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Abstract

An earthquake sequence in the Storfjorden offshore area southwest of Spitsbergen in the
Svalbard archipelago initiated with a magnitude Mw=6.1 event on 21 February 2008. This area
had previously not produced any significant earthquake, but between 2008 and 2020 a total of
~2,800 earthquakes were detected with ~16 of them being of moderate size (M. > 4.0).

Applying double-difference relocation to improve relative locations reveals that the activity is
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linked to several subparallel faults striking SW-NE that extend across the entire crust. The SW-
NE trend is also found as a possible fault plane from regional moment tensor inversion. The
solutions range from oblique-normal in the center of the cluster to pure strike slip further away,
and are consistent with the compressional o1 axis roughly in E-W direction and plunging 57°,
and extensional o3 axis sub-horizontal trending N-S. The mainshock fault is steeply dipping to
SE, but several other faults appear to be near vertical. The existence of oblique, right-lateral
strike-slip motion on SW-NE trending faults with normal component and pure normal faulting
events in-between suggests transtensional tectonics that in and around Storfjorden result in

activation of a complex fault system.

Introduction

A relatively strong earthquake of moment magnitude Mw=6.1 (Pirli et al., 2010)
occurred on 21 February 2008 offshore in Storfjorden between Spitsbergen and Edgegya
(Figure 1 and 2). These islands and the Storfjorden constitute the Svalbard archipelago in the
Arctic region north of mainland Norway (Figure 1). The Svalbard region is situated in the
northwesternmost part of the Eurasian plate. Hence, the Svalbard archipelago is considered an
intraplate region (e.g., Mitchell et al, 1979). The earthquake was followed by an energetic
seismic sequence of ~2,800 detected events that is ongoing as of December 2020. About 2,050
events with local magnitude M_>1 in the southern Storfjorden formed the central part of the
sequence within a rectangular area about 60 km wide and 70 km long (Figure 2). On 29 March
2016, a moderate-sized earthquake of Mw=5.2 (Global Centroid Moment Tensor (GCMT),

Ekstrom et al., 2012) occurred in the northeastern Storfjorden. This event was followed by
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about 210 events (ML > 1) mostly in 2016. Small shocks have also occurred onshore
northwestern Storfjorden, which is known as the Heerland region.

We refer to the activity as the ‘2008 Storfjorden earthquake sequence’, as it contains a
number of moderate size events (~16 earthquakes with magnitude M > 4) that exhibit a more
complex spatio-temporal pattern than a typical main-aftershock sequence. The earthquake
sequence has been much more extensive and complex than would have been expected prior to
its onset based on the existing knowledge of faults in the Svalbard archipelago. Hardly any
earthquakes were detected offshore near the Storfjorden mainshock before 2008, going back to
when instrumental recording began. This earthquake sequence is also significant in that it is the
largest observed sequence of intraplate origin in Norway. The largest known intraplate events
on mainland Norway were the 1819 Lurgy (M = 5.8) and the 1904 Oslo fjord (Ms = 5.4)
earthquakes (Bungum et al., 2010). None of these events initiated prolonged aftershock activity.
Offshore Norway, large earthquakes occur regularly along the Jan Mayen fracture zone
(Rodriguez-Perez and Ottemdller, 2014) and along the Mid-Atlantic Ridge. Along the
Norwegian coast, seismic activity is moderate both in southern and northern Norway (Bungum
etal., 2010).

Previous work on the Storfjorden sequence described the first order structure and
kinematics of this ongoing intraplate seismicity and its temporal evolution (Pirli et al. 2010;
Pirli et al. 2013; Junek et al., 2014; Junek et al., 2015). They attributed the seismic activity to a
SW-NE trending fault system and a reactivated secondary structure beyond the mainshock fault
area. It was argued that the observed extensional stress is related to local sources. Junek et al.
(2014) computed moment tensor solutions based on a velocity model obtained through joint

receiver function and surface wave inversion and reported that the horizontal stresses do not
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match the expected NW-SE compression from present day plate motion in the region (e.g.,
DeMets et al., 2010). Junek et al. (2015) used an event detection and grouping system to resolve
more detailed structures and concluded that the activity is attributed to NE-SW trending oblique
normal faults as well as NW-SE trending normal faults. However, the detailed geometry of the
secondary fault systems and their physical connection could not yet be resolved. It also remains
unclear how the Storfjorden activity and the causative tectonic processes fit into the regional
picture.

