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SUMMARY

In this paper, we present a catalogue of relocated seismic events in the North Sea spanning
1961 to 2022. Data from all relevant agencies were combined, incorporating all available
seismic phase readings, thereby enhancing station coverage. As a result, our updated locations
reveal a more clustered and aligned seismicity pattern compared with the original catalogue.
Even with our combined data set, only 157 of the 7089 relocated events have azimuthal gaps
of less than 90 deg. Additionally, the distances between onshore stations and offshore events
are considerable. Both of these factors lead to relatively poorly constrained hypocentres for
most events. We therefore evaluate the performance of 1-D velocity models routinely used
by different North Sea adjacent monitoring agencies for earthquake location estimations in
the North Sea. The variations in assessments due to the seismic velocity model used are
significantly larger than the uncertainty ellipses calculated in the relocation, demonstrating
that arithmetic uncertainties systematically underestimate location uncertainties in this setting.
Obtaining a realistic estimate of location uncertainty is however crucial, particularly for
distinguishing between natural and induced seismicity. This is fundamental to safe monitoring
of the North Sea offshore industries, including geological CO, storage. To overcome these
discrepancies between the uncertainty ellipses and our multiple relocations, we introduce an
alternative method that accounts for variability in the 1-D velocity models. This approach
enhances the reliability of the earthquake catalogue, and provides a more robust assessment
of seismic activity in the North Sea.

Key words: Europe; Spatial analysis; Earthquake parametrization; Earthquake source obser-
vations; Seismicity and tectonics.

project southwest of the Troll field on the Horda platform in 2024

I INTRODUCTION (Furre et al. 2020) (see Fig. 1). Several CO, storage licensing rounds
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The International Energy Agency and the Intergovernmental Panel
on Climate Change stated that carbon capture and storage (CCS) is
essential to reduce the effects of greenhouse gas emissions (Heidug
2013; IPCC 2023). Due to its geology, existing infrastructure, and
technical expertize from oil and gas operations (Furre ez al. 2019;
Jerkins et al. 2023), the North Sea is particularly suited for geologic
CO; storage. A notable CCS project is the Northern Lights initiative,
led by the Northern Lights joint venture (comprising of Equinor,
Shell, and Total Energies). Their aim is to launch a full-scale CCS

have also recently concluded for the UK offshore territory, with
dozens of licences awarded (North Sea Transition Authority 2024).
High profile projects such as Endurance in the UK offshore area,
Porthos and Aramis offshore of the Netherlands, and Greensands
offshore of Denmark, all plan for large scale CO, injection before
2030.

For the long-term success of CCS, the understanding of the nat-
ural background seismicity is crucial (Zarifi et al. 2023). Such
knowledge helps to avoid CO, injection in earthquake-prone areas,
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Figure 1. Locations of seismic events within the North Sea region with reported magnitudes above 2 from the SHARP catalogue (magnitudes represented by
circle sizes). 17 events with observed depth phases are highlighted in orange. The Ekofisk earthquake is denoted by a white star, while a red rectangle indicates
the Northern Lights CO; storage site. A yellow dot near the ‘Dogger Bank’ label marks the A, 5.3 event from 1931.

to detect abnormal seismic events potentially linked to injection and
to evaluate the risk to the storage complex (Cappa & Rutqvist 2011).

While the level of seismicity in the North Sea is typically
considered low to intermediate (e.g. Bungum ef al. 1991), the fre-
quency and magnitudes of seismic events are sufficiently large to be

taken into account when constructing offshore installations (Hansen
et al. 1989). For instance, several earthquakes with magnitude 4 or
larger have occurred across the North Sea region. The most recent
was the M,, 5.1 Tampen Spur earthquake in 2022 March in the
Northern North Sea (Zarifi ef al. 2023; Jerkins et al. 2024). As this

620z Iudy 2| uo Jssn swueyain uequay Aq 0zZiy208/82Z./1/Le/a1one/B/woo dno-olwspeoe//:sdiy woly pspeojumoq



730 A.E. Jerkins et al.

earthquake occurred only a few kilometers from the Snorre oil
field, it caused a temporary shutdown of the Snorre B platform.
The largest instrumentally recorded seismic event up to date in the
region is the M,, 5.3 event in the Dogger Bank area on 1931 June
7 (Bungum et al. 2003). There are clear concentrations in the seis-
micity pattern, where the earthquake density is most pronounced:
just offshore Norway, in the Viking Graben gradually decreasing to-
wards the central Graben, in the Skagerak (between southern Nor-
way and Denmark), and along the southeast coast of the United
Kingdom in the Dogger Bank region (Bungum et al. 1991); see
Fig. 1.

Causes of earthquake occurrence in the North Sea are com-
plex. The North Sea has undergone two rifting stages evident
by three Graben structures: the Viking, Central and Moray Firth
Graben. These structures interconnect forming a triple junction.
The initial formation of the basin framework can be traced to
the Early Paleozoic era (Bartholomew et al. 1993). Rifting ac-
tivity continued into the early Triassic and crustal extension hap-
pened during the Late Jurassic to Early Cretaceous (Talwani &
Eldholm 1977). The incomplete rifting resulted in the creation of
multiple faults and fracture systems. These planes of weakness
can be reactivated by earthquakes due to the build up of tec-
tonic stress over time. Studies suggest that this stress originates
either from ridge-push forces at the Mid-Atlantic ridge or from
isostatic rebound after the last glaciation (Bungum et al. 2005;
Jerkins et al. 2020).

