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Abstract 11 

The Mw 4.5 southern Viking Graben earthquake on 30 June 2017 was one of the largest 12 

seismic events in the Norwegian part of the North Sea the last century. It was well recorded 13 

on surrounding broadband seismic stations at regional distances, and it generated high 14 

signal-to-noise ratio teleseismic P-arrivals at up to 90 degrees with good azimuthal coverage. 15 

Here, the teleseismic signals provide a unique opportunity to constrain the event 16 

hypocenter. Depth phases are visible globally and indicate a surface reflection in the P-wave 17 

coda some 4 seconds after the initial P-arrival, giving a much better depth constraint than 18 

regional S-P time differences provide. Moment tensor inversion results in a reverse thrust 19 

faulting mechanism. The fit between synthetic and observed surface-waves at regional 20 

distances is improved by including a sedimentary layer. Synthetic teleseismic waveforms 21 
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generated based on the moment tensor solution and a near-source 1D velocity model 22 

indicate a depth of 7 km. Correlation detectors using the S-wave coda from the main event 23 

were run on almost 30 years of continuous multichannel seismic data searching for 24 

repeating signals. In addition to a magnitude 1.9 aftershock 33 minutes later, and a few 25 

magnitude ~1 events in the following days, a magnitude 2.5 earthquake on 13 November 26 

2016 was the only event found to match the 30 June 2017 event well. Using double-27 

difference techniques, we find that the two largest events are located within 1 km of the 28 

main event. We present a Bayesloc probabilistic multiple event location including the 30 29 

June event and all additional seismic events in the region well-recorded on the regional 30 

networks. The Bayesloc relocation gave a more consistent seismicity pattern and moved 31 

several of the events more towards the west. The results of this study are also discussed 32 

within the regional seismotectonic frame-of-reference. 33 
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Introduction  34 

The seismicity of the North Sea is low to intermediate (Bungum et al., 2000; Lindholm and 35 

Bungum, 2000; Ottemöller et al., 2005). Most of the earthquakes in the North Sea are 36 

located along the Norwegian coastline, in the Viking and Central Grabens, and along the 37 

passive margins (Bungum et al., 1991). Usually the seismic events are below magnitude 3. 38 

Figure 1 shows the location of the 30 June 2017 event as reported in the Norwegian National 39 

Seismic Network (NNSN) bulletin, the main seismicity pattern in the North Sea from 1982 to 40 

2018, as well as available focal mechanisms for events above magnitude 3.5. In the 41 

following, we divide the Norwegian part of the North Sea into three different regions: north 42 

from 60-62o N, central from 58-60o N and south from 56-58o N. Historically, we know of two 43 

larger earthquakes located in the North Sea region: a magnitude 6.1 event on 7 June 1931 in 44 

the Dogger Bank area (54.1o N, 1.5o E) and a magnitude 5.2 event off the west coast of 45 

Norway (59.8o N, 1.8o E) on 24 January 1927 (Musson, 1994; Bungum et al., 2003). 46 

Additionally, on 4 January 1879 a magnitude (ML) 4.8 event occurred in the northern North 47 

Sea (61o N, 2o E) (Musson, 2008).  48 

Another moderately sized earthquake (Mw 4.1-4.4) occurred on 7 May 2001 at the Ekofisk 49 

oil field in the Central Graben. Ottemöller et al. (2005) concluded that this event was 50 

induced by water injection. The depth was determined using spectral and moment tensor 51 

analysis, indicating a depth of less than 3 km, which later was confirmed through GPS and 52 

differential bathymetry data. Further studies on the moment tensor of the seismic event was 53 

conducted by Selby et al. (2005) and Cesca et al. (2011).  54 

The first major overview of earthquake focal mechanisms for areas offshore Norway was 55 

published by Bungum et al. (1991), while later studies have been made by Hicks et al. (2000) 56 
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and Tjåland and Ottemöller (2018). The northern part of the North Sea is one of the most 57 

seismically active regions of Norway, and several focal mechanisms have been calculated for 58 

the area (Figure 1). Hicks et al. (2000) found that the focal mechanisms in the region were 59 

divided into two groups, reverse to oblique reverse and normal to strike-strip, and generally 60 

showed a maximum compressive stress in the WNW-ESE direction. This direction is 61 

consistent with a ridge-push force from the Mid-Atlantic ridge as observed also along most 62 

of the Norwegian continental margin (Bungum et al., 1991; Fejerskov and Lindholm, 2000; 63 

Lindholm et al., 2000). Tjåland and Ottemöller (2018) reviewed previous fault plane solutions 64 

and assigned quality measures to these based on the number of polarity observations and 65 

the azimuthal coverage. The high-quality solutions agree well with the stress pattern 66 

obtained by Hicks et al. (2000).  67 

The focus of this study is an earthquake that occurred on 30 June 2017 at 13.33 UTC with a 68 

magnitude of Mw 4.5 in the central part of the North Sea, near the transition between the 69 

Viking and Central Grabens. The event was the largest in the area for almost a century, and 70 

was reported felt in north-east Scotland, Fair Isle, Orkney, Stavanger in Norway, the Shetland 71 

Islands, and on the Sleipner A petroleum platform, with a maximum intensity of 4 (European 72 

Macroseismic Scale). No damage related to this earthquake was reported.  73 

The relative lack of seismicity in the central and southern parts of the North Sea, structurally 74 

represented by the Viking and Central Grabens, is well known, so in this region we can infer 75 

stress directions mostly from borehole in situ measurements. However, these 76 

measurements are made in boreholes drilled into the sedimentary layers, and may not 77 

necessarily represent the stress regime in the underlying basement (Lindholm et al., 1995). 78 

Even so, such measurements have shown reasonably consistent compressive stress in the 79 
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WNW-ESE direction, in line with the expectation from Mid-Atlantic ridge-push forces (e.g., 80 

Richardson et al., 1979; Stein et al., 1989). In the Viking Graben only one focal mechanism 81 

has been calculated earlier (oblique normal, 29 July 1982) (Hicks et al., 2000) at a distance of 82 

134 km from the 30 June 2017 event (Figure 1). A new high-quality focal mechanism for the 83 

30 June 2017 earthquake can therefore assist in further inferring a stress direction in the 84 

Viking Graben. 85 

The Mesozoic North Sea rift system consists of the Viking Graben (striking largely NS down to 86 

58oN), the Central Graben (striking southeasterly from 58oN) and the Moray Firth Graben 87 

(striking westwards), coming together at a triple junction (around 58oN, 1oE) characterized 88 

by a large Middle Jurassic volcanic center. The first stage of the structural evolution of the 89 

North Sea region implied initial development of the basin framework during the Early 90 