In this study, we compute high-precision earthquake locations and focal mechanisms to
image the fault system, with the goal to improve our understanding of the tectonics that control
the structure, evolution, and kinematics of this to-date on-going intraplate earthquake sequence.
We provide an update on the evolution of the earthquake sequence beyond 2012, the end of data
published by Junek et al. (2015), including the increase in activity in 2016 and that continues

today.

Background
Seismicity

The Svalbard region has experienced moderate levels of sparse seismicity since the
1970s as is typical for an intraplate region. However, several places in Svalbard exhibit
earthquake clusters with moderate-sized mainshocks. These areas are: Nordaustlandet (Chan
and Mitchell, 1985), Heerland, Spitsbergen (Mitchell et al. 1979) and Hopen Island (Ottemdller
et al. 2013) (Figure 2). There were two earthquakes with M>5 in the Svalbard region prior to
the start of the earthquake sequence in 2008. The first of them occurred on 18 January 1976
(mb=5.6) in the Heerland region on Spitsbergen (Figure 1). This event received some attention

due to its size and intraplate origin and, consequently initiated a temporary local monitoring
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program (Bungum, 1977; Mitchell and Chan, 1978; Mitchell et al., 1979). The earthquake had a
strike-slip mechanism and Mitchell et al. (1990) suggested that the WNW-ESE striking nodal
plane was likely the fault plane, although it is different from known N-S trending major faults.

More recently, on 4 July 2003 an earthquake of Mw=5.4 occurred north of Hopen Island
(Figure 1; Ottemoller et al. 2013). Also the coastal area south of Hornsund has seen increased
activity since 2017 (Figure 2). In northern Svalbard, Nordaustlandet is the most active region
(Figure 2; Chan and Mitchell, 1985). More detailed descriptions of the seismic activity in the
1970s and 1980s are given in Bungum et al. (1982) and Mitchell et al. (1990).

Tectonic Setting

The source region of the Storfjorden earthquake sequence is mainly situated in southern
Storfjorden, which is the body of water between Spitsbergen and Edgegya in the Svalbard
archipelago (Figure 1 and 2). The epicentral area is located in the northwestern part of the
Eurasian plate and it is considered as an intraplate region (e.g., Mitchel et al., 1979) even
though it is only about 250 km east of the seismically active Mid-Atlantic Ridge (Figure 1). On
its western side, the Svalbard continental crust transforms into oceanic crust across a narrow
continental margin. The Mid-Atlantic ridge in the region is the plate boundary between the
North American (NA) and Eurasian (EU) plates (Figure 1; Eldholm et al., 1990; Engen et al.
2003).

Most earthquakes on the spreading ridges are normal faulting and exhibit E-W trending
subhorizontal T-axes (Figure 1). Around the continental Svalbard archipelago, the ridge-push
force could result in approximatelty EW trending horizontal P-axis and near vertical T-axis.
But the P-axis for the 2008 Storfjorden mainshock trends E-W and plunges about 35° from the
vertical and the T-axis is near horizontal N-S trending (Figure 1; Pirli et al., 2010). In this broad

regional stress field, we expect oblique-normal or transtensional tectonics in the epicentral area.
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Present day structural features of the Svalbard region stem from the break-up of the
Greenland plate from Svalbard and Eurasia due to seafloor spreading in the North Atlantic and
in the Arctic Ocean in Eocene (~52 Ma) (Eide, 2008). Continued seafloor spreading caused
development of a continental transform fault between Svalbard and Greenland and eventually,
the continental bridge between the two is broken at the end of Eocene (~33 Ma) and the
spreading continues until present day (Piepjohn et al., 2013). This Mid-Atlantic spreading ridge
exerts transtensional stress in the source region as discussed above.