Additionally, a few earthquakes in the North Sea were induced
by human activities associated with oil and gas production. For
example, on 2001 May 7, an Mw 4.3 earthquake was caused by
water injection in the overburden of the Ekofisk field (Ottemdller
et al. 2005; Selby et al. 2005; Cesca et al. 2011); indicated by a
white star in Fig. 1.

Any subsurface project carries the risk of induced or triggered
seismicity. Commonly, determining whether a small-magnitude
earthquake is natural or induced/triggered depends on the loca-
tion of the earthquake (Garcia-Aristizabal et al. 2020), but also
other factors such as its source parameters, underlying physics or -
for sequences - statistics (Dahm et al. 2013). Cheng et al. (2023)
reviewed potential mechanisms for induced seismicity related to
CCS. They highlighted the significant challenges in identifying
fault systems and the complexities in assessing the likelihood of
their reactivation. Studying detailed properties of seismic events
is therefore essential. Additionally, accurately reporting and ac-
knowledging uncertainties in earthquake locations is important for
oil and gas authorities as well as for public acceptance of CCS
projects.

The work conducted here was a part of an Accelerating CCS tech-
nology project SHARP Storage (Stress History And Reservoir Pres-
sure for improved quantification of CO, storage containment risks).
The objective of SHARP was to improve the quality of subsurface
CO, storage containment risk management by evaluating geolog-
ical stress models, seismicity observations and rock mechanical
failure.

As a part of the SHARP project, earthquake catalogues were
collected from the International Seismological Center (ISC) (Di
Giacomo et al. 2018; International Seismological Centre 2024) as
well as from local agencies in Germany, the Netherlands, the UK,
Norway, and Denmark to create a uniform catalogue of seismic
events in the North Sea consisting of over 12000 seismic events
(for details see Kettlety et al. (2024)). The locations of events with
an average magnitude (average of all reported magnitudes) above 2
are shown in Fig. 1.
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Figure 2. Improved azimuthal coverage for an M}, 2.7 event on 2021 Febru-
ary 14 at 09:04 GMT; circles represent event locations, triangles denote
stations, both coloured according to the agency reporting the phase pick.
The industry sensors stem from permanent reservoir systems at Ekofisk
and Grane operated by ConocoPhillips and Equinor, respectively (data from
selected sensors are continuously sent to NNSN).

It is essential to note that the neighbouring seismological agen-
cies employ different methods and velocity models for their routine
analyses of events in the North Sea. Merging catalogues provides
a higher number of phase readings and reduces azimuthal gaps,
which is expected to enhance the quality of the derived locations.
An example of how the station coverage is improved for a seis-
mic event in the central part of the North Sea is shown in Fig. 2.
For this event, combining phase readings from multiple sources,
NORSAR (1971), Norwegian National Seismic Network (1982)
(NNSN), British Geological Survey (1970) and International Seis-
mological Centre (2024), clearly improve its azimuthal coverage.
Note that the agencies partially share data with each other, usu-
ally on a bilateral basis. For instance, NORSAR contributes to the
NNSN bulletin and both are reporting to the ISC. This leads to
duplicates in the catalogue. In our visualization, we only show the
initial agency mentioned for each phase reading.

This study presents event relocations for the newly compiled cat-
alogue of North Sea seismic events (Kettlety ef al. 2024). First, we
provide a brief description of the workflow in compiling this cata-
logue, supplemented with statistical information providing further
insights (see Kettlety ef al. 2024 for a detailed description). We then
show an overview of the seismic stations whose records contribute
to the catalogue and the available velocity models. This is followed
by a description of the method employed for relocation, with an
emphasis on testing multiple 1-D velocity models and discussing
the associated uncertainties.

The relocation process is conducted with a methodology further
developed from Schweitzer et al. (2021), who relocated a 24-year-
long seismic bulletin for the European Arctic. The seismological
agencies aim to lower the magnitude of completeness in their cat-
alogues, which is especially important for hazard and risk studies.
However, earthquakes recorded on a limited number of stations of-
ten result in poorly constrained hypocentre estimates. This lack of
accuracy disturbs the general trends of the seismicity pattern, limit-
ing the understanding of faulting in the region. To address this issue,
we apply specific quality criteria to ensure that only high-quality
locations are included in the final bulletin. Finally, we provide a sta-
tistical analysis of relocation results, highlighting our key findings.
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Figure 3. Time-of-day distribution of seismic events. In panel (a), we present events below magnitude 3, and in panel (b), we display events above magnitude

3.

We conclude with a discussion, presenting strategies for improving
earthquake locations further for offshore CO, storage monitoring.

2 EVENT CATALOGUE AND STATISTICS

For a detailed description of the initial catalogue and its creation,
see Kettlety er al. (2024). The catalogue was created by defin-
ing a polygon covering the entirety of the North Sea region. Seis-
mic events were collected from the following agencies: Interna-
tional Seismological Centre (2024), Royal Observatory of Belgium
(1985), Geological Survey of Denmark and Greenland (2023), Ger-
man Research Centre for Geosciences (1993), Federal Institute for
Geosciences and Natural Resources (1976), Royal Netherlands Me-
teorological Institute (1993), NORSAR (1971), Norwegian National
Seismic Network (1982), British Geological Survey (1970), Chris-
tian Albrechts - Universitat zu Kiel (2017) and from the MAGNUS
temporary deployment (Weidle et al. 2010).