Paleozoic. Subsequently, rifting activity, connected to the Arctic-North Atlantic rift system, 91 

continued in the early Triassic, followed by repeated reactivation of existing basement 92 

lineaments in response to extensional deformation in the Mesozoic and Cenozoic 93 

(Bartholomew et al., 1993). Crustal extension peaked during the Late Jurassic-Early 94 

Cretaceous, terminating in the early Eocene when the North Atlantic opened north of the 95 

Charlie-Gibbs Fracture Zone (Ziegler, 1992; Talwani and Eldholm, 1977). A model by 96 

Bartholomew et al. (1993) invokes the rifting of the North Sea during the Late Jurassic in 97 

response to a simple regional stress regime, with a maximum compressive stress direction 98 

oriented N-S to NNW-SSE. 99 

This leaves the Viking and Central Grabens essentially as failed rifts during the Early 100 

Cenozoic, and there are reasons to assume that the earthquake activity in this region 101 

therefore primarily will be expressing the response of existing zones of weakness to the 102 
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contemporary stress regime (e.g., Lindholm et al., 2000). The seismic activity is relatively 103 

high in the northern part of the Viking Graben, slowing down gradually in the southerly 104 

direction, and more or less petering out into the Central Graben. 105 

The 30 June 2017 earthquake occurred in the southern Viking Graben and was recorded with 106 

high signal-to-noise ratios at stations of the NNSN and British Geological Survey (BGS). In 107 

addition, the event was recorded at a large number of global stations. Most seismic events in 108 

the North Sea due to their size are recorded only at regional distances. Teleseismic signal 109 

onset estimates often have lower traveltime residuals than regional arrivals (e.g. Myers et 110 

al., 2015) and this event is a unique opportunity to locate a North Sea earthquake using both 111 

regional and teleseismic readings, thereby mitigating possible bias in regional traveltime 112 

calculations.  113 

In this study, we estimate a hypocenter location combining regional and teleseismic data, to 114 

obtain as accurate an epicenter and depth estimate as possible. We investigate the 115 

hypocenter location and the source mechanism. In addition, we have been pursuing 116 

potential aftershocks or other similar events on the same fault using correlation detectors. 117 

Multiple re-analysis of event locations for clustered seismicity is also used to relocate 118 

individual events from the NNSN bulletin.  119 

Since there are several offshore platforms related to oil and gas production in the area, the 120 

analysis of this event is important for risk assessment related to production. 121 

 122 

 123 

   124 
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 Location in bulletin of the Norwegian National Seismic Network 125 

Instrumentally, the 30 June 2017 earthquake was observed with high signal-to-noise ratios 126 

at stations of the NNSN. The NNSN is operated by the University of Bergen in cooperation 127 

with NORSAR, where the University of Bergen runs 34 seismic stations covering mainland 128 

Norway, Jan Mayen and Svalbard (Ottemöller et al., 2018). NORSAR is responsible for five 129 

seismic arrays and four single seismic stations (Schweitzer and Roth, 2015; Gibbons et al., 130 

2019). In addition, we had access to seismic data from the permanent monitoring systems 131 

installed on the sea-floor at Ekofisk (operated by Conoco-Phillips), Grane and Oseberg (both 132 

operated by Equinor), as well as the stations operated by the British Geological Survey (BGS),  133 

the Geological Survey of Denmark and Greenland (GEUS), Swedish Defense Research Agency 134 

(FOI) and stations of the Swedish National Seismic Network (SNSN) operated by the 135 

University of Uppsala. The detection threshold for seismicity in this region of the North Sea 136 

using the NNSN is approximately magnitude 2 (Demuth et al., 2016). Figure 1 shows the 137 

earthquake location (green circle) and the stations (red triangles for single stations and red 138 

circles for seismic arrays) used to locate the 30 June 2017 earthquake as reported in the 139 

NNSN bulletin. The earthquake was well recorded regionally, with a good azimuthal 140 

coverage. The NNSN hypocenter parameters and uncertainties are provided in Table 1. 141 

Waveforms from a selected set of stations at different distance and azimuth from the event 142 

are shown in Figure 2. The vertical and horizontal components are shown for each station, 143 

and the Pn and Sn arrivals are indicated. Generally, the P-phases are picked on vertical 144 

components and the S-phases on rotated horizontal components. Accurate S-phase arrival 145 

time readings, together with a good velocity model, are necessary for locating low 146 

magnitude North Sea events accurately. As a rule of thumb, the depth of local events can be 147 

estimated with confidence if there are phase observations at stations located within a 148 
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distance about twice the event depth (Havskov and Ottemöller, 2010; Havskov et al., 2011). 149 

This was not the case for the 30 June 2017 event, as for most regional earthquakes in this 150 

area. The closest stations are at the Grane field at a distance of about 50 km (see Figure 1).  151 

To quantify how well the earthquake hypocenter is constrained when using the phase 152 

readings from the NNSN bulletin, of which almost all are regional P and S-phases, a 3D grid 153 

search was conducted. This is illustrated in Figure 3 (left panel), where a vertical 2D section 154 

from the grid search is shown. The grid search was performed using the traveltimes 155 

predicted by the NNSN regional velocity model (Havskov and Bungum, 1987) (see right-hand 156 

panel of Figure 3). The different colors represent the L1-norm of time residuals. From this 157 

vertical section, we observe that the depth resolution between 2 and 17 km is quite limited. 158 

Figure 3 illustrates the depth uncertainty when using only regional P- and S-phase arrival 159 

times and we therefore seek additional ways to constrain the depth. As rarely observed in 160 

this region, the event was large enough to be recorded teleseismically and accurate depth 161 

phase arrival-time measurements may provide tighter constraints (e.g. Heyburn et al., 2013). 162 

This will be discussed in the section Depth Estimation using Teleseismic Observations. 163 

 164 

 165 
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Regional moment tensor inversion 171 

The 2017 earthquake provided clear long-period signals at several regional stations, which 172 

enabled us to carry out a moment tensor inversion. In total, we used 22 stations from the 173 

Norwegian National Seismic Network (NS), the Great Britain Seismograph Network (GB), the 174 

Danish Seismological Network (DK), GEOFON (GE), the Global Seismographic Network 175 

(IRIS/USGS) (II/IU), the German Regional Seismic Network (GR) and the Swedish National 176 

Seismic Network (UP).  177 

We used the matrix inversion method from Ichinose et al. (2003) (see Data and Resources 178 

Section) to obtain the deviatoric moment tensor. The data were bandpass filtered between 179 

0.02 and 0.07 Hz. Green’s functions were computed using a fast reflectivity and frequency-180 

wavenumber (f-k) summation technique (Zeng and Anderson, 1995) for hypocentral depths 181 

between 1 and 15 km depth with 1 km increment. Different velocity models were tested to 182 

identify which 1D model best represents the regional crustal structure (see Table 2): the 1D 183 