The last significant geological event was the Pleistocene glaciation. Several times during
the last 2.5 million years, Svalbard was buried under glacial ice sheets.During the last glacial
maximum (~26 Ka), a continuous ice sheet covered most of Svalbard, the Barents Sea,
Scandinavia and large parts of north-eastern Europe (Landvik et al., 1998). The Strofjorden area
probably deglaciated around 15 Ka (e.g., Hormes et al., 2013). Total isostatic rebound in the
area has resulted in land uplift of ~145 m relative to sea level in Storfjorden (Winsborrow et al.,
1998; Hormes et al., 2013). Post-glacial isostatic uplift is still significant in eastern Svalbard
and the interior part of the Barents Sea (Forman et al., 2004).

Around the epicentral region, offshore southeastern Spitsbergen close to the Sarkapp,
there are NE-SW trending fault strands suggested in the seismic lines between Sgrkapp and
Hopen (Bergh and Grogan, 2003). If such NE-SW trending faults exist around the epicentral
area, we expect oblique-normal faulting in the region due to N-S trending T-axis (see Figure 1).
It is also thought that two major N-S oriented fault zones, the Lomfjorden Fault Zone (LFZ) on
the western side of Storfjorden and the Storfjorden Fault Zone (SFZ) on the eastern side, extend
into the epicentral region. In addition, if the flexural stress due to removal of ice sheet plays a

role in the region, we may expect earthquake mechanisms that reveal such phenomena as
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continental extension and oceanic compression due to different densities of continental and

oceanic lithospheres, and bending stress (Stein et al., 1989).

Earthquake Location

Seismicity in Svalbard is monitored closely by the Norwegian National Seismic
Network (NNSN) where stations belong to the NS and NO networks that are operated by
University of Bergen (UiB) and NORSAR, respectively (University of Bergen, 1982;
NORSAR, 1971; Ottemoller et al., 2021). There are seven seismographic stations in the region
(Table S1). An overview of the seismic stations in the region around Svalbard together with the
NNSN catalog locations is given in Figure 2, showing that 6 of them are within 300 km from
the mainshock area. The closest station HSPB is 80 km away from the cluster centroid.
However, a monitoring gap toward the northeast exists and the station HSPB was used for
routine detection by the NNSN only from November 2009. Following the mainshock on 21
February 2008, a total of ~2,800 earthquakes were detected and located by the NNSN in the
Storfjorden region until December 2020 (the distribution of NNSN location uncertainties is
given in Figure S2). The Mscale used by the NNSN was developed by Alsaker et al. (1991)
for mainland Norway. This scale is also applied to the Storfjorden area because the wave
propagation paths are mostly in continental crust. We note that the M_ scale for Storfjorden
does not show signs of saturation as for the two largest events in the sequence on 21 February
2008 ML(NNSN)=Mw(GCMT)=6.1 and on 29 March 2016 M_(NNSN)=Mw(GCMT)=5.2. The
average number of events since 2008 was 210 each year, but 2010 and 2016 had nearly double

the number. The data set contains earthquakes from magntiude M =0.5to 6.1.
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The distribution of magnitude and the cumulative seismic moment are plotted in Figure
3. The main moment release (~90%) is attributed to the M_=6.1 mainshock in 2008. The 2016
Mw=5.2 and 2010 Mw=4.9 earthquakes are clearly seen as a step in the cumulative moment.
The smaller events contribute to the gradual increase, and only earthquakes above M_~ 4 are at
this scale noticed as a small step. The earthquake catalogue in this area is complete down to M.
~2.5 before mid 2009 and to ML ~2.2 thereafter. Using the M. values from the complete data
set, we looked at the cumulative number of events as function of magnitude. From this we
obtain a b-value of 1.02 for the magnitude range M 2.5-6.1, where the cumulative event
number (Nc) is given by log10Nc=—1.02 x ML + 5.52, following the Gutenberg-Richter law.