Efforts were made to refine and clean the catalogue. Mul-
tiple methods were applied to detect duplicates and erroneous
events. Events with similar origin times were merged into one en-
try, likewise phase arrivals with similar phase pick onset times.
Each onset time and origin entity was assigned a unique identity
code.

In a second step, we defined ‘prime’ locations for each event,
which will be referred to in the following as original locations (as
shown in Fig. 1). These were determined by first calculating the
circular mean of all origins given by agencies, and subsequently
selecting the origin closest to the circular mean.

Furthermore, explosions were identified and removed as far as
possible. To correctly characterize seismicity, agencies typically la-
bel explosions or suspected explosions by using available reports
from military and roadwork authorities, checking locations such as
quarries or mining sites, or analysing waveforms, frequency con-
tent, and infrasound signals. In Fig. 3, we present a distribution
of events in the catalogue according to the time of day. Notably,
the majority of seismic events with average magnitudes below 3
were registered during working hours (the average magnitude is
estimated by calculating the mean of all reported magnitudes).
Meanwhile, for events above average magnitude 3, the distribu-
tion is more balanced. This observation suggests that a consider-
able number of explosions remained in the catalogue. Given that
there are 10883 events with magnitudes below 3 and an hourly
average of 200 registered events during the night, we estimate the
presence of roughly 6000 explosions, comprising nearly half of
the events in the current catalogue. However, we do not remove
these potential explosions, to avoid the risk of removing potential
earthquakes.

Fig. 4(a) presents the temporal distribution of the catalogued seis-
mic events. Prior to the 1960s, the limited station coverage had the
consequence that only larger seismic events were recorded. We note
that the first seismic event located in this study occurred in 1961.
As the network of stations expanded, more seismic events were
detected and reported. The fluctuations in the number of recorded
events after the 1980s may be attributed to temporary station de-
ployments, changes in personnel analysing the data, modifications in
detection procedures, or simply increased seismic activity in certain
years.

In Fig. 4(b), we show the number of events versus local magni-
tude (since M| was also reported by Kettlety ef al. (2024), and it is
the most frequently reported magnitude type in the catalogue). The
detection threshold limits the number of small events, and we do
not detect many events below magnitude 1. Most events are in the
range between magnitudes 1 and 2, and the number of larger events
is strictly limited, with only a few events exceeding magnitude
4. Naturally, this detection capability varies significantly in space
across the North Sea. The earliest events in the data set date back to
the 14th century and come from British Geological Survey (BGS)
records of historical seismicity, which are included in their seis-
micity catalogue. Naturally, without any phase information, these
are not relevant to this study. The spatiotemporal variations in the
magnitude of completeness could not thoroughly be evaluated in
Kettlety ef al. (2024). Based on the magnitude—frequency distribu-
tions of the full data set, they determined a practical completeness
of magnitude 4 since around 1980 in the region.

Fig. 4(c) illustrates the annual number of distinct stations listed
per year since 1960. As shown in Fig. 4(c), the initial number of
seismic stations was sparse. Over the years, the number seismic
stations has gradually increased. However, we note that in certain
years—specifically 1989, 2017 and 2022—there are pronounced
peaks compared to the more typical years. These peaks are caused
by larger magnitude seismic events (greater than M,, 4.5), which
were also recorded by sensors at teleseismic distances, resulting in
a significant increase in the number of distinct stations listed for
those years.

An overview of the number of stations listed for each seismic
event in the catalogue is provided in Fig. 4(d). Seismic events not
recorded on any station are identified by macroseismic observations
only.

A key challenge in locating seismic events in the North Sea is
the limited resolution of hypocentre depths, which is largely due to
the extensive event-station distances. One approach to improve the
depth estimate for larger seismic events is to employ teleseismic
depth phases (e.g. Engdahl e al. 1998). However, within the cata-
logue, only 17 events were reported with observed pP or sP phases
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Figure 4. Distribution of seismic events over time in the catalogue. (a) Annual number of events registered from the 1920s to 2022. Note that the catalogue
was compiled up to 2022 July, resulting in fewer events recorded for that year. (b) Histogram showing the number of events per local magnitude. (¢) Annual
number of distinct stations per year included in the catalogue. (d) Number of stations reporting each seismic event.

(Fig. 1). This means that depth resolution remains a challenge, with
event depths either left unconstrained or fixed, depending on the
practices of the reporting agencies.

2.1 Stations in catalogue

The catalogue comprises events recorded on 2620 unique seismic
stations, for which we collected as many of the coordinates as
possible. First, an initial search was performed using the station
list provided by International Seismograph Station Registry (2024).
Subsequently, we conducted searches within station files provided
by local and regional agencies of the North Sea bordering states.

Especially within the United States and Europe, the station den-
sity is high. Stations in the United States were mostly used for
teleseismic depth phase readings for larger earthquakes. Stations
surrounding the North Sea are featured in Fig. 5 highlighting avail-
able phase readings reported in the catalogue. Stations further from
the North sea generally record fewer events in this North Sea cata-
logue. A large amount of phase readings were derived from stations
along Norway’s west coast, especially from station ASK (21053
phase readings in total).

2.2 Velocity models

The seismological agencies employ various velocity models for
routine analysis of earthquakes in the North Sea. These models
are illustrated in Fig. 6 and together with the affiliated agencies
detailed in Table 1. We note that all agencies use Vp/Vs ratios in the
range between 1.68 and 1.79 to derive their S-wave velocity models.
As a part of the SHARP project, a new model was developed by
averaging CRUST1.0 models (Laske et al. 2013) for the North Sea.
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Figure 5. Stations used to locate the catalogued seismic events distribution
within Europe (1401 stations). The number of available phase readings is
indicated by the logarithmic colour scale.

