. The GMPEs of 
Yenier and Atkinson (2015) and Pezeshk et al. (2018) were among the 20 ground motion 
models for Central and Eastern North America (CENA), which were derived from a uniformly 
processed database of empirical ground motion recordings and simulations within the Next 
Generation Attenuation (NGA)-East project (Goulet et al., 2014; Rezaeian et al., 2021). Since 
most of these models are presented only in non-parametric form (i.e. tabular values for given 
magnitudes, distances, and spectral periods), we exclude them because we prefer a parametric 
form (i.e. equation) that can be extrapolated more readily than non-parametric forms. 

Rietbrock and Edwards (2019), who updated the UK stochastic earthquake ground motion 
model derived by Rietbrock et al. (2013), developed different models for three stress drop 
values, i.e. 5, 10, and 20 MPa.  

The GMPE of Kotha et al. (2020) is a regionally-adjustable ground motion model, which was 
developed following the backbone approach, for the ESHM20 (Weatherill et al., 2020). Here, we 
test this model without the regional adjustment term since this term was derived without strong 
motion data in the UK and the North Sea. This ñdefaultò (without regional adjustment) model 
consists of nine branches to account for the epistemic uncertainty in the attenuation and source 

terms.  

We exclude the GMPE of Brooks et al. (2020) following the exclusion criteria of Cotton et al. 
(2006) and Bommer et al. (2010) because it was derived using a limited amount of strong 
motion data, which do not cover the entire range of magnitudes and source-to-site distances. 
We also did not consider GMPEs developed for France or Fennoscandia (e.g. Fülöp et al., 
2020) because these regions are at the edge of the study area and only a small part of France 
and Fennoscandia is included in the study area. 

6.1 SOIL CONDITIONS 

To estimate site response (and instead of a site-specific site response study) one can use either 
a site classification in terms of broad categories of stiffness such as the National Earthquake 
Hazards Reduction Program (NEHRP; Building Seismic Safety Council, 2009) site classes or a 
measured Vs30 value (time-averaged shear wave velocity for the top 30 m).  

In this project, we assume a generic bedrock condition with a Vs30 value of 800 m/s. This value 
marks the transition from subsoil class A (rock, Vs >800 m/s) to class B (very dense soil, gravel, 
or very stiff clay, 350 m/s < Vs30 < 800 m/s) in Eurocode 8 (BS NA EN 1998-1, 2008). Since the 
UK and surrounding regions are very variable in terms of shear wave velocity (Vs) profile, using 
Vs30 = 800 m/s is for engineering bedrock levels. This can be converted to the hazard values 
for the appropriate soil conditions at a specific site using conversion factors reported in 
international guidelines for recommended practice for offshore structures (e.g. ISO 19901-2, 
2022; DNV 2021) and building codes (BS NA EN 1998-1, 2008). However, we highlight that the 
amplification factors in NEHRP and Eurocode 8 are different, with Eurocode 8 being 

unconservative (McCully et al., 2014). 
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GMPE Code Tectonic 
region/ 

Type 

Region of 
the ground 
motion 
data 

Max 

Period 

[s] 

Definition 
of 

ground 
motion 

Magnitude 
range 

[Mw] 

Distance 
type 

Distance 
range 

[km] 

Abrahamson 
et al. (2014) 

ASK14 ASCR, 
Empirical 

Worldwide  10.0 RotD050 3.0-8.5 Rrup, 
Rjb 

0-300 

Boore et al. 
(2014) 

BSSA1
4 

ASCR, 
Empirical 

Worldwide  10.0 RotD050 3.0-8.5 Rjb 0-400 

Campbell 
and 
Bozorgnia 
(2014) 

CB14 ASCR, 
Empirical 

Worldwide 10.0 RotD050 3.3-8.5 Rrup, 
Rjb 

0-300 

Chiou and 
Youngs 
(2014) 

CY14 ASCR, 
Empirical 

Worldwide  10.0 RotD050 3.5-8.5 Rrup, 
Rjb 

0-300 

Akkar et al. 

(2014a) 
AKK14 ASCR, 

Empirical 

Europe, 
Middle 
East  

4.0 GM 4.0-7.6 Rjb 0-200 

Bindi et al. 
(2014) 

BIN14 ASCR, 
Empirical 

Europe, 
Middle 
East 

3.0 GM 4.0-7.6 Rjb 0-300 

Cauzzi et al. 

(2015) 
CAU15 ASCR, 

Empirical 

Japan, 

worldwide  
10.0 GM 4.5-7.9 Rrup 0-150 

Yenier and 
Atkinson 
(2015) 

YEN15 SCR, 
Stochastic 

CENA 10.0 RotD050 3.0-8.2 Rrup 1-600  

Pezeshk et 
al. (2018) 

PEZ18 SCR, 
Stochastic 

CENA 10.0 GM 4.0-8.0 Rrup 1-1000  

Rietbrock 
and 
Edwards 
(2019) 

RE19 SCR, 

Stochastic 
UK 5.0 GM 3.0-7.0 Rjb 0-300  

Kotha et al. 
(2020) 

KOT20 ASCR, 
Backbone 

Europe, 
Middle 

East 

8.0 RotD050 3.0-7.4 Rrup, 
Rjb 

0-545  

Weatherill 
and Cotton 
(2020) 