We used the HYPOCENTER location program (Lienert, 1994; Lienert and Havskov,
1995) together with first and secondary P and S phase arrival times routinely picked by the
NNSN to locate the earthquakes using the SEISAN software (Havskov et al., 2020). These
initial NNSN bulletin locations were obtained based on travel time calculations using the
default NNSN velocity model (Havskov and Bungum, 1987; Figure S1). The computed location
uncertainties for this data set are plotted as histograms in Figure S2. HYPOCENTER makes use
of the secondary phases (Pg and Sg) even if the first arrival (Pn or Sn) is not present, which is
the case for stations KBS and BJOL1 for events in the Storfjorden region. We double-checked the
robustness of a subset of the HYPOCENTER locations by applying the HYPOINVERSE
program (Klein, 2007) to first-arrival data only and found no significant differences.

We constructed a 1D velocity model (STOR) for location purposes (Figure S1) from
various sources (Breivik et al., 2005; Czuba et al., 2008; Ritzmann et al., 2007). The model
overall features slightly higher velocities and produces lower RMS residuals compared to the

routine model used by the NNSN and models used in previous studies (Pirli et al., 2010). Our
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model predicts observed Pg and Pn phases reasonably well, also beyond the cross-over distance
where Pg is observed as a secondary phase. We used this model to relocate the earthquakes
from the NNSN bulletin using HYPOCENTER before applying the double-difference
reloaction. The mean RMS travel time residual of all events is 5% lower for our model

compared to the default model used by the NNSN.

Hypocenter relocation

We utilized the double-difference method (Waldhauser and Ellsworth, 2000), as
implemented in the hypoDD program (Waldhauser, 2001), to improve the relative locations of
events within the sequence. We used a total of ~1.4 million P and ~1.2 million S travel-time
differences formed from first arrival phase picks to relocate a total of ~2,800 earthquakes in an
iterative weighted least-squares procedure that solves for adjustments in event separations
(Waldhauser and Ellsworth, 2000). A continuous chain of linked events with at least 6 delay
time observations was required, resulting in the robust relocation of 84% of the total number of
events. The velocity model used for relocation is plotted in Figure S1.

Epicenters of the 2,321 relocated earthquakes (Figure 4) are mostly distributed within a
100 x 170 km elongated, SW-NE trending seismic zone. Hypocenter depths cover much of the
crust down to 30 km. Compared to the routine NNSN and the initial HYPOCENTER locations
(Figure 2), the relocated seismicity more clearly delineates several structural features that were
activated during the course of the earthquake sequence. Histograms of change in epicenter
location and depth from NNSN bulletin to hypoDD relocation are given in Figure S3. In
addition to the overview (Figure 4), the double difference results are used to present the

different stages of the sequence in time (Figure 5) and to show profiles across selected fault
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lines identified from the seismicity (Figure 6). In these figures, the same color code is applied to
indicate the year of the earthquakes. The seismicity in Figures 4 and 5 is plotted together with

the fault plane solutions that will be explained later.

Regional moment tensor solutions and local stress orientation

We determined source mechanisms of the large earthquakes in the sequence (Mw > 3.9)
by using the regional waveform modeling and moment tensor inversion method developed by
Dreger (2003). We constrained the focal depth by inverting for moment tensor for a range of
depths and selecting the depth that yields the highest variance reduction and double-couple
percentage. The waveforms were modelled based on the Barents3D model (Ritzmann et al.,
2007; Figure S1) for the Storfjorden area and stations within about 400 km were used (Figure
1). An example of the moment tensor inversion waveforms and results is given in Figure S4.
We note that the moment tensor inversion was rather stable with respect to various hypocenter
depths in the inversion and obtained 14 robust regional moment tensor solutions (Table 1,
Figure 7a). In addition to the fault plane solutions determined here, we used the GCMT solution
for the mainshock, as well as 12 April 2010 and 29 March 2016 events, and two solutions
provided by Pirli et al. (2013) (Table 1). The moment tensor solutions of several events
determined here are common to previous solutions by GCMT, Pirli et al (2010, 2013), and
Junek et al. (2013) and being consistent gives us confidence in our solutions. The last moment
tensor solution from the sequence is from 2017 as no large enough events occurred since then.
Our depth estimates place the earthquakes into the basement rocks within the depth range of
about 10 to 20 km. However, the uncertainties in the velocity model combined with sparse