In this SHARP model, the Vp/Vs ratio varies from 3.1 in the upper
layer to 1.71 at the Moho.

These models show significant discrepancies, especially within
the shallow layers. Notably, the models called North Netherlands,
South Netherlands, SHARP, and BGS Dover have considerably
slower velocities in the uppermost crust. These differences arise
from the varying geological conditions of the countries surround-
ing the North Sea. For instance, in the Netherlands and Denmark,
most seismic stations are placed atop soft sediments, while in Nor-
way, stations are most often positioned directly on bedrock. There-
fore, the use of a 3-D velocity model encompassing the entire region
would be optimal to account for the significant geological variations
across the area. However, such a model is currently not available
and its creation is beyond the scope of this work.
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Figure 6. Velocity models employed for relocating earthquakes used by
various seismological agencies of countries surrounding the North Sea.

Table 1. Velocity models and corresponding countries/agencies.
'Mykkeltveit & Ringdal (1981), *Havskov & Bungum (1987), *Laske ez al.
(2013).

Velocity model Agency, country
BGR-GER BGR, Germany
BGS Central North Sea BGS, UK
BGS Dover Strait BGS, UK
BGS South North Sea BGS, UK

FESCAN NORSAR, Norway'
NNSN NNSN, Norway?
SHARP CRUSTI1.0 average’
GEUS GEUS, Denmark
North Neth KNMI, Netherlands
South Neth KNMI, Netherlands
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3 EARTHQUAKE RELOCATION

For earthquake relocation, we apply the HYPOSAT location algo-
rithm by Schweitzer (2001), which is further detailed in Schweitzer
(2018). This algorithm is based on a generalized matrix inversion
and allows the inclusion of a large variety of input parameters, such
as backazimuths, onset times, and traveltime differences. In this
process, each event is considered individually, employing a single-
event rather than a multiple-event relocation method. It is important
to note that we employ phase picks from the existing catalogue and
do not re-pick or perform any additional waveform analysis.

To ensure the quality of the relocations, we employ several se-
lection criteria for the data and earthquakes considered. Magnitude
estimates were disregarded initially due to variability in measure-
ment methods among different agencies, though magnitudes will
be re-estimated at a later stage. For now, we use the average of the
reported magnitudes. Certain data types, such as T-phase readings,
long-period surface waves, and infrasound readings, were excluded
due to their inherent significant uncertainties.

We include P- and S-wave arrivals and utilize S-P times where
available. Backazimuth and slowness measurements from seismic
arrays were also used. Phases labelled ’x’ in the bulletin underwent
manual verification for potential relabelling or exclusion from the
final solution. In this context ’x’ is an unidentified arrival (Storchak
et al. 2003). These ’x’-labelled phases constitute 3.7 per cent of the
total number of phases in the data set.

Only events registered on more than five stations were relocated,
in order to ensure better-constrained locations, leading to 7089 relo-
cated seismic events. We assumed the following general uncertain-
ties for phase readings (these are the same as those from Schweitzer
et al. 2021): 0.5 s for P-wave readings and 0.87 s for S-wave read-
ings. Station elevation corrections were applied based on phase
type, using crustal velocities of 5.8 km s~! for P-wave arrivals and
3.46 km s~! for S-wave arrivals. Only stations within a 10-deg ra-
dius of the events were considered to obtain robust relocation, and
to avoid including information from too distant stations that may
bias the solutions. We note, however, that regional phases have less
well-understood traveltimes due to crustal and upper mantle com-
plexities compared to phases from greater distances. Nonetheless,
most events are recorded only on local and regional networks.

Phases with residuals larger than 4 s were disregarded; these
phases were manually checked after relocation, leading to either
relabelling or exclusion from the final solution.

The choice of the velocity model has the largest impact on the
final location, and thus, on the uncertainty of the hypocentre. We
evaluated each of the velocity models presented in Fig. 6 by relocat-
ing the 178 events with average magnitudes above 3 recorded after
1986. We selected this magnitude threshold and time period because
we from this year had a more complete network, see Fig. 4(a)

Further, we apply quality criteria as proposed by Schweitzer et al.
(2021) to assess the best-suited velocity model. We determine the
best solution for a seismic event from a number of factors. A high-
quality solution should have a large proportion of defining parame-
ters (nd) relative to the total amount of observed parameters (nob).
The number of defining parameters refers to the total number of pa-
rameters included in the final location calculation, such as phases,
traveltime differences, slowness, and backazimuths. Observed pa-
rameters with extremely high residuals in the final location are
excluded from the calculation, or their phase label is corrected. A
solution that includes more observed parameters is generally in-
dicative of higher quality.
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Another important factor is the ratio of the number of defining
traveltime residuals (ndtt) to the root-mean-square value (rms). A
small rms indicates a good agreement between observed and pre-
dicted traveltimes, while a higher ndtt reflects the inclusion of more
reliable data in the solution—a high ndtt combined with a small rms
results in a higher quality solution.

The final quality metrics are based on a minimized L1 norm (L 1)
applied to all observed parameters encompassing backazimuths,
traveltimes, slowness and traveltime differences, as well as a small
source-time error (d¢), and a small uncertainty ellipse (area). The
L1 norm is calculated using the equation:

r
= (1)

Here, res represents the residual for slowness, backazimuth, trav-
eltimes, or traveltime differences, while the weight (w) used in the
inversion corresponds to the assigned uncertainty. As noted earlier,
we use a general uncertainty of 0.5 s for P-wave readings, which
for P waves serves as the weight during the inversion process. Fi-
nally, the equation is normalized by the total number of residuals
(N) included in the calculation. This process is performed sepa-
rately for each parameter—backazimuth, slowness, and traveltime
differences—and these individual L1 norms are then combined into
a single overall L1 norm. For further details, we refer to Schweitzer
(2018).