NNSN model for the Northern North Sea (Havskov and Bungum, 1987), and an averaged 184 

Crust1.0 model (Laske et al., 2012) for the North sea and surrounding regions. Additionally, 185 

we created another model by adding a sedimentary layer of 2 km to the NNSN model. The 186 

thickness of this layer was taken as the average of the Crust1.0 model for the North Sea and 187 

the surrounding area (Laske et al., 2012). The velocity models are shown in the electronic 188 

supplement. To account for origin time uncertainty from the hypocenter solution, the origin 189 

time of the synthetics were for alignment purposes shifted up to ± 3.0 seconds.  190 

Most of the usable regional observations are from stations in Norway and Great Britain, but 191 

additional stations from other countries were included to improve the azimuthal coverage. 192 

The waveform fits for stations in Northern Germany and the Netherlands were generally 193 
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poor, which was most likely caused by thick sediments (8-10 km) in these regions (Artemieva 194 

and Thybo, 2013). The lower signal to noise ratio was also a problem on their records.  195 

To determine the best result, we calculated the variance reduction (VR) of the inversion 196 

results using the following equation: 197 

𝑉𝑅 = (1 −
∑(𝑜𝑏𝑠𝑒𝑟𝑣𝑒𝑑 − 𝑠𝑦𝑛𝑡ℎ𝑒𝑡𝑖𝑐)2

∑ 𝑜𝑏𝑠𝑒𝑟𝑣𝑒𝑑2
) 𝑥 100 % .                 (1) 198 

As seen from Equation 1, a high VR represents a good fit between observed and synthetic 199 

data. The uncertainty of the moment tensor inversion calculation is indirectly represented by 200 

the VR. The Crust1.0 model with sedimentary layer (see table available in the electronic 201 

supplement) produced the highest VR (see Table 2) with a thrust mechanism for a 202 

hypocentral depth of 7 km, as illustrated in Figure 4. Both fault planes are striking NNW-SSE. 203 

The corresponding axis of maximum compressive stress is nearly horizontal with an azimuth 204 

of 80° while the axis of minimum compressive stress is near vertical with a trend of 324°. A 205 

comparison of observed and synthetic waveforms is shown in the electronic supplement. 206 

Our moment tensor inversion result is slightly different to the GCMT results (Table 3 and 207 

Figure 4c), with the GCMT solution giving slightly larger strike-slip contributions, a greater 208 

depth and a larger Mw.  209 

For the NNSN and Crust1.0 models, the use of a sedimentary layer increased the respective 210 

variance reductions. The significant improvement caused by the addition of a sedimentary 211 

layer to the velocity models can be seen on the surface waves at the transverse components 212 

especially at epicentral distances > 500 km (see Figure 5). At these distances the amplitude 213 

of surface waves becomes dominant and larger than the body waves. The cross-correlation 214 

coefficients between observed and synthetic data are increased. As for the stations that 215 
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have a close epicentral distance, which are mostly located in Norway (Network code NS), the 216 

cross-correlation coefficients are also slightly increased. However, it seems that the inclusion 217 

of sedimentary layer does not significantly improve the waveform modelling for these 218 

stations.   219 

 220 
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Depth Estimation using Teleseismic Observations 221 

The event of 30 June 2017 was relatively large for the North Sea region, and numerous 222 

teleseismic observations are available at all azimuths. Figure 6 displays stations at both 223 

regional and teleseismic distances for which body-wave arrivals were picked to locate the 224 

event. Separate symbols on the map indicate stations with first P-arrivals only, with both P- 225 

and S-arrivals, and with clear depth phase observations. The azimuthal coverage of all 226 

observations is good, and notably so also for the depth phases. Several studies show that 227 

reliable measurements of (pP/sP – P) traveltime differences can often offer the best depth 228 

constraints (e.g. Engdahl et al., 1998; Ottemöller et al., 2009). Heyburn et al. (2013) 229 

investigated how the global observability of depth phases was likely to vary with focal 230 

mechanism and demonstrated that dip-slip mechanisms (as observed here) are expected to 231 

excite strong pP depth phases at teleseismic distances and at a wide range of azimuths.   232 

The event was located with the HYPOSAT algorithm (Schweitzer, 2001; Schweitzer, 2018) 233 

(see Data and Resources Section) using the regional and teleseismic observations from the 234 

stations shown in Figure 6. HYPOSAT uses information such as first onsets and later arrivals, 235 

plus additional information from ray parameters, azimuths and arrival time differences to 236 

calculate the best fitting hypocenter of a seismic source using generalized matrix inversion 237 

(Schweitzer, 2001). For calculation of more accurate pP and sP traveltimes, the HYPOSAT 238 

algorithm was extended to accommodate the use of a different 1D local velocity model for 239 

the source region, combined with global models.  240 

The local 1D-velocity model used better describes the source region and includes a 241 

sedimentary layer in the upper part of the model.  The model is shown in Figure 3b. Here it is 242 

assumed that the geological conditions of the nearest hydrocarbon field (the Gudrun field) 243 
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are similar to those of the source region. The distance between the source region and the 244 

Gudrun field is approximately 10 km. The upper 5 km of the local 1D model is based on 245 

averaging the sedimentary velocities obtained from a well-log in the northern part of the 246 

Gudrun field (velocities from the well-log is shown by the thin black line in Figure 3b). The 247 

sedimentary layers were extended down to 8 km using a gradual increase in sedimentary 248 

velocities. Below 8 km we assume crustal velocities similar to those of the Fennoscandian 1D 249 

velocity model (FESCAN) (Mykkeltveit & Ringdal, 1981). 250 

In addition to using the 1D local velocity model for the source region, two global models 251 

were included in the location: FESCAN and ak135 (Kennett et al., 1995). Further, a second 252 

location was evaluated using all the same criteria and just interchanging the FESCAN model 253 

with the NNSN model (see velocity models in Figure 3b).   254 

The local velocity model was used at distances up to 1°, FESCAN/NNSN between 1 and 14° 255 

and ak135 beyond 14°. The local velocity model was used between 0-1° since it better 256 

describes the crustal structures of the immediate source region than regional models. For 257 

distances between 1 and 14° the FESCAN/NNSN models better represents the crustal and 258 

upper mantle structures of this region than the globally averaged ak135 model. The crustal 259 

thickness of the NNSN model is 31 km, which is representative for the North Sea and 260 

western Norway regions. The FESCAN model has a crustal thickness of 40 km, and better 261 

represents the thicker crust in the continental regions of Fennoscandia.  262 

A total of 341 phases (P, S, PcP and pP) from 246 stations with an azimuthal gap of 27° were 263 