station coverage result in an uncertainty of about 5 km in the depth estimates.
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To assess the state of stress in the Storfjorden area, the focal mechanisms of the 19
events given in Table 1 were inverted for the local stress tensor (Gephart & Forsyth, 1984;
Michael, 1987). Based on plunges of P and T axes, ten events are strike-slip, six events are
normal faulting, and three events are oblique-normal (Table 1; Figure 7a). 88% of the T axes
trend within £17° from NNW-SSE (~350°), and the P axes trend nearly E-W (~260° £+ 20°).The
method performs a grid search to find the best-fit stress tensor, which can be described by three
principal stress directions and a measure of the relative sizes of the principal stresses, referred to
as the stress ratio, R, defined as, R = (o2 — 61)/(03 — o1) (Gephart and Forsyth, 1984). The
principal constraint in the inversion is that the shear stress direction on any fault plane must
coincide with the observed slip direction in both orientation and sign (Gephart and Forsyth,
1984). We searched the whole model space with 5° intervals and within the variance of 15°, and
the datum with large uncertainty in the double-couple mechanisms were weighted down in the
inversion.

The results of the stress inversion are plotted in Figure 7b. The stereonet plot indicates
the trends and plunges of o1 and o3 axes of local stress models within 95% confidence limit.
The stress axes shown on the plot indicate those for which at least one stress model was found.
The best-fitting model using the minimum rotation criterion has an average misfit of only about
2.6°, or well within the uncertainty of the observations, indicating a good fit to the data set. The
o3 iIs subhorizontal (plunge = 14°) and trends NNW-SSE (trend = 159°). The result of the stress
inversion indicates that the greatest principal stress axis (o1) trends EW (272°) with a moderate

plunge of 57° indicating an oblique extensional stress regime in the Storfjorden region.
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Spatio-temporal evolution of seismicity

We analyzed the detailed spatio-temporal pattern of the 2008 Storfjorden sequence to
learn about the seismotectonics of Storfjorden (Figure 5). The sequence started with the
Mw=6.1 mainshock on 21 Feb 2008, featuring oblique, right-lateral strike slip motion with
significant normal faulting component on a steeply dipping fault (Figures 4,5 and 6). This
mainshock was followed by many events in the first 50 days, including three moderate size
earthquakes for which moment tensor solutions were computed (Table 1; Figure 4 and 5). This
initial activity occurred around the mainshock. Subsequent earthquakes that include a strike-slip
faulting event are distributed on the central and NE quadrant of the seismic zone (Figure 5a).
The SW-NE strike direction of the mainshock matches the alignment of earthquakes along
feature A in Figure 5a. The SE dipping fault plane from the mainshock can be seen in the
projection plane that is perpendicluar to A (Figure 6a). However, seismicity around the
mainshock is complex and the fault is not sharply defined. Most of the earthquakes follow the
mainshock within the first several months, with fewer events occurring in 2009 and up to 11
April 2010 (Figure 5a).