All these parameters are incorporated into the following equa-
tion from Schweitzer et al. (2021), which is used to determine the
quality factor ¢:

nd ndtt 1

qzﬁ.ﬁ.h-drarea'

@

Note that the determined quality factor (¢) is only valid for each
individual event, and is not intended for comparison between events.
For any given seismic event, the highest ¢ value quantifies the most
favourable solution.

In Fig. 7, we display the velocity models yielding the highest ¢
for each of the 178 events. Unfortunately, no clear pattern emerges.
In Table 2, we provide the fraction of events that obtain the highest ¢
value if the respective velocity model is employed in the relocation
process. The majority of the highest quality event locations are as-
sociated with the NNSN and FESCAN velocity models. In general,
velocity models disregarding sediments tend to outperform models
with slower velocities in the upper layers. This discrepancy may
be caused by the seismic stations included in the event solution
and their distribution. For instance, there is a clear predominance
of seismic events occurring close to the Norwegian coastline with
recording stations situated on bedrock.

Further, we examined the spread of earthquake locations when
employing different models in the relocation process, focusing on
three well-documented earthquakes. The first is the 1989 January
23 earthquake with a magnitude of M; 5.1, studied by Hansen et al.
(1989). The second is the 2001 May 7 earthquake with a magnitude
of M,, 4.3, analysed by Ottemoller e al. (2005). The third is the
2017 June 30 earthquake with a magnitude of M,, 4.5 investigated
by Jerkins ef al. (2020).

Fig. 8 shows epicentral locations reported in these studies along-
side those determined using the 10 different velocity models. Addi-
tionally, we present the uncertainty ellipse (in this case 95 per cent)
for the velocity models associated with the highest ¢. The choice
of velocity model significantly influences the hypocentral locations.
Even the tightest clusters of locations exhibit a spread exceeding
10 km. The uncertainty ellipse provides a fit of observed data and
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Figure 7. Map of the 178 test events, coloured by the velocity model which
has the highest relocation quality factor ¢ for that event. Refer to the legend
for an explanation of colours.

Table 2. Number of events with the highest ¢ (quality factor) for each
velocity model among the 178 events depicted in Fig. 7. The right-hand
column shows the average distance between event locations as computed
employing the FESCAN model and locations derived using other velocity
models.

Fraction of events with

Vel. model Aw. dist. FESCAN (km)
highest ¢ for each model

BGR-GER 20 9.9
BGS Central NS 5 24.5
BGS Dover 4 45.1
BGS South NS 5 322
FESCAN 48 -
NNSN 42 5.2
SHARP 11 14.7
GEUS 19 3.7
North Neth 22 9.8
South Neth 2 39.6

traveltime tables and significantly underestimate the true location
uncertainty caused by the lack of knowledge on the proper veloc-
ity model and the reduction of a 3-D velocity structure to a 1-D
model. For all test events, four models stood out as outliers: BGS
Dover, BGS Central NS, BGS South NS, and South Netherlands.
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Figure 8. Velocity model test results: Panels (a) and (b) correspond to the 1989 January 23 M; 5.1 event; (c) and (d) represent the 2001 May 7 M,, 4.3 event;
and (e) and (f) show results for the 2017 June 30 M,, 4.5 event. Stars mark event locations as determined by Hansen ef al. (1989), Ottemoller ez al. (2005) and
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We again note that these models are not designed for stations posi-
tioned on bedrock, and are tailored for a different geological setting
with slower near surface velocities. As illustrated in Fig. 5, there is
a sampling bias with a high proportion of seismic phase readings
from the West coast of Norway, which likely introduce a bias when
trying to identify the best-suited 1-D model. We decide on the use
of the FESCAN model for further analysis as it exhibits the largest
proportion of seismic events with the highest ¢ (see Table 2). Sub-
sequent computations were carried out using the criteria and input
parameters described above.

Additionally, we extended HYPOSAT to include specific model
uncertainties for local and regional seismic phases. This adjust-
ment was prompted by the significant variation in event locations
attributed to differences in velocity models. To address this, we as-
signed uncertainties based on the variability observed in traveltime
curves for various seismic phases using the different velocity mod-
els in Fig. 6 over a distance of 1000 km. Specifically, we assigned
an uncertainty of 4 s to the Pg phase, 3 s to the Pn phase, 8 s to the
Sg phase, and 12 s to the Sn phase.

Fig. 9 presents event location statistics. For the majority of seis-
mic events, the closest station is typically within a distance of less
than one degree (=111 km). However, for several of the seismic

events in the central part of the North Sea, the distance is notably
larger. Especially for events occurring before the year 1986, the
distance to the closest station may exceed three degrees due to the
sparse station network at that time. In addition, stations located
within a radius of twice the event depth are required to get any sen-
sitivity to depth, if no teleseismic depth phase readings are available
(Havskov et al. 2012).

The average crustal thickness in the North Sea is about 30 km.
Therefore, the fact that the distance to the closest station exceeds
0.5 deg (=55 km) for 2924 events severely limits the ability to
determine hypocentral depth.