WC20 SCR, 
Backbone 

Northeast 
Europe 

10.0 RotD050 3.0-7.4 Rrup 0-600  

Table 6: Main features of the candidate GMPEs. ASCR = Active Stable Continental Region. 
SCR = Stable Continental Region. CENA = Central and Eastern North America. GM = 
geometric mean of two horizontal components. RotD050 = 50th percentile of the response 
spectra over all non-redundant rotation angles. Rjb = Joyner-Boore distance. Rrup = Rupture 
distance. 
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6.2 COMPARISON BETWEEN PREDICTED AND OBSERVED GROUND MOTION 

To select the suite of GMPEs for the GMC model, we compare the modelled ground motion 
from the 12 GMPEs in Table 6 with a relatively large dataset of homogeneously processed 
ground motion recordings that consist of PGA and also spectral acceleration at 0.2 s (SA0.2 s) 
and 1.0 s (SA1.0 s). These data were derived from raw ground motions using the workflow 
described in Mosca et al. (2023a), and contain only those observations that have a signal-to-
noise ratio (i.e., the ratio between the smoothed Fourier amplitude spectrum of the signal and 
the noise) higher than 4 for the three-component acceleration time series. The assembled UK 
ground motion dataset consists of 466 observations for PGA, SA0.2 s, and SA1.0 s for source-to-
site distances smaller than 400 km from 46 small-to-moderate (3.3 Ò Mw < 5.0) earthquakes 
that occurred in the UK and North Sea between February 1984 and 2022. The recording 
stations, which are all located in the UK, are uncharacterised in terms of local site conditions 
and often little information is available on the geological conditions where the stations are 
located (Mosca et al., 2023b). For this reason, we use a constant Vs30 value of 800 m/s to 
compute the ground motion predictions and compare them with UK ground motion 
observations. The data of events before 2002 were recorded on short-period seismometers, 
whereas afterwards earthquakes in the UK were recorded by a broadband seismic network 
across the UK (Hawthorn et al., 2023).  

Figure 28a shows the location of the 46 earthquakes and recording stations and Figure 28b 
shows the distribution of the strong motion data as a function of epicentral distances (up to    
400 km) and moment magnitude. The majority of the data are weak motion recordings for 
earthquakes of magnitude lower than 4 Mw and distances larger than 50 km and do not cover 
the range of magnitudes and distances that are relevant to seismic design in the UK (i.e.,          
5 - 6 Mw and < 50 km; Villani et al., 2019). The largest earthquake, for which strong motion 
records are available, is the 4.9 Mw Market Rasen earthquake on 27 February 2008. The green 
circles in Figure 28b show recordings from earthquakes that occurred in the North Sea. This 
subset of 51 recordings from 13 earthquakes of 3.3 to 4.7 Mw is too small to be used for any 
statistical analysis. 

Although a portion of recordings from this dataset falls outside the range of applicability of many 
GMPEs in terms of magnitude and distance (see Table 6), we do not exclude these GMPEs 
because PSHA studies often have to extrapolate GMPEs outside of their range of applicability 
(Kale and Akkar, 2013).  

We show the visual comparison of ground motion predictions for PGA and observed ground 
motions for four earthquakes and five of the candidate GMPEs (Figure 29): the 4.9 Mw Market 
Rasen earthquake on 27 February 2008; the 3.9 Mw Central North Sea earthquake on            
24 September 2019; the 4.3 Mw Cwmllynfell earthquake on 17 February 2018; the 3.5 Mw Wem 
earthquake on 30 May 2022 (see Figure 28a for the location of these events). The ground 
motion predictions are computed for Vs30 = 800 m/s and a strike-slip faulting mechanism. The 
predictions have not been corrected for the HTTA (see Section 6.4). In general, the agreement 
between predictions calculated from CAU15, YEN15, and RE19 and observations seems to be 
relatively good within one standard deviation; whereas,  GMPEs of ASK14 and BIN14 appear to 
underestimate the UK data.    
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Figure 28: (a) Location of the earthquakes (red circles) and stations (triangles) for which the 
strong motion observations are used in this project. (b) Distribution of the UK ground motion 
data in terms of magnitude and distance (for distances up to 400 km) where green circles 
indicate recordings from earthquakes that occurred in the North Sea. 
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Figure 29: Comparison of the ground motion predictions using a set of the candidate GMPEs in 
Table 6 with PGA observations for four UK earthquakes. The solid and dashed lines describe 
the median prediction, and the median prediction ± one sigma, respectively. See Table 6 for the 
acronyms of the GMPEs. See Figure 28a for the location of the earthquakes. 

To quantify the comparison between predicted and observed ground motions, we use three 
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), to overcome the 
limitations of the individual statistical methods. In this analysis, we use a Vs30 value of 800 m/s 
and the standard deviation of the individual GMPEs and not the sigma model introduced in 
Section 6.5. Note that for the GMPE of KOT20, we apply the statistical methods to all the nine 
branches of the model but here we show the results only for the central branch in the interests 
of brevity. 



 

59 

6.2.1 Residual analysis  

The normalised residual is defined as the difference between observed ground motions and 

predictions by a GMPE on a logarithmic scale (Al Atik et al. 2010): 

ɝ  
ÌÎὋὓ  ÌÎὋὓ  

„
χ 

where ÌÎὋὓ  and ÌÎὋὓ  are the log of the observed and predicted ground, respectively, 

ů is the total standard deviation, and Dij is the normalised residual for the i-th earthquake and at 
the j-th station. Ideally, the residual should be zero indicating that the observed and predicted 
ground motions match exactly. If the residual is positive, the GMPE under-predicts the ground 

motion; whereas if the residual is negative, the GMPE is over-predicting ground motion.   