used as input to the HYPOSAT algorithm. The estimated locations are provided in Table 4 264 

and the corresponding 95% uncertainty estimates in Table 5. The event depth is determined 265 

to be between 6 and 7 km. Overall, the FESCAN model gave lower residuals than the NNSN 266 
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model. This was particularly pronounced for stations at far-regional distances above 10°, 267 

where the station residuals indicate that the FESCAN model better represents the crustal 268 

and upper mantle structures along the regional propagation paths. Consequently, the 269 

hypocenter associated with the FESCAN model is considered here to be the preferred 270 

location.  271 

The vertical component of the observed seismograms from the stations shown with black 272 

symbols in the map of Figure 6 are presented in Figure 7a. The waveforms are sorted by 273 

azimuth and filtered in the 1-3 Hz band. For the array stations, standard beamforming 274 

procedures were performed to improve the signal-to-noise ratio.  The vertical arrows 275 

indicate the first P-phase and the depth phase. The time-aligned traces show a relatively 276 

consistent time difference of 4.25 seconds between the two phases at all stations, 277 

supporting the depth phase hypothesis.  278 

The signal from CMAR (Chiang Mai array, Thailand), approximately 78° from the epicenter, 279 

holds clear P and depth phase arrivals, and is shown as the red seismogram in Figure 7a. In 280 

order to further constrain the event depth and verify the presence of a depth phase in the 281 

signal, synthetic seismograms were estimated for the CMAR array using the hudson96 282 

program (Herrmann, 2013) (see Data and Resources Section). This program uses the 283 

theoretical inversion approach developed by Hudson (1969).  284 

Synthetic seismograms were calculated for source depths between 1 and 12 km in steps of 1 285 

km, using the ak135 model and the GCMT focal mechanism for modelling wave propagation 286 

to teleseismic distances. However, a 1D velocity model with sedimentary layers (see local 287 

model of Figure 3b) was used in hudson96 for modelling wave propagation in the source 288 

region. The GCMT mechanism was used since it gave a better fit between the observed and 289 
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synthetic teleseismic seismograms than the mechanism obtained from the regional surface 290 

wave data in this study. The exact reason for this observation is not fully 291 

understood.  However, due to the source process and lateral heterogeneities in the source 292 

region, the short period radiation pattern of a seismic event does not have to be equal to the 293 

longer period radiation pattern, which is dominating moment tensor solutions. In our case it 294 

appears teleseismically observed short period radiation pattern is in better correspondence 295 

with the GCMT solution than with the moment tensor solution estimated from regional data.  296 

The modelling results are presented in Figure 7b (filtered between 1.5 and 3.5 Hz). The 297 

observed and synthetic seismograms show the largest similarity for a source at a depth 298 

between 6 and 7 km, indicated by the red-colored seismograms. The synthetic seismogram 299 

shows a clear depth phase arrival, where the first P arrives 4.25 seconds prior to the depth 300 

phase. This is consistent with what is observed in the seismograms recorded at CMAR.  301 

Using an estimated depth of 6.5 km, waveform modelling was performed for the remaining 302 

stations of Figure 7a. The results are presented in Figure 8, where a) shows unfiltered 303 

synthetic seismograms, b) synthetic seismograms filtered between 1.5 and 3.5 Hz, and c) 304 

observed seismograms filtered between 1 and 3 Hz. In order to ensure similar dominant 305 

signal frequencies, the synthetic seismograms were filtered at slightly higher frequencies 306 

than the observed data.  Comparing the seismograms in Figure 8b and 8c, both the synthetic 307 

and observed data show aligned traces with a relatively consistent time difference of 4.25 308 

seconds between the two phases at all stations, which again supports the earlier depth 309 

phase hypothesis and the associated hypocentral depth.  310 

The unfiltered synthetic seismograms of Figure 8a show a clear depth phase arrival at all 311 

stations having a reversed polarity as compared with the first-arriving P. This is a strong 312 
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indication of the depth phase being pP as pP leaves the source in the compressional 313 

quadrant upward, while P leaves downward from the same quadrant. About 1-2 seconds 314 

later, another weak phase arrival can be seen in the modelled waveforms (indicated by an 315 

arrow in Figure 8b), which corresponds with the travel time of sP. The sP arrival is most 316 

clearly seen on the modelled waveforms at stations with azimuths between 159-244°. For 317 

this GCMT focal mechanism (reverse fault) it is known that pP is radiated with larger 318 

amplitudes than the sP (see e.g., Heyburn, 2013).  319 
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Aftershocks and Related Seismicity  320 

In the North Sea and along the Norwegian continental margin there is a great variety in 321 

aftershock occurrence, with end members represented by the 8 August 1988 Mw 5.3 Møre 322 

Basin earthquake, with no previous observed seismicity in the epicentral region and no 323 

observed aftershocks (Hansen et al., 1989), and two events offshore western Norway in 324 

1986 (Mw 4.7) and 1989 (Mw 5.2), both with a number of observed aftershocks (Bungum 325 

and Alsaker, 1991). Given Båth’s Law, and even more so the fact that the largest aftershock 326 

from the 1986 and 1989 events was between 2 and 3 ML units smaller than the main event, 327 

this indicates that in most cases for this low seismicity region possible aftershocks will simply 328 

not be detected. However, the tool now provided by the multi-channel correlation detector 329 

of Gibbons and Ringdal (2006) has changed this, giving us a chance to go much lower in 330 

magnitude in search for both previous and subsequent activity on or nearby the causative 331 

fault.  332 

For example, by using a ML 3.5 earthquake from a costal site in Northern Norway as a full 333 

waveform template, repeating seismicity from the same region could be monitored down to   334 

ML 0.5 using the NORSAR array at a distance of 550 km (Gibbons et al., 2007). This array 335 

station is at a similar distance to the North Sea earthquake and we can attempt a similar 336 

procedure. The NORSAR array has two advantages in monitoring for low-magnitude seismic 337 

events close to a well-recorded master event at regional distances using correlation 338 

detector. The first one is the large number of sensors and their considerable separation, 339 

resulting in a template with a high time-bandwidth-product and providing a low background 340 

level for the detection statistic. The second advantage is the long archive of continuous 341 

waveform data. A template covering the Sn-arrival and coda was extracted for the 30 June 342 