Another significant challenge constraining earthquake locations
is the large azimuthal gap. While 2202 events have azimuthal gaps
smaller than 180°, only 157 events possess gaps of less than 90°,
leading to significant uncertainties in the location estimates and in-
ability to estimate focal mechanisms. Generally, more than 10 defin-
ing parameters (e.g. phase onset times, S-P difference, slowness and
backazimuth) are available as input to the relocation process. The
area of the spatial uncertainty ellipse is most often smaller than
200 km?, and the RMS is often smaller than 1.5 s.

After relocation, we applied criteria based on Fig. 9 to filter
significant outliers while retaining as many events as possible and
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Figure 9. Event location statistics: (a) distance to the closest station, (b) azimuthal gap, (c) number of defining parameters, (d) area of the uncertainty ellipse,
(e) root-mean-square of the residuals and (f) number of stations involved in relocation.

ensuring high-quality solutions. The chosen criteria include an av-
erage magnitude larger than 1, a distance to the closest station
of less than 3°, a maximum azimuthal gap of less than 270°, an
area of the error ellipse less than 400 km?, the availability of
more than 15 defining parameters, and an RMS of less or equal
to1.5s.

A total of 4331 of the 7089 (= 60 per cent) relocatable events
meet these criteria. Fig. 10 compares the new locations to the orig-
inal catalogue. The observed seismicity is slightly more tightly
clustered for the relocations and often aligns along structures; for
instance, the area between Norway and the Viking Graben shows
fewer ‘outliers’ for the relocated catalogue. To better illustrate the
improvements, Fig. 11 shows just the Viking Graben region. The
seismicity for the relocated earthquakes is more tightly clustered
than for the original catalogue. The arrow in Fig. 11 indicates a re-
gion where seismicity clustering is observed in the relocation. The
enhancements are however less obvious as is the case for other data
sets (for instance Raggiunti e al. 2023), possibly due to the un-
favourable station distribution in the North Sea region, where there
is often a significant distance to the nearest station and notable
station gaps.

The depth distribution of the relocated seismic events is shown
in Fig. 12. Although the depth estimates are poorly constrained, a

concentration of events is observed between 0 and 15 km. However,
we propose that the depth distribution is heavily influenced by the
procedure and choice of velocity model—in this case, the FESCAN
model—which could introduce artifacts into the depth distribution.
Notably, the FESCAN model’s upper crustal thickness is 16 km,
aligning with the majority of events occurring at depths shallower
than 15 km.

4 NEW UNCERTAINTY ESTIMATE AND
LOCATIONS FROM UNCERTAINTY
ELLIPSE ESTIMATES

As shown in Fig. 8, the uncertainty ellipses consistently underesti-
mate the true location uncertainties due to lack of knowledge of the
velocity model. Therefore, we refine the estimation of epicentre un-
certainties using a pragmatic approach by examining the variability
in earthquake locations caused by the usage of different 1D velocity
models. To this end, we disregard locations derived from the BGS
Dover, BGS South NS, BGS Central NS and South Netherlands
models, as these models represented significant outliers in Fig. 8.
Outliers in this context refer to seismic event locations that deviate
significantly from the main cluster of event locations. These de-
viations are accompanied by a lower quality (¢) for these events
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Figure 11. Close-up of the Viking Graben area for the same events as illustrated in Fig 10 before (a) and after relocation (b).The white arrow indicates a region
where seismicity clustering is observed in the relocation.

compared to others, indicating reduced reliability in their location be more suitable for local-scale seismic events rather than regional-
analysis. One possible cause for these deviations is that the closest scale analysis.

stations for all these events are located in Norway, where sensors Fig. 13(a) provides an example of this methodology. Specifically,
are placed on bedrock. Additionally, we consider seismic phases at we plot the 95 per cent uncertainty ellipse for each event location

regional distances of up to 10 deg. The outlier models appear to and determine a best-fitting ellipse that encompasses all individual
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Figure 12. Depth distribution of relocated seismicity.

ellipses. Location uncertainty estimate are subsequently inferred
from this best-fitting ellipse.

For the majority of seismic events, this methodology proved to
be effective. However, in rare cases, a single solution deviated sub-
stantially from the bulk of locations, leading to a substantial overes-
timate of the uncertainty ellipse. To address this issue, we excluded
the location furthest from the others whenever the ellipse major
axis exceeded 70 km, and then estimated a new uncertainty ellipse.
An example of this adjustment is presented in Fig. 13(b). In this
case, using the SHARP model resulted in a clear outlier and the
corresponding location was removed from the uncertainty ellipse
estimate. This outlier exclusion was necessary in 370 out of the
4331 cases.

Fig. 13(c) presents a histogram of the new ellipse areas, reveal-
ing a significant increase in the sizes of the uncertainty ellipses
compared to the original estimates (see Fig. 9d).The median area
of the uncertainty ellipses for our relocations shown in Fig. 10 is
51.90 km”. In contrast, the new uncertainty estimates yield a me-
dian ellipse area of 524.98 km?, which is approximately 10 times
larger. Although the overall distribution of the event relocations has
not changed significantly, the uncertainty estimates for the event
locations have improved considerably.