Figure 30 shows the normalised residuals for PGA as a function of distance for the candidate 
GMPEs. The black stars show the average values for distance intervals of 50 km to help identify 
any clear trend. The residuals for the GMPEs for ASCRs are mainly positive for distances larger 
than 20 km suggesting that these GMPEs tend to underpredict the UK data. The residuals for 
RE19 are well-centred around zero and the mean residuals are close to zero. This is 
unsurprising since this GMPE was derived using almost the same dataset of UK recordings. 
Furthermore, the GMPEs of ASK14, BSSA14,  CB14, and KOT20 do not have any trend in the 
mean residuals for distances larger than 100 km, whereas the model of CY14 seems to have a 
positive trend, and all the other ground motion models have a negative trend suggesting a 
dependency on regional attenuation. The mean residuals for distances smaller than 100 km 
seem to have a negative trend but this may be an artefact due to the small number of 
recordings for short distances. The plots in Figure 30 highlights also the residuals for recordings 
from events in the North Sea (green circles in Figure 30) and the recordings from earthquakes 
that occurred between 1984 and 2002 (blue circles in Figure 30). These events were recorded 
by short-period seismometers, whereas afterwards earthquakes in the UK were recorded by a 
broadband seismic network (see Hawthorn et al., 2023). The residuals of blue circles are mainly 
negative for all the GMPEs at near-source (< 10km) distances suggesting some kind of 
limitations in the observations recorded from short-period instruments. Figure 31 shows the 
normalised residuals for PGA as a function of magnitude for the 12 candidate GMPEs. The 
mean residuals, which are computed for magnitude intervals of 0.3 Mw, do not show any trend 
and their fluctuations are due to the small number of recordings available for some magnitude 
bins (e.g. 4.5-4.8 Mw). Appendix 2 shows the residual plots for SA0.2 s and SA1.0 s. 
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Figure 30: Normalised residuals between the UK strong motion data and the predictions for the 
12 candidate GMPEs for PGA as a function of distance. The green circles describe recordings 
from earthquakes that occurred in the North Sea, whereas recordings from earthquakes that 
occurred between 1984 and 2002 are given in blue. The black stars represent the average 
residuals for distance bins of 50 km.  The black dashed line describes the ideal case, i.e. when 
the residuals are zero. 
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Figure 31: Normalised residuals between the UK strong motion data and the predictions for the 
12 candidate GMPEs for PGA as a function of moment magnitude. The black stars represent 
the average residuals for magnitude bins of 0.3 Mw. The other symbols are described in Figure 
30. 

Following Rodriguez-Marek et al. (2014), the difference between recorded ground motions and 
the values predicted by a GMPE can be separated into a between-event (also called inter-

event) term, ‏ὄ, and a within-event (also called intra-event) term, ‏ὡ , 

Ў ὄ‏  ὡ‏ Ȣ ψ 
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The between-event residual describes the earthquake-to-earthquake variability and depends on 
source parameters that are not accounted for by the GMPEs; and the within-event residual 
describes the station-to-station variability and depends on site and path factors that are not 
captured in the GMPEs (for background, see Al Atik et al., 2010). The standard deviations of 
ὡ‏ ὄ and‏  are † and •, respectively, which are uncorrelated and therefore the total standard 

deviation is:  

„  † •Ȣ ω 

To estimate these residuals for the selected GMPEs and the strong-motion observations in the 
UK, we use the equations of Abrahamson and Youngs (1992): 
 

ὄ‏
†  В ÌÎὋὓ ÌÎὋὓ  

ὲ† •
ρπὥ 

ὡ‏
ÌÎὋὓ ÌÎὋὓ †ὄ‏

•
ρπὦ 

with ne, the number of recordings for the earthquake e. 

Figure 32 shows the between-event residuals for PGA as a function of magnitude, together with 
the mean residuals. The largest range is for the GMPE of CB14 and the smallest range is for 

RE19. The dBe values for the GMPEs for SCRs are mostly negative, whereas they are positive 
for the models for ASCRs. This may suggest that the source component for the empirical 
models is not well calibrated for the source parameters of British earthquakes; whereas, the 
source parameters used in the stochastic model of RE19 are based on almost the same UK 
strong motion dataset used here. The within-event residuals as a function of distance have 
values between -8 and 6 and the mean residuals are closer to -2 and 2 (Figure 33). The largest 
range is for the GMPE of RE19, whereas the smaller range of the within-event residuals is for 
the model of KOT20 and WC20.  
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Figure 32: Normalised between-event residuals between the UK strong motion data and the 
predictions for 12 candidate GMPEs for PGA. The black stars represent the average residuals 
for magnitude bins of 0.3 Mw.  The black dashed line describes the ideal case, i.e. when the 
residuals are zero. 
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Figure 33: Normalised within-event residuals between the UK strong motion data and the 
predictions for 12 candidate GMPEs for PGA. The black stars represent the average residuals 
for distance bins of 50 km.  The black dashed line describes the ideal case, i.e. when the 
residuals are zero. 
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6.2.2 Statistical tests  

The log-likelihood (LLH) method of Scherbaum et al. (2009) evaluates the performance of the 
GMPE for a particular ground motion dataset: 

ὒὒὌὫȟὼ  В ÌÏÇὫὼ ρρ 

where xi is the ith empirical datum, g(xi) is the probability density function from a specific GMPE 
to predict the observation xi. 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), k0.5, 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 k0.5 evaluates the median prediction of the GMPE for the 
observed dataset. The overall effect of these two parameters is given by EDR. Similar to LLH 
score, lower values of MDE, k0.5, and EDR indicate a better performance of a model for the 
ground motion dataset.   