2017 event and correlated against continuous data starting in December 1995 using a 343 
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bandpass filter between 2 and 5 Hz. This date corresponds to the time of the upgrade of the 344 

seismometers and digitizers, and the increase of the sampling rate from 20 to 40 Hz. In 345 

almost 23 years of correlation of the waveform archive with the signal template, only four 346 

significant triggers were registered. Three small aftershocks were detected in the 48 hours 347 

following the main event. The largest, with magnitude 1.9, occurred 32 minutes after the 348 

main event. A single event of magnitude 2.4 on November 13, 2016, is the only occasion in 349 

this time-span on which a similar signal was recorded prior to June 2017. The signals 350 

generated by the smallest aftershocks are well below the noise level and we display the 351 

waveforms for all these correlation triggers as recorded at the KMY station (Figure 9). 352 

To further investigate the location of the triggered events, we analyzed data from six 353 

stations at different directions from the main event. If the triggered signals at these stations 354 

correlate with the correct time delays with the signal template of the main event, we can 355 

conclude that the triggered events are co-located with the main event.  356 

We see in Figure 10 that the S-wave templates from the main shock correlate well with 357 

signals from the two largest events at six different stations, surrounding the source as 358 

displayed. Each correlation trace displays a local peak, which is at a significantly higher level 359 

than at surrounding samples. Minimizing the time-differences over a geographic grid (details 360 

of the procedure provided in Gibbons et al., 2017) demonstrate that both the 13 November 361 

2016 earthquake and the largest aftershock on 30 June 2017 were located in the immediate 362 

vicinity of the main shock. Given the anticipated rupture length associated with the main 363 

shock of approximately 1 km, and the spatial resolution of a few hundred meters indicated 364 

for these S-wave double difference calculations (see Figure 10c and 10d), we can assume 365 

that the relative locations of these events are essentially co-located. The small differences 366 
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indicated in Figure 10c and 10d are within the region of uncertainty of several hundred 367 

meters. A relative location was not attempted for the two smallest events displayed in 368 

Figure 9 since a satisfactory correlation was not possible on stations surrounding the source. 369 

Multiple re-analysis of event locations for clustered seismicity can improve location 370 

estimates for individual events significantly (e.g. Myers et al., 2007; Nooshiri et al., 2017). 371 

The Bayesloc Bayesian hierarchical probabilistic multiple event location algorithm (see Data 372 

and Resources Section) calculates joint probability distributions for event hypocenters, 373 

phase identification labels, phase reading uncertainties and, most significantly, corrections 374 

to seismic traveltime predictions. The traveltime prediction corrections are estimated from 375 

large numbers of events, many of which are well constrained. The corrections mitigate 376 

inaccuracies in the velocity model applied and reduce the location bias for those events with 377 

relatively few observations. With its many global and regional recordings, and additional 378 

depth constraints, the June 30 earthquake is such an event which can be assigned very tight 379 

priors in the Bayesloc location. The presence of this event increases the quality of the time-380 

correction probability distributions for the region and improve location estimates for nearby 381 

events. 382 

Figure 11 displays the output from the Bayesloc program (red symbols) for a number of the 383 

better observed events in the Central North Sea. The NNSN catalog has been supplemented 384 

with additional readings from other stations, including the large aperture NORSAR array and 385 

numerous temporary deployments. A more clustered image of seismicity emerges in the 386 

relocated events than in the single-event location estimates (yellow symbols) and it appears 387 

that many of the largest earthquakes in the period 2000-2018 occur significantly further to 388 

the west. The oil fields are included together with the earthquake locations in Figure 11 to 389 

show the importance of locating natural seismic events in the North Sea. Many of the largest 390 
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relocation vectors in Figure 11 are found to be associated with apparent timing or phase pick 391 

errors on one or more stations. Uncorrected timing anomalies with significant influence on 392 

the single-event location estimates have demonstrably reduced influence on the multiple 393 

event location distributions. The ability of Bayesloc to improve the traveltime predictions for 394 

all arrivals increases the relative size of the traveltime residuals for the few readings subject 395 

to timing errors and makes it easier for them to be ignored in the final location estimates.  396 

 397 

 398 

 399 

 400 
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Discussion and Conclusions  401 

The 30 June 2017 Viking Graben earthquake was well recorded at both regional and 402 

teleseismic distances and we could exploit teleseismic depth phases to provide constraints 403 

on the focal depth. The introduction of a local 1D model with low velocity sedimentary layers 404 

was necessary to convert the observed pP-P differential times into a more accurate depth 405 

estimate. The inclusion of the local model gave an event depth of 6-7 km. This depth is 406 

supported by synthetic modelling of seismograms and from the calculation of the moment 407 

tensor. The event most likely occurred in the Baltica basement which is found at a depth of 6 408 

to 9 km in the South Viking Graben (Fazlikhani et al., 2017).  409 

For earthquake locations, the uncertainties related to the event depth are normally 410 

considerably higher than for the epicenter location (Engdahl et al., 1998; Havskov and 411 

Ottemöller, 2010). Here these uncertainties are significantly reduced through the inclusion 412 

of depth phases and a local velocity model with a sedimentary layer. As seen from Figure 3a, 413 

phases from the regional network provided little resolution on the focal depth estimate. It 414 

was also shown that including a sedimentary layer in the estimation of the moment tensor 415 

reduced the variance significantly.  416 

The epicenter reported in the regional NNSN seismic bulletin had a latitude uncertainty of 417 

2.5 km and a longitude uncertainty of 4.2 km. The uncertainties from the HYPOSAT location 418 

algorithm are represented by 95% uncertainty ellipses (see Table 4). The major and minor 419 

half axes of the ellipses varied between 2.3 and 1.2 km. It should be noted that the 420 

calculated uncertainties include reading uncertainties and uncertainties related to station 421 

geometry, and other factors such as systematic errors are not included. The distribution of 422 

the locations obtained using the HYPOSAT-algorithm (which included both regional and 423 
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teleseismic phases) as well as the location provided in the NNSN bulletin (which included 424 

only regional phases) provide a more realistic picture of the location uncertainties. The 425 

epicenter locations in Table 4 are separated by about 4 km. Both of these locations used the 426 

same input data except for the regional velocity model, showing the importance of the 427 

model. The epicenter of the NNSN bulletin is located in-between the HYPOSAT locations 428 

given in Table 4.  429 

The origin time uncertainties provided in Table 1 and Table 5 are computed using different 430 

methods, and are therefore not directly comparable. For more information, we refer to the 431 

manuals of the programs used for estimation: Ottemöller et al. (2019) and Schweitzer 432 

(2018).  433 

All the epicenter estimates lie between 8-10 km from the Gudrun oil/gas field. Examining a 434 

relationship between production and earthquakes is of importance in the North Sea. 435 

Addressing this question requires additional data from the source region and for the 2017 436 

event is not the main focus of this work. However, we present some of the background. The 437 

Gudrun field was discovered in 1975 and is a high temperature high pressure field that 438 

started producing in 2014.  439 

Numerous studies have been conducted globally indicating the importance of induced 440 

seismicity (e.g., Simpson et al., 1988; Dahm et al., 2007; Ellsworth, 2013; Foulger et al., 441 