5 DISCUSSION

Determining earthquake locations in the North Sea has severe lim-
itations. For instance, only 157 seismic events possess azimuthal
gaps less than 90° and the event-to-station distances are often large,
leading to less well-constrained hypocentre estimates. Given the
current uncertainties for most seismic events, assigning specific
earthquakes to individual faults in the North Sea is generally diffi-
cult. Accurate associations would require larger events, recorded by
a high-quality seismic network with greater spatial coverage. Even
then, significant interpretation would be needed, as highlighted by
Jerkins et al. (2024). It is worth noting that fibre optic cables and
permanent reservoir monitoring systems, already integrated into the
current infrastructure of oil and gas reservoirs, could be utilized for
routine passive seismic monitoring. Given their position offshore,
they can help reduce the mentioned challenges by recording arrivals
in offshore areas.

The application of existing offshore fibre optic cables was ex-
plored in various studies, including those by Williams ez al. (2019),

Bremaud et al. (2022) and Baird ez al. (2025). Williams ez al. (2019)
employed a pre-existing submarine telecommunication cable off the
coast of Belgium to investigate a variety of seismic sources, such
as microseisms, local surface gravity waves and teleseismic earth-
quakes. Meanwhile, Bremaud et al. (2022) discuss the potential
use of existing seabed cables for future CO, storage monitoring.
Baird et al. (2025) specifically explored the use of an existing fibre-
optic cable located just offshore of the United Kingdom, which is
within the boundaries of our study region, for detecting and locating
seismic events. Their work demonstrated that the fibre-optic cable
alone can be effectively utilized to determine event locations. This
highlights the potential of fibre-optic cables for detecting and lo-
cating seismic events in our study area. However, it is important
to recognize the limitations of using fibre-optic cables, such as di-
rectional sensitivity, single-component data, poor constraints on the
positioning of these cables, and unknown coupling conditions that
affect signal quality, particularly magnitude estimates (Ndsholm
et al. 2022).

Additionally, Jerkins ef al. (2023) demonstrated the potential of
offshore permanent reservoir monitoring sensors, specifically those
at the Grane oil field, to enhance the accuracy of seismic event loca-
tions in the North Sea by treating them as seismic arrays. Moreover,
the use of onshore arrays was also proven to enhance location accu-
racy and reduce the detection threshold for seismic events. To this
end, the Holsney array was installed on the west coast of Norway
in 2020. Zarifi et al. (2023) showed that it not only detects more
events than those recorded in existing catalogues, but also improves
location accuracy by incorporating slowness and backazimuth esti-
mates. However, the incorporation of industrial monitoring equip-
ment such as offshore permanent reservoir monitoring sensors or
existing seabed cables requires data sharing agreements that are not
standard today.

Monitoring with ocean-bottom sensors offers significant poten-
tial. For example, a study on the Horda platform, focusing on the
Northern Lights CCS site, demonstrated that these sensors can im-
prove event locations (Shiddiqi er al. 2023). However, deploying
ocean-bottom sensors, especially those capable of providing real-
time data, is costly and poses challenges due to potential data quality
issues caused by offshore noise.

Another challenge addressed in this study concerns velocity
models. The 1-D models currently used by seismological agen-
cies for event location are limited in capturing the geological
variations across the region. Applying just a single 1-D model,
as done here, is certainly not adequate. Additionally, often con-
stant Vp/Vs ratios are applied, not considering Vp/Vs ratio changes
with lithological units and depth (Brocher 2005). These shortcom-
ings can significantly impact the hypocentre depth estimate. The
above method of fitting an uncertainty ellipse aims to better repre-
sent the location uncertainty that result from these velocity model
deficiencies.

While there are several smaller-scale 3-D velocity models avail-
able from oil and gas exploration, their maximum depth resolution
is typically insufficient for regional earthquake locations. Further-
more, these models are not publicly available, and are therefore
not available for scientific use. However, Crowder et al. (2021)
developed a 3-D shear-wave velocity model for the North Sea us-
ing ambient noise tomography, reaching depths of around 30 km.
This model displays variations in velocities across major geologi-
cal formations, mapping features such as sedimentary basins and
crustal thickness. The integration of this 3-D regional model, cou-
pled with the future development of a similar P-wave model, has
the potential to significantly enhance the accuracy of seismic event
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locations and reduce the biases associated with using 1-D models.
It is worth noting that using noise-derived tomography (essentially
surface wave tomography) directly for earthquake relocation would
be highly challenging and may not work. However, this exercise
is beyond the scope of this current work, necessitating a sepa-
rate study. Also, implementing 3D models is often not possible in
multiple location algorithms; for instance, this is the case for the
HYPOSAT algorithm utilized here. A simpler alternative option is
the application of station corrections. This would be especially ben-
eficial for recent events detected with an already enhanced station
network.

We observe that the location uncertainties are underestimated.
Therefore, we re-evaluated the uncertainty ellipses using a prag-
matic approach that accounts for the spread in earthquake locations.
Considering the underestimation of earthquake location uncertain-
ties, this issue poses challenges not only in the North Sea but also in
regions with sparse monitoring networks or highly heterogeneous
subsurface conditions. For instance, Turquet ef al. (2019) demon-
strated this problem in their study and developed a new grid search
methodology to resolve this issue locating earthquakes in the Pyre-
nees.

Statistical methods and resampling techniques, such as the jack-
knife and bootstrap, offer potential to enhance uncertainty estimates
in event locations and identify outlier stations. Oye & Roth (2003)
applied the bootstrap method by repeating the inversion process
multiple times, introducing random noise into the synthetic data
for each iteration. For instance, ray tracing was employed to com-
pute traveltime differences and polarization angles over a uniform
grid within the observation volume, where the true event locations
and corresponding data were pre-determined. This approach uses

data variability to evaluate the reliability and robustness of the
solution. They found that the final location is influenced by the
specific noise values applied and the local gradients of the model
parameters. Although the initial starting model was randomly se-
lected, this choice did not affect the resulting location. In contrast,
the jackknife method systematically removes one observation at a
time to assess the impact of each data point on the overall esti-
mate (Prieto et al. 2007). Although these methodologies are beyond
the scope of this study, we recommend their application in future
work.