Figure 34 displays the results of the LLH score and the EDR method for PGA, SA0.2 s, SA1.0 s, 
and their average for the GMPEs in Table 6. Table 7 presents the average LLH values, MDE, 
k0.5, and EDR values over three spectral periods for each GMPE. We can make the following 
observations from Figure 34 and Table 7: 

¶ All the GMPEs developed for the NGA ï West 2 project by the Pacific Earthquake 
Engineering Research Center (Bozorgnia et a., 2014)  have similar performance, 
although the model of ASK14 seems to perform slightly better than the others (BSSA14; 
CB14; CY14). These were all derived using a similar dataset of recordings. 

¶ The GMPEs of AKK14 and BIN14 were derived using recordings from earthquakes in 
Europe and the Middle East included in the RESORCE European strong-motion 
database (Akkar et al., 2014b). The statistical results indicate that the former predicts the 
UK strong motion data better than the latter. 

¶ The GMPE of CAU15 performs also relatively well against strong motion data even if this 
GMPE was derived using recordings worldwide with a large majority of data from Japan. 

¶ The models of YEN15 and PEZ18, which were derived from a uniformly processed 
database of empirical ground motion recordings and simulations under the NGA-East 
project (Goulet et al., 2014; PEER, 2015; Rezaeian et al., 2021),  have a similar 
performance. 

¶ The three stochastic models of RE19 perform very well against the UK data. This is not 
surprising since they were derived using partially the same UK strong-motion dataset. 

¶ The KOT20 model was derived using the European Strong Motion Database, an update 
of the RESORCE database (Lanzano et al., 2019).  It has a slightly worse performance 
than BIN14 in terms of EDR score but it has the lowest LLH score among all the 
candidate models.  

¶ The WC20 GMPE seems to perform worse in terms of EDR but better in terms of LLH 
than the models of YEN15 and PEZ18. This GMPE combines the range of median 
ground motions developed by the NGA-East ground motion models with the scaled 
backbone ground motion approach of WC20 developed for the ASCRs in Europe to 
better capture the ground motion characteristics of stable cratonic environments in 
northeast Europe.    

Since the ground motion dataset in the UK  is relatively small, does not contain recordings from 
large earthquakes, and has too few recordings for near source-to-site distances, the statistical 
methods used here provide a qualitative indication of the predictive model performance of the 
selected GMPEs for the ground motion dataset in the UK.  
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Figure 34: LLH, MDE, k0.5, and EDR values as a function of 12 candidate GMPEs for PGA (red 
circles), SA0.2 s (blue circles), SA1.0 s (green circles), and the average over these three (black 

stars). 

GMPE LLH MDE K0.5 EDR 

ASK14 3.68 1.46 1.23 1.80 

BSSA14 3.83 1.52 1.26 1.94 

CB14 3.84 1.46 1.20 1.78 

CY14 4.19 1.53 1.30 2.04 

AKK14 3.28 1.20 1.09 1.29 

BIN14 4.65 1.28 1.17 1.49 

CAU15 3.93 1.16 1.10 1.28 

YEN15 2.99 1.15 1.19 1.37 

PEZ18 2.72 1.15 1.18 1.35 

RE19, 10MPa 4.44 1.01 1.07 1.09 

RE19, 5MPa 4.41 1.00 1.08 1.08 

RE19, 20MPa 4.50 1.03 1.07 1.10 

KOT20 2.11 1.90 1.20 2.27 

WC20 1.94 1.71 1.22 2.09 

Table 7: Results of the performance of the candidate GMPEs against the UK ground motion 
dataset. 
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6.3 SELECTION OF THE GMPES IN THE LOGIC TREE 

Since the majority of the data are weak motion recordings for earthquakes of magnitude lower 
than 4 Mw and distances larger than 50 km and do not cover the range of magnitudes and 
distances that are relevant to seismic design in the UK (i.e., 5-6 Mw and < 50 km; Villani et al., 
2019), the selection of the suite of the GMPEs for the GMC model, together with the assignment 
of their weights, combines the LLH and EDR results and discussion within the project team. 

We select ASK14 among the NGA-West 2 models because it performs slightly better against 
the UK data than the other NGA-West 2 models. From the ASCR models for Europe and the 
Middle East (AKK14; BIN14; and KOT20), we select the model of BIN14. Although the AKK14 
GMPE has a slightly better performance against the UK data, the differences in terms of LLH 
and EDR are small and the model of BIN14 has been used in the recent PSHA for nuclear sites 
in the UK (Tromans et al., 2019; Villani et al., 2020; Aldama-Bustos et al., 2022).  We exclude 
the GMPE of KOT20 because the use of individual branches in the backbone logic tree has not 
been subject to extensive testing yet. We select the model of RE19 for the stress drop of         
10 MPa. This is in agreement with Villani et al. (2019) who compare spectral accelerations 
obtained from available instrumental ground-motion data in the UK with the predictions from 
various GMPEs including RE19 and suggest that the model for 10 MPa fits the observations 
best. From the three models for SCRs, we select the YEN15 GMPE, which has the best 
performance. To complete the suite of GMPEs for this work, we select also the GMPE of 
CAU15, which performs relatively well against the UK ground motion data and was derived 
using a different dataset from the other candidate GMPEs.  