2018). Causes of reservoir induced earthquakes can be both related to injection and 442 

extraction of fluids (Dahm et al., 2007; Ellsworth, 2013). As of 2017, extraction at Gudrun has 443 

been carried out without fluid injection. The focal mechanism could potentially indicate if 444 

the derived stress direction deviates from the regional pattern (e.g. Dahm et al., 2007; 445 

Ellsworth, 2013).  The mechanism here is reverse, which is expected and agrees with the 446 
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regional stress pattern. While most induced earthquakes occur close to the production sites, 447 

there are examples of events being induced/triggered several kilometers away, due changes 448 

in the stress field caused by the hydrocarbon production (Ellsworth, 2013; Foulger et al., 449 

2018). An Mw 4.5 earthquake in a stable continental region has a rupture length in the order 450 

of 1 km (Wells and Coppersmith, 1994; Leonard, 2010), which combined with the location 451 

uncertainty, makes it difficult to associate with any particular mapped structure (Figure 11). 452 

The event in terms of mechanism and size is not unexpected for this region. Currently, we 453 

have no evidence that the earthquake is triggered by stress changes due to hydrocarbon 454 

production. However, this could potentially be addressed in future studies and would 455 

require more data from the nearby hydrocarbon fields.  456 

We advocate the application of multiple-event location methods to build up a more accurate 457 

picture of the spatial distribution of seismicity. Probabilistic and deterministic methods 458 

which can compensate for shortcomings in seismic traveltime predictions can sharpen the 459 

image and help to identify mislocated events and possible instrumental timing errors, which 460 

may contribute to poor catalog location estimates. We perform a Bayesloc relocation of 461 

some of the larger events in the North Sea over the past two decades and find far more 462 

clustered seismicity than is observed in the single-event catalog locations. Many earthquakes 463 

are relocated further to the west (See Figure 11).  464 

The largest previously recorded earthquake in the North Sea was on 23 January 1989 and 465 

had a moment magnitude of 5.2. Most of the earthquake mechanisms in this region reflect 466 

thrust to oblique thrust faulting and with a compressional axis in the NW-SE direction, 467 

consistent with ridge-push forces (Bungum et al., 1991; Lindholm et al., 2000; Hicks et al., 468 

2000).  469 
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The North Sea earthquake focal mechanism obtained in this study is largely consistent with 470 

these observations and with stress modelling results (Gölke et al., 1996; Fejerskov and 471 

Lindholm, 2000) which indicate a NW-SE to WNW-ESE compressive stress field in Europe 472 

with 10-20 MPa averaged over a 100 km thick lithosphere (Gölke and Coblenz, 1996).  A 473 

compressional direction of 80o for the present earthquake is a slight deviation from the main 474 

trend, but certainly within the expected range of scatter. There are two main reasons for 475 

such deviations, firstly that the stress axes are assumed to bisect the angles between the 476 

nodal planes, while we know that this angle for thrust mechanisms is more often around 30o 477 

than 45o (e.g. Sibson, 1985). Secondly, the stress field at any particular place is the 478 

superposition of tectonic stress and more regional and local sources of stress such as effects 479 

of rebound and glacial load cycles, structural features, erosion and sedimentation, and 480 

lateral inhomogeneities in general.  Such features have been modelled (Gölke and Coblentz, 481 

1996; Fejerskov and Lindholm, 2000), but not (to our knowledge) the effects of the crustal 482 

thinning in the Viking Graben, which in general should contribute to a stress concentration. 483 

For smaller to moderate size earthquakes, local variations are expected to influence the 484 

stress direction and can therefore give some deviation from the main trend.  485 

This study has added to our understanding of the regional seismotectonics in the southern 486 

Viking Graben, including the stress orientation, which is generally consistent with the ridge-487 

push force from the Mid-Atlantic seafloor spreading. Additionally, it was shown that 488 

including a local velocity model with lower velocities for the shallower layers resulted in an 489 

improved correspondence between observed and modelled depth phases and an improved 490 

determination of the event depth, which always is a challenge for an earthquake so far from 491 

any shoreline. 492 
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Tables 736 

Table 1: Event location from the Norwegian National Seismic Network (NNSN) seismic 737 

bulletin. The abbreviation NSTA is the number of stations used for the location.   738 

NNSN Origin date/time Latitude Longitude Depth NSTA RMS ML 

Results 2017 06 30 

13:33:46.3 

58.98°N 1.79°E 11.0 km 108 0.7 4.2 

Uncertainty 1.95 s 2.5 km 4.2 km 3.0 km   0.2 

 739 

Table 2: List of velocity models used in the moment tensor inversion and the variance 740 

reductions for each model. 741 

No. Velocity Model Variance reduction (%) 

1 NNSN model 47.1 

2 NNSN model + sedimentary layer from Crust1.0 60.3 

3 Crust1.0 without sedimentary layer 54.0 

4 Crust1.0 with sedimentary layer  68.4 

 742 

Table 3: Comparison between the moment tensor solution in this study and the GCMT.  743 

Solution Focal Mechanism 

(Strike/Dip/Rake) 

Depth 

(km) 

Mo (Nm) Mw DC % 
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This study 161/42/78 

358/50/101 

7 6.7 x 1015 4.5 73.6 % 

GCMT 146/57/57 

17/45/130 

12 1.73 x 1016 4.8 69.5 % 

 744 

Table 4: Locations estimates using HYPOSAT with regional and teleseismic phases, 745 

including depth phases. 746 

 747 

 748 

 749 
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 759 

MODEL Origin time Latitude Longitude Depth NSTA 

Local 

sediment 

+ NNSN + 

AK135 

2017 06 30 

13:33:45.5 

58.98°N 1.75°E 6.3 km 246 

Local 

sediment 

+ FESCAN 

+ AK135 

2017 06 30 

13:33:44.6 

58.96°N 1.81°E 7.0 km 246 
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 760 

 761 

Table 5: 95% uncertainty estimates for the locations found in Table 4.   762 

 763 

List of Figure Captions  764 

 765 

Figure 1: Seismotectonic overview of the North Sea. The red triangles (single stations) and 766 

circles (array stations) show the seismic stations with phase readings used in the NNSN 767 

location of the 30 June 2017 event. The grey symbols show events as far back as 1982 for 768 

which waveforms were available, and where phases were repicked and then jointly relocated 769 

MODEL  

 