Reporting realistic uncertainties associated with earthquake loca-
tions is crucial. Determining whether a small magnitude earthquake
is induced or not is still often based largely on earthquake locations,
although this only results in a qualitative, not a quantitative result.
Quantitative discrimination is more difficult to assess (Dahm et al.
2010) and a probabilistic approach should be followed (Dahm ef al.
2013) where possible. Currently, multiple oil and gas authorities in
different countries operate with a traffic light system for oil and gas
exploration, hydrofracturing and CO, storage projects. This sys-
tem imposes regulations on when a project should be paused or
shut down as a result of induced seismicity. In the UK, this system
for hydraulic fracturing was particularly strict: if a M}, 0.5 earth-
quake was induced, operations must be paused until the earthquakes
were reviewed by the regulator (Verdon & Bommer 2021). This low
threshold was exceeded numerous times during each attempted hy-
draulic fracturing operation (Clarke et al. 2014; Kettlety et al. 2020,
2021). Given the existing onshore station network and 1-D velocity
models, the location uncertainties are so significant that determin-
ing whether the event originated from the injection site and thus,
might potentially be induced or triggered, would be impossible. It
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would also impose significant uncertainty on the measurement of
magnitude. Thus, this study highlights the need for additional or
improved monitoring if similar traffic light regulations are applied
to CO; storage.

In our relocation process, each event is considered individually,
as is typical for regular matrix inversion location algorithms. Fur-
thermore, applying relative event location codes such as Bayesloc
(Myers et al. 2007, 2009) or the HypoDD algorithm (Waldhauser
2001), which consider multiple events simultaneously, can the-
oretically further reduce relative location uncertainties and im-
prove event locations. Using HypoDD would require extensive
waveform analysis and the station coverage would still influence
the quality of the earthquake locations. For instance, Bai et al.
(2006) demonstrated that achieving a hypocentral uncertainty of
1 km with a confidence level of 95 percent using the HypoDD
algorithm requires a station gap of less than 210° + 15°, with
15 + 2 stations located within 100 km of the epicentre. The
station gap issue could for instance be reduced by extending
the algorithm to incorporate backazimuth estimates as done by
Dando et al. (2021).

During our analysis, we noticed that approximately half of the
catalogued events are likely to be explosions (see Fig. 3). Con-
sidering reported event type metadata was used in the cleaning
of the catalogue (Kettlety er al. 2024), it is clear that many of
these likely explosions were unreported. It is crucial to accu-
rately identify explosions in the North Sea in upcoming studies,
particularly for risk and hazard assessments (though explosions
would usually be excluded from hazard analyses due to their small
size). Distinguishing earthquakes from explosions is typically per-
formed by analysing signal characteristics. This has for instance
been demonstrated in studies by Eggertsson ef al. (2024) and Ko-
rtstrom et al. (2016). Kortstrom ef al. (2016) implemented an au-
tomatic classification between earthquakes and explosions for seis-
mic events in Finland using machine learning techniques. This al-
gorithm classifies events based on the energy distribution of the
recorded seismic signals, efficiently identifying 94 per cent of the
man-made sources. Similarly, Eggertsson et al. (2024) applied ma-
chine learning techniques to seismic events in Sweden, success-
fully distinguishing between natural earthquakes and man-made
sources. Adopting a similar machine-learning approach could min-
imize the number of explosions listed in our current and any fu-
ture catalogues. Again, this requires extensive waveform analysis,
while we here only focus on parameter data. Nonetheless, we sus-
pect that a large number of these explosions originate from the
west coast of mainland Norway, rather than being located in the
North Sea.

This new relocation exercise led to seismic events being slightly
more clustered than previously, resulting in more consistent seis-
micity patterns, along with providing uncertainty estimates, which
are not routinely reported. By combining catalogues from different
agencies, we included additional phase readings, thereby enhancing
the quality of the earthquake locations. Thus, we recommend further
collaboration between seismological agencies for better earthquake
locations in the North Sea. Currently, as mentioned in the intro-
duction, agencies use different methodologies, velocity models and
quality criteria for their earthquake locations. It would be beneficial
to agree on a common manner to relocate these earthquakes. The
International Seismological Centre (2024) manually reviews and
relocates events incorporating all phase readings delivered to them,
but first, their bulletin is global and not concentrating on the North
Sea and secondly, events are mainly reviewed for magnitudes of 3.5
and above.

6 CONCLUSION

We relocated a newly compiled catalogue of seismic events in the
North Sea. The relocated and updated catalogue shows more tightly
clustered seismicity aligned to structures. In addition, the relocation
process added to our understanding of location uncertainties asso-
ciated with earthquakes in the North Sea. Here, we show an average
tenfold increase in the uncertainty estimates, giving a more realistic
picture of the true uncertainties in the area, which is particularly im-
portant for offshore operations. Location accuracy and precision is
limited by the lack of azimuthal station coverage as well as the large
distances to the closest station, due to the fact that only onshore
installations are permanently available. Further, the heterogeneous
crustal structure of the North Sea cannot be represented by any 1-D
velocity model. Thus, the application of a 3-D velocity model or at
least a combination of several 1-D models is considered essential
to reflect the large geological variations across the area.
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