We assign the highest weight (0.30) to YEN15 because of their good performance in the 
statistical tests. The GMPEs of ASK14, BIN14, and CAU15 are given the same weight of 0.20 
because they perform very similar to each other but less well than the YEN15 GMPE. The 
lowest weight is assigned to RE19 despite its good performance against the UK data because 
this model is poorly constrained at short distances and for long periods. The GMPEs selected 
for the GMC model, together with their weights, are given in Table 8. They imply that the ground 
motion models for ASCRs (i.e., ASK14, BIN14, and CAU15) are two times more likely than a 
GMPE for SCRs (i.e., YEN15). This is because the seismological properties of the UK, such as 

the anelastic attenuation model and k0, are more similar to those for active crustal regions, such 

as California, than CENA (Sargeant and Ottemöller, 2009; Ottemöller and Sargeant, 2013). 

GMPE Weight 

ASK14 0.2 

BIN14 0.2 

CAU15 0.2 

YEN15 0.3 

RE19 0.1 

Table 8: Logic tree for the median prediction of the GMC model developed for this work. 

This suite of GMPEs is an update of the ground motion logic tree used in the national PSHA for 
the UK (Mosca et al., 2022) where the model of Rietbrock et al. (2013) and Atkinson and Boore 
(2006) have been superseded by their more recent updates (i.e. RE19; YEN15). Furthermore, 
we have used a larger dataset of high-quality recordings for PGA, SA0.2 s, SA1.0 s than in Villani et 
al. (2019) and Mosca et al. (2022) for our evaluation of the candidate GMPEs. The suite of 
GMPEs in Table 8 is very similar to the ground motion logic tree for the site-specific PSHA in 
Aldama-Bustos et al. (2022). The main difference is that Aldama-Bustos et al. (2022) selected 
the model of CY14 and RE19 for a 5 MPa stress drop, rather than ASK14 and RE19 for a       
10 MPa. In both cases, our selection is driven by the results from the statistical analysis in 
Section 6.2.  The GMPE of CY14 has been identified as a highly adaptable ground motion 
model for regions with crustal earthquakes since it has a functional form that closely mimics the 
theoretical scaling implicit in stochastic simulations and includes terms that can be individually 
adjusted for host-to-target region differences in source, path, and site characteristics (Bommer 
and Stafford, 2020; Stafford et al., 2022). However, since in this project, we will adjust the 
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GMPEs only for the site characteristics, we have selected the GMPEs that fit better the UK 
observations.  

The selected GMPEs in Table 8  agree well with the set of GMPEs of Carlton et al. (2022). 
However, they selected models that were derived using the same recording datasets, such as 
AKK14 and BIN14. Standard practice for PSHA recommends selecting GMPEs, which are 
derived from different recording datasets to fully capture the epistemic uncertainty in the median 
prediction of the GMC model (Bommer and Scherbaum, 2008). Moreover, the model of 
Atkinson and Boore (2011) has been superseded by YEN15. Finally, the model of Akkar and 
Caĵnan (2010) was derived using the Turkish strong-motion database. The databases of Akkar 
et al. (2014b) and Lanzano et al. (2019) include also recordings from Turkey and therefore 

considering this specific ground motion model in the GMC model would be a redundancy.  

6.4 HOST-TO-TARGET ADJUSTMENTS 

GMPEs used for estimating earthquake ground motions are usually based on empirical data 
from regions where there are large numbers of recordings. Such GMPEs reflect the site 
conditions of the region for which they were derived, usually referred to as the host region. 
Before using the GMPEs in PSHA, they should be adjusted for the region under investigation, 
usually referred to as the target region. Here, we apply the HTTAs to account for differences in 
site conditions between the host and the target (e.g. Douglas and Edwards 2016). This process 
accounts 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 ə0, which represents the attenuation of shear waves at a given site as a result of the 
physical properties of the near-surface rocks and soils. 

We follow the approach of Al Atik et al. (2014) that is also used to determine HTTAs for the 
recent PSHA works for the nuclear sites in the UK (Tromans et al., 2019; Villani et al., 2020; 
Aldama-Bustos et al., 2022), and the national seismic hazard maps (Mosca et al., 2022). The 
reader can refer to Mosca et al. (2020) for an extensive description of the procedure. 

6.4.1 Input parameters  

The input parameters required for the HTTAs are the Vs profile and the near-surface site-

specific attenuation parameter (k0) for the target site and the host region for the selected 
GMPEs.  