Uncertainty 

ellipse major 

half axis 

Uncertainty 

ellipse 

minor half 

axis 

Azimuth of 

ellipse major  

axis 

Depth 

uncertainty 

Origin time 

uncertainty 

Local 

sediment 

+ NNSN 

+ AK135 

2.3 km 1.9 km 124.8° 0.7 km 0.13 s 

Local 

sediment 

+ 

FESCAN 

+ AK135 

1.4 km 1.2 km 155.0° 0.6 km 0.09 s  
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as part of this study. The events thus represent the main seismicity pattern since 1982. The 770 

event symbols are scaled according to the magnitude of the events.  Available focal 771 

mechanisms for events larger than magnitude 3.5 are shown and are, for display purposes, 772 

scaled up by a factor of two relative to the other event symbols (grey). Additionally, the focal 773 

mechanism from the study on the Ekofisk event by Cesca et al. (2011) is included. The 774 

location and focal mechanism of the June 2017 events are shown by the green symbols. The 775 

Viking Graben (VG) and Central Graben (CG) are indicated on the map. More detailed 776 

information on the North Sea rift structures and faults are provided in Figure 11.  777 

 778 

Figure 2: Unfiltered waveforms on selected regional stations at different distances and 779 

azimuths from the 30 June 2017 event. The event to station distances and azimuths are given 780 

on the right-hand side of the panel. The stations KMY (Karmøy) and SKAR (Skarslia) are 781 

located in Norway, LRW (Lerwick) on the Shetland Islands and EKB (Eskdalemuir) in Scotland. 782 

The locations of the North Sea stations Grane and Ekofisk stations are shown in the map of 783 

Figure 1.  784 

 785 

Figure 3: a) L1-norm time residuals from grid search using NNSN readings and the NNSN 786 

velocity model. The 2D grid is centered on the estimated longitude of the event as provided in 787 

the NNSN bulletin (1.79°E), and the latitude and depth axes are plotted to an equivalent 788 

kilometer scale. The red star indicates the latitude and depth of the NNSN location estimate. 789 

b) The solid red line shows the NNSN P-wave crustal velocity model, whereas the solid black 790 

line represents the P-wave crustal velocity model of the FESCAN model (Mykkeltveit & 791 

Ringdal, 1981). The blue line shows a representative crustal model with sedimentary layers 792 
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for the source region, while the thin black line (below the blue line) represents the P-wave 793 

velocities from a well-log north in the Gudrun field, approximately 8-10 km away from the 794 

NNSN earthquake location estimate.  795 

 796 

Figure 4: Focal mechanism solution obtained from this study along with the stations (red 797 

triangles) used in the inversion. (b) The plot of source depth vs variance reduction 798 

percentage, each of the focal mechanisms is labeled with the magnitude (Mw). The best focal 799 

mechanism is shown by the black arrow. (c) Comparison between the focal mechanism 800 

obtained in this study and the focal mechanism provided by the GCMT. The strike, dip, rake 801 

and moment magnitude for these focal mechanisms are available in Table 3.  802 

 803 

Figure 5: Example of waveform fit comparison between the moment tensor results using 804 

Crust1.0 (a) without sediment, and (b) with sediment. The displacement observed waveforms 805 

(black lines) and synthetic waveforms (red lines) are plotted for three components (Z: 806 

vertical, R: Radial, and T: Transverse components). The station and network codes are written 807 

on the top of each trace along with hypocentral distances (R), azimuth (Az), and time shift for 808 

each station (ts). The unit of the traces are in [µm]. On the upper left of each trace, the 809 

individual trace time shift and the cross-correlation coefficient are shown respectively.   810 

 811 

Figure 6: Observations from the 30 June 2017 event. The blue dots mark selected stations 812 

with P-phase readings, and red dots mark stations with both P- and S-readings. Black 813 
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symbols indicate seismic arrays (circles) and 3-component stations (triangles) with 814 

particularly clear depth phases. The dashed circle marks 15° of the epicenter (white square). 815 

 816 

Figure 7: a) Observations of P and depth phases from the 30 June 2017 event at teleseismic 817 

distances, sorted by azimuth. The locations of the different stations shown in this panel are 818 

shown by black symbols in Figure 6. The vertical arrows indicate the first P-phase and the 819 

depth phase. The time-aligned traces show a relatively consistent time difference of 4.25 820 

seconds between the two phases at all stations. The signal from CMAR (Chiang Mai array, 821 

Thailand) holds clear P and depth phase arrivals, and is shown as the red seismogram. The 822 

data is filtered between 1.5 and 3.5 Hz.   b) Waveform modelling at CMAR at different source 823 

depths. The best fit between the observed and synthetic data was at 6-7 km, indicated by the 824 

red seismograms. The data is filtered between 1 and 3 Hz.   825 

 826 

Figure 8: a) Waveform modelling at teleseismic stations using a source at 6.5 km depth 827 

(unfiltered).  b) Waveform modelling of at teleseismic stations using a source at 6.5 km depth 828 

(filtered 1-3 Hz). c) Observations at teleseismic distance (filtered 1.5-3.5 Hz). All the modelling 829 

is performed using the hudson96 algorithm. 830 

 831 

Figure 9: Seismic events found by waveform correlation to be related to the 30 June 2017 832 

event recorded on the NNSN station KMY at a distance of 200 km from the epicenter. All 833 

events were found using a 42-channel correlation detector on the NORSAR-array (distance 834 
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550 km) using the S-wave train from the main event as a signal template. The waveforms are 835 

filtered in a 2-5 Hz frequency band.  836 

 837 

Figure 10: Location relative to the 30 June 2017 main event (Event 2017-06-30 13:33:45) for 838 

the 13 November 2016 earthquake (panel c) and the largest aftershock on 30 June 2017 839 

(panel d). All relative time-delay measurements were made using templates covering the S-840 

wave arrival and coda. Panel (a) shows the correlation detection statistic traces for two 841 

events on the stations indicated in the map (b). The double-difference time-residual grids are 842 

displayed for the two events in panels (c) and (d). 843 

 844 

Figure 11: Selected events from the NNSN bulletin in the period 2000-2018 (yellow symbols) 845 

and their relocations using the Bayesloc probabilistic multiple event location algorithm (red 846 

symbols). The major faults of the North Sea area are shown with grey lines and the major 847 

structures of the Mesozoic rift system are shown with black lines. Bayesloc generates joint 848 

probability distributions both for event hypocenters and for correction terms for travel time 849 

predictions. The largest relocation vectors (the longest lines) can in most cases be associated 850 

with timing errors on one or more stations. The clear green regions indicate the extent of 851 

North Sea production fields as indicated by the Norwegian Petroleum Directorate, while the 852 

lighter green regions are the production fields as given by the British Oil and Gas Authority. 853 