We use the generic Vs profile given for the target Vs30 of 800 m/s across the entire UK offshore 
EEZ (see Figure 35a). This profile is derived using the approach outlined by Cotton et al. 
(2006), which 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 target k0 value is computed for the target 

Vs30 = 800 m/s using the empirical relationship between Vs30 and k0 of Van Houtte et al. 
(2011), which was derived from a large number of measurements worldwide.  We estimate a 

value for k0 of 0.027 s for Vs30 = 800 m/s. We use the standard deviation of 0.55 in ln(k0) (Van 

Houtte et al., 2011) to estimate lower and upper bounds for k0 of 0.016 and 0.047 s, 

respectively. This allows us to account for epistemic uncertainty in k0. The three values of k0 
(0.016, 0.027, and 0.047 s) are assigned weights of 0.2, 0.6, and 0.2 following a three-point 
approximation to a normal distribution (Miller and Rice, 1983). 

We use the Vs profile of Cotton et al. (2006) for 800 m/s for the GMPEs of BIN14 and CAU15; 
whereas the host 760 m/s Vs profile for the model of ASK14 is given in Al Atik and Abrahamson 
(2021). The Vs profile for the GMPE of RE19 is the generic Vs profile for the UK given by Booth 
et al. (2001) that was derived for Central Scotland using data from the lithospheric seismic 
profile in Britain. YEN15 uses the amplification factors of Atkinson and Boore (2006) who do not 
provide the Vs profile. We apply the Quarter Wavelength method (Boore, 2003) to estimate 
frequency-dependent site amplification factors for the target and host velocity profiles. Figure 35 
shows the Vs profile and site amplification factors for the target site and the host GMPEs, 
together with the host-to-target amplification ratios used for correcting the FAS. 
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Figure 35: (a) Target and host Vs profiles used for the five GMPEs in Table 8. (b) Target and 
host site amplification factors used for the FAS of each GMPE. (c) Host-to-target amplification 
ratios. 

6.4.2 Results   

Figure 36 shows how we implement the HTTA procedure to scale the GMPE of ASK14 to a 
target ə0 of 0.027 s, Vs30 = 800 m/s, and the Vs profile of Cotton et al. (2006) for the scenario of 
a 5.0 Mw earthquake at a Joyner-Boore distance (Rjb) of 5.0 km. The approach consists of the 
following steps: 

1) Compute the response spectra from the GMPE for the selected earthquake scenario and 

Vs30 = 800 m/s. 

2) Convert the response spectra into Fourier amplitude spectra using the Inverse Random 

Vibration Theory. 

3) Host k0 is computed from the slope in the high-frequency part of the corrected FAS 

spectra by fitting the Anderson and Hough (1984) ə function in a given frequency range. 

The lower and upper limits of this frequency range, f1 and f2 (green line in Figure 36), 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) suggest that f2 

should be smaller than 35 Hz, i.e. the frequency limit for the Brune (1970) single-corner-

frequency point-source model developed for the western United States. PNNL (2014) 

suggest that f2 should not exceed 20 Hz for the western United States. Here, we use f2 = 

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 
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corrected FAS to estimate the host k0 value. The k0 value is the average of the first 

derivatives of ln[a(f)] between f1 and f2 and divided by -p. 

4) If k0,host is greater than k0,target and the frequency is higher than f1, the FAS is replaced by 

a straight line fit to the FAS slope between f1 and f2 (black dashed line in Figure 36). This 

step avoids having an increase in the FAS at high frequencies when the kappa 

corrections are applied. If k0,host < k0,target, the FAS remains unchanged. 

5) The FAS is multiplied by exp[-p f (k0,target- k0,host)] where f is the frequency (red line in 

Figure 36) to obtain the k0 ï 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 Quarter Wavelength method 

(cyan solid line in Figure 36). 

7) The Vs ï k0 scaled FAS is converted into response spectra using the Random Vibration 

Theory (orange line in Figure 36). 

8) The HTTA factors are computed by dividing the Vs ï k0 scaled FAS by the initial GMPE 

response spectra. 

 
Figure 36: Example of the Inverse Random Vibration Theory for the GMPE of ASK14. The case 
study is for the earthquake scenario of 5.0 Mw, Rjb of 5.0 km, 15 km focal depth, strike-slip 
faulting, Vs30 = 800 m/s, and the Vs profile of Cotton et al. (2006). After Al Atik et al. (2014). 
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Response spectra are calculated using each GMPE for different earthquake scenarios with 
different magnitude and distance combinations. Since the HTTA factors are larger at short 
distances (Ò 20 km) and high frequencies (> 10 Hz; Al Atik et al., 2014), we select nine 
earthquake scenarios based on the disaggregation analysis in the high-frequency range in 
Mosca et al. (2022): Mw = 4.0, 5.0, and 6.0, and Rjb = 5, 15, and 25 km. The final HTTA curve 
for the GMPE is the average from all nine scenarios. This selection is in agreement with the 
disaggregation analysis for PGA and SA0.2 s in Section 7.1, except for the Acorn site where far-
distance earthquakes dominate the hazard at short periods. Since HTTAs are insensitive to far 
distances, we did not consider this earthquake scenario here. 

Figure 37 shows the calculated HTTA factors as a function of the period for each of the five 
GMPEs in Table 9 using the Vs profile of Cotton et al. (2006). 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 k0 are shown. The average k0,host values calculated using the Inverse 
Random Vibration Theory for the five GMPEs are shown in Table 9. For the three empirical 

GMPEs (i.e., ASK14; BIN14; and CAU15), the average k0,host values are larger than the median 

target k0 value of 0.027 s, whereas for the models of YEN15 and RE19 these are smaller than 

k0,target.  

GMPE k0,host [s] 

ASK14 0.0392 ± 0.0021 

BIN14 0.0375 ± 0.0057 

CAU15 0.0347 ± 0.0035 

RE19 0.0162 ± 0.0038 

YEN15 0.0163 ± 0.0020 

Table 9: Average k0,host values of the GMPEs in the GMC model. These are the average values 
of the nine scenarios.  

 
Figure 37: HTTA factors for the five GMPEs Table 8 using the Vs profile of  Cotton et al. (2006). 
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Overall, the calculated adjustment factors for PGA and the GMPEs vary between approximately 

0.6 and 1.7 for k0 = 0.027 s (Figure 37). The adjustments for the three empirical GMPEs have a 
similar form, with a peak at 0.03-0.05 s and values that decrease at longer periods. These 

results are consistent with the calculated values for the host k0 for the GMPEs, which are all 
larger than those for the target (Table 8). This suggests that the differences in the site 
conditions from host to target are due to the near-surface attenuation rather than elastic 
amplification since the host and target Vs profiles are the same. We observe notable differences 
in the period-dependent adjustments for the stochastic GMPEs (YEN15; RE19). This may be a 

result of differences in both elastic amplification and k0 for the host and target site. Specifically, 
the adjustment factors for YEN15 are between 0.5 and 0.7 at periods of less than 0.1 s and 

increase up to ~1.0 at long periods. The adjustment factors for RE19 have a peak of 1.4 at 0.2 s 
and then decrease to 1 for longer periods.  

The calculated adjustments for upper and lower target k0 allow us, to some extent, to assess 

the effect of epistemic uncertainty in target k0 on the results. The adjustments for the lower 

k0,target value of 0.016 s are consistently larger than those for the k0,target value of 0.027 s, and are 

greater than 1.0 for all GMPEs at most periods. Conversely, adjustments for the upper k0,target 
value of 0.047 s are less than 1.0 for all the GMPEs. 

6.5 GLOBAL ERGODIC SIGMA MODEL 

Recordings of strong ground motions are rarely available for a specific site, so PSHA generally 
invokes the ergodic assumption (Anderson and Brune, 1999), which states that variability over 
space can be used as a substitute for variation over time. However, for a specific site of interest, 
repeatable contributions to the seismic motion (i.e., the site term) can be modelled by an 
appropriate adjustment to the median ground-motion predictions. In this case, the aleatory 
variability in the GMPEs (sigma) can be reduced by an amount that reflects the variability in the 
site term. This concept is referred to as nonergodic sigma (Anderson and Brune, 1999) and the 
resulting value of sigma is referred to as single-station sigma (Atkinson, 2006).  

Following Rodriguez-Marek et al. (2014), the within-event residual in Equation (8) can be further 
separated into two terms: 

ὡ‏ ὛςὛ‏   ὡὛ ρς‏

where ‏ὛςὛ represents the systematic deviation of the observed ground motion at site s from 
the median event-corrected ground motion predicted by the GMPE, and ‏ὡὛ  is the site- and 

event-corrected residual. The standard deviations of ‏ὄ (the between-event residuals in 
Equation 8), ‏ὛςὛ and ‏ὡὛ  are †, •  and • , respectively. Under the ergodic assumption, 

the residuals are considered as part of the aleatory variability so that 

„ †  • • ρσ 

In the partially nonergodic approach, the site term, ‏ὛςὛ, is assumed to be known, so •  can 

be excluded from Equation (13) and the single-station sigma is given by 

„ †  • ρτ 

While the net effect on the mean hazard is expected to be close to zero because the increased 
epistemic uncertainty is balanced by the decreased aleatory variability, the application of single-
station sigma results in a clearer separation between aleatory and epistemic uncertainties. It 
also avoids any double-counting of uncertainty that might result if the site-to-site variability is 
included in the total sigma and assigned an epistemic uncertainty in the logic tree of the HTTAs. 

The single-station sigma approach can only be applied if the following three requirements are 

satisfied (Rodriguez-Marek et al., 2014): 

¶ The site term is known with accuracy. 

¶ The epistemic uncertainty in the site term is taken into account. 

¶ The epistemic uncertainty in the site term is incorporated into the PSHA.  
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Although these conditions are partially satisfied by the use of the HTTA procedure, we do not 
include uncertainty in the Vs shear profile and therefore the epistemic uncertainty in the site 
term is not fully incorporated. For this reason, here we use the ergodic sigma model in Equation 
13.  

Al Atik (2015) develop a global ergodic sergodic model using the four GMPEs of the NGA-West 2 
project, ASK14, BSSA14, CB14, and CY14. These models were chosen because they were 
derived from a large uniformly processed global dataset and are applicable to a large range of 

magnitudes (from 3.0 to 8.0 or 8.5 Mw). The global magnitude-dependent sergodic model results 

from the global t, jss, and jS2S model and has the following form: 

„

ừ
ỬỬ
Ừ

ỬỬ
ứ
„                                                      Ὢέὶ ὓ τȢυ

„
Ȣ

Ȣ
             Ὢέὶ ὓ υȢπ
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Ȣ

Ȣ
             Ὢέὶ ὓ υȢυ

„
Ȣ

Ȣ
            Ὢέὶ ὓ φȢυ

„                                                      Ὢέὶ ὓ φȢυ

ρυ

where „ȟ„ȟ„ȟ„ are the model coefficients from the magnitude breaks of the t model at 4.5, 
5.0, 5.5, and 6.5 Mw, respectively.  