The location of the 30 June 2017 event is shown by the blue symbol. 854 

 855 
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Figures 856 

 857 

Figure 1: Seismotectonic overview of the North Sea. The red triangles (single stations) and 858 

circles (array stations) show the seismic stations with phase readings used in the NNSN 859 
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location of the 30 June 2017 event. The grey symbols show events as far back as 1982 for 860 

which waveforms were available, and where phases were repicked and then jointly relocated 861 

as part of this study. The events thus represent the main seismicity pattern since 1982. The 862 

event symbols are scaled according to the magnitude of the events.  Available focal 863 

mechanisms for events larger than magnitude 3.5 are shown and are, for display purposes, 864 

scaled up by a factor of two relative to the other event symbols (grey). Additionally, the focal 865 

mechanism from the study on the Ekofisk event by Cesca et al. (2011) is included. The 866 

location and focal mechanism of the June 2017 events are shown by the green symbols. The 867 

Viking Graben (VG) and Central Graben (CG) are indicated on the map. More detailed 868 

information on the North Sea rift structures and faults are provided in Figure 11.  869 

 870 

Figure 2: Unfiltered waveforms on selected regional stations at different distances and 871 

azimuths from the 30 June 2017 event. The event to station distances and azimuths are given 872 

on the right-hand side of the panel. The stations KMY (Karmøy) and SKAR (Skarslia) are 873 
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located in Norway, LRW (Lerwick) on the Shetland Islands and EKB (Eskdalemuir) in Scotland. 874 

The locations of the North Sea stations Grane and Ekofisk stations are shown in the map of 875 

Figure 1.  876 

 877 

Figure 3: a) L1-norm time residuals from grid search using NNSN readings and the NNSN 878 

velocity model. The 2D grid is centered on the estimated longitude of the event as provided in 879 

the NNSN bulletin (1.79°E), and the latitude and depth axes are plotted to an equivalent 880 

kilometer scale. The red star indicates the latitude and depth of the NNSN location estimate. 881 

b) The solid red line shows the NNSN P-wave crustal velocity model, whereas the solid black 882 

line represents the P-wave crustal velocity model of the FESCAN model (Mykkeltveit & 883 

Ringdal, 1981). The blue line shows a representative crustal model with sedimentary layers 884 

for the source region, while the thin black line (below the blue line) represents the P-wave 885 

velocities from a well-log north in the Gudrun field, approximately 8-10 km away from the 886 

NNSN earthquake location estimate.  887 

 888 

 889 
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 890 

 891 

Figure 4: Focal mechanism solution obtained from this study along with the stations (red 892 

triangles) used in the inversion. (b) The plot of source depth vs variance reduction 893 

percentage, each of the focal mechanisms is labeled with the magnitude (Mw). The best focal 894 

mechanism is shown by the black arrow. (c) Comparison between the focal mechanism 895 

obtained in this study and the focal mechanism provided by the GCMT. The strike, dip, rake 896 

and moment magnitude for these focal mechanisms are available in Table 3.  897 

 898 
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 899 

Figure 5: Example of waveform fit comparison between the moment tensor results using 900 

Crust1.0 (a) without sediment, and (b) with sediment. The displacement observed waveforms 901 

(black lines) and synthetic waveforms (red lines) are plotted for three components (Z: 902 

vertical, R: Radial, and T: Transverse components). The station and network codes are written 903 

on the top of each trace along with hypocentral distances (R), azimuth (Az), and time shift for 904 

each station (ts). The unit of the traces are in [µm]. On the upper left of each trace, the 905 

individual trace time shift and the cross-correlation coefficient are shown respectively.   906 
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 907 

Figure 6: Observations from the 30 June 2017 event. The blue dots mark selected stations 908 

with P-phase readings, and red dots mark stations with both P- and S-readings. Black 909 

symbols indicate seismic arrays (circles) and 3-component stations (triangles) with 910 

particularly clear depth phases. The dashed circle marks 15° of the epicenter (white square). 911 

 912 
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 913 

Figure 7: a) Observations of P and depth phases from the 30 June 2017 event at teleseismic 914 

distances, sorted by azimuth. The locations of the different stations shown in this panel are 915 

shown by black symbols in Figure 6. The vertical arrows indicate the first P-phase and the 916 

depth phase. The time-aligned traces show a relatively consistent time difference of 4.25 917 

seconds between the two phases at all stations. The signal from CMAR (Chiang Mai array, 918 

Thailand) holds clear P and depth phase arrivals, and is shown as the red seismogram. The 919 

data is filtered between 1.5 and 3.5 Hz.   b) Waveform modelling at CMAR at different source 920 

depths. The best fit between the observed and synthetic data was at 6-7 km, indicated by the 921 

red seismograms. The data is filtered between 1 and 3 Hz.   922 

 923 
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 924 

Figure 8: a) Waveform modelling at teleseismic stations using a source at 6.5 km depth 925 

(unfiltered).  b) Waveform modelling of at teleseismic stations using a source at 6.5 km depth 926 

(filtered 1-3 Hz). c) Observations at teleseismic distance (filtered 1.5-3.5 Hz). All the modelling 927 

is performed using the hudson96 algorithm. 928 

 929 
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Figure 9: Seismic events found by waveform correlation to be related to the 30 June 2017 930 

event recorded on the NNSN station KMY at a distance of 200 km from the epicenter. All 931 

events were found using a 42-channel correlation detector on the NORSAR-array (distance 932 

550 km) using the S-wave train from the main event as a signal template. The waveforms are 933 

filtered in a 2-5 Hz frequency band.  934 

 935 

 936 
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Figure 10: Location relative to the 30 June 2017 main event (Event 2017-06-30 13:33:45) for 937 

the 13 November 2016 earthquake (panel c) and the largest aftershock on 30 June 2017 938 

(panel d). All relative time-delay measurements were made using templates covering the S-939 

wave arrival and coda. Panel (a) shows the correlation detection statistic traces for two 940 

events on the stations indicated in the map (b). The double-difference time-residual grids are 941 

displayed for the two events in panels (c) and (d). 942 
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 943 
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 944 

Figure 11: Selected events from the NNSN bulletin in the period 2000-2018 (yellow symbols) 945 

and their relocations using the Bayesloc probabilistic multiple event location algorithm (red 946 

symbols). The major faults of the North Sea area are shown with grey lines and the major 947 

structures of the Mesozoic rift system are shown with black lines. Bayesloc generates joint 948 

probability distributions both for event hypocenters and for correction terms for travel time 949 

predictions. The largest relocation vectors (the longest lines) can in most cases be associated 950 

with timing errors on one or more stations. The clear green regions indicate the extent of 951 

North Sea production fields as indicated by the Norwegian Petroleum Directorate, while the 952 

lighter green regions are the production fields as given by the British Oil and Gas Authority. 953 

The location of the 30 June 2017 event is shown by the blue symbol. 954 

 955 

 956 