In the present work, we adopt this global ergodic sigma model, together with the standard 
deviation from Al Atik (2015). We did not use the sigma model from the individual GMPEs in the 
ground motion logic tree because the sigma model for the stochastic models is not considered 
to be as reliable as empirically derived sigma models. Figure 38 shows the comparison of the 

global t, jss,  sergodic models, together with the standard error, and the between-event, withinï
event and total sigma of each of the three empirical GMPEs in Table 9. The global between-
event sigma model of Al Atik (2015) is period-independent but magnitude-dependent which are 
physically justified features. Furthermore, it includes the tau model of the empirical GMPEs 

within one standard deviation (Figure 38a).  The t model of Cauzzi et al. (2015) is larger than 
the others due to the Pan-European event terms associated with reverse faults, especially those 
of the 2012 Emilia (Northern Italy) sequence (Cauzzi and Faccioli, 2018). The global within-

event model of Al Atik (2015) seems to be underestimated compared to the j model of the 

empirical GMPEs (Figure 38c); whereas the total ergodic sigma model includes well the s 
models of the empirical GMPEs within one standard deviation except that for Cauzzi et al. 

(2015). 

Al Atik (2015) assign weights of 0.63, 0.185 and 0.185 for the three branches of the global 

sergodic model following a continuous scaled c-square distribution.  
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Figure 38: Comparison of (a) the global between-event sigma (t), (b) single-station within-event 

sigma (j), and (c) total ergodic sigma (sergodic) models, together with their standard error, and 
the between-event, within-event and total sigma from the individual three empirical GMPEs in 
Table 9. They are given for PGA, 0.2 s and 1.0 s. The sigma values are expressed in a natural 
logarithmic scale. 

7 Hazard calculations  

The logic tree for the SSC and GMC models used in the hazard computation is shown in Figure 
39. However, we did not include some of the branches of the SSC model (e.g. faulting style) to 
simplify the figure. The reader can refer to Section 5 for a full description of the SSC model.  

We used the Monte Carlo-based approach for PSHA where the branches in the SSC and GMC 
logic tree are sampled at random based on their weights (see Section 2.1). Using the SSC 
model (top panel in Figure 39 and Section 5), we generate 100,000 synthetic earthquake 
catalogues, 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 
(Musson 2000).  The ground motion for each earthquake in the simulated catalogues is 
computed using the ground motion logic tree at the bottom panel of Figure 39 (see Section 6). 
The sigma model used in the hazard calculations is described in Subsection  6.5. We did not 
truncate the ground motion distribution above and below the median predictions. Strasser et al. 
(2009) show that although there must be a physical limit, a purely statistical truncation is not 
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justified with current strong motion datasets. We did not consider the correlation between inter-
event and within-event residuals. 

Sorting the ground motion results in order of decreasing severity allows us to identify ground 
motions associated with different frequencies of exceedance (Musson 2000). 

 

Figure 39: Summary of the SSC and GMC logic tree for this work. The three weights for the 
depth distribution are for the UK and Ireland, the North Sea and Northern France and Belgium. 

The hazard maps cover the UK offshore EEZ and the hazard has been calculated for a grid of 
4585 points that are spaced 0.125° in latitude and 0.25° in longitude (this is the same grid 
spacing used by Mosca et al., 2022). We have estimated the hazard for PGA, SA0.2 s, and SA1.0 s 
for 5% damping on rock conditions (Vs30 = 800 m/s) and for return periods of 475 years (Figure 
40) and 2475 years (Figure 41). The seismic hazard maps for return periods of 95, 1100, and 
5000 years are shown in Appendix 3.  Note that we use the same colour scale as Mosca et al. 
(2022) to facilitate the comparison between the two studies. Also, the hazard maps in Figures 
40-41 and Appendix 3 do not show the hazard of UK onshore, which is described in Mosca et 

al. (2020, 2022).  

For 475 years, PGA is less than 0.02 g for most of the UK offshore EEZ, except for the northern 
North Sea east of Shetland, around the western isles of Scotland, in the Irish Sea, particularly 
close to North Wales, and the southern North Sea immediately offshore Lincolnshire and East 
Anglia, where the hazard reaches around 0.07 g, 0.03 g, 0.05 g, and 0.05 g, respectively (left 
panel of Figure 40). The hazard values are higher at 0.2 s reaching 0.16 g, 0.05 g, 0.11 g, and 
0.10 g in the same locations (central panel of Figure 40).  At 1.0 s, accelerations are smaller 
than 0.02 g everywhere (right panel of Figure 40).   

Figure 41 shows hazard maps for a return period of 2475 years. The hazard values in the 
northern North Sea, the Irish Sea close to North Wales, and the southern North Sea increase to 
0.19 g, 0.18 g, and 0.13 g for PGA, and 0.39 g, 0.35 g, and 0.27 g for SA0.2 s, respectively.  
Hazard values for SA1.0 s do not exceed 0.06 g even in the areas of highest hazard.  
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Figure 40: Hazard map for PGA, SA0.2 s, and SA1.0 s at the 475-year return period. The black 
polygon describes the UK offshore EEZ. 