The large earthquake of Mw=4.9 occurred on 12 April 2010 in the central part of the
seismic zone on the same fault activated by the mainshock (A in Figure 5a and 5b). It has a
similar mechanism as the mainshock — oblique-normal faulting (Table 1, Figure 5b). Numerous
small earthquakes followed this event, predominately activating a clearly defined near vertical
structure (B in Figure 5b) that is in the SW quadrant with a slight offset from the mainshock
fault A. The fault trace B is subparallel to the mainshock fault A and appears as a SW step-over
from it. The projection plane for B (Figure 6b) suggests that this near vertical fault cuts through

the entire crust. The projection plane further north (Figure 6¢) shows the main fault A, but also
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the parallel feature E to the west (Figure 5b). Acivity is also on another short fault (D in Figure
5b) that runs subparallel to the main fault. Among the larger events in 2010-2011 are three pure
normal faulting earthquakes. The activity continued throughout 2010 and 2011, but by the end
of 2011 the seismic activity had subsided from previous levels.

Between 2012 and 2015 events predominately clustered near the 2008 mainshock. In
2013, earthquakes started to appear on a previously inactive feature F (Figure 5¢) NW of the
main cluster. There is a clear gap between the main cluster A and this feature F. The earthquake
on 21 November 2013 near F has a right-lateral NNE striking pure strike-slip mechanism.
During this time interval, a number of events started to appear onshore Spitsbergen further north
(G in Figure 4). This area is close to the moderate sized Heerland earthquake in 1976 (Figure 1;
Mitchell et al., 1990).

The most significant development during the time period 2016-2020 was the occurrence
of earthquakes offshore western Edgegya (Figures 2 and 4). This area became active with two
earthquakes of magnitude Mw=5.2 and M_=4.9, respectively, only 28 seconds apart on 29
March 2016. Hundreds of smaller earthquakes occurred around the 2016 shock, and it appears
that it is a distinct cluster that is largely seperated from the 2008 mainshock area. The cluster
appears to be diffuse (H in Figure 4), however, the cross-section perpendicular to H reveals
near vertical fault planes (Figure 6d). The mechanism of the Mw=5.2 2016 earthquake is right-
lateral strike-slip faulting on a NE striking vertical fault matching the orientation of the
seismicity (Figure 4 and 6d). Several of the previously active structures (A, B, E, F in Figure
5d) remained active during this period. Moment tensor solutions were obtained for two events
with Mw>4 in 2017 near the 2008 mainshock. The solutions were normal and oblique normal,

respectively.
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Discussion

The Storfjorden earthquake sequence that started in 2008 and still continues in 2020
came as a surprise in terms of earthquake size, spatial extent and possible tectonic causes as no
significant seismicity had been noticed in the area prior to its onset. Results from previous
studies (Pirli et al., 2013; Junek et al., 2015) were consistent in locating the seismicity and
providing moment tensor solutions for the activity until 2012. The general fault trend was
identified as NE-SW with oblique-normal mechanisms with connecting normal faults in NW-
SE direction. Both Pirli et al. (2013) and Junek et al. (2015) favour local stress sources as the
underlying cause

In this study we extend the observational period and study the evolution of the
earthquake segeuence until 2020 (Figures 4, 5 and 6). The central part of the sequence (A in
Figure 4 and 5) remained active throughout the sequence and most of the larger events (M >4)
have occurred there. Within about 50 km from the mainshock and the surrounding cluster A, the
clusters B-F (Figure 5) are independent and largely separated in space. About 100 km further
north clusters G and H started to developed in 2013 and 2016, respectively. The second largest
event of the sequence (Mw=5.2 on 29 March 2016) falls into cluster H. With the large spatial
separation it may be questionable if the entire Storfjorden activity should be seen as one
sequence. However, the continual increase in spatial extent from the mainshock since 2008 may
suggest this to be the case, and it is possible that the sequence is caused by regional scale
tectonic processes and related stresses. However, local stress sources may also play a role as

suggested by Pirli et al. (2013) and Junek et al. (2015).
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We aimed at resolving the complexity of the fault system by applying the double
difference relative location approach to the seismic data. This resulted in better locations of
events in specific clusters (e.g. F, Figure 5) and a general sharpening of the seismicity compared
to the routine catalog (Figure 2). The majority of the events (about 80%) are located between 5
and 25 km depth (Figure 6), which means the activity is spread over much of the brittle crust.
The activity is rather complex in the main cluster, but we are able to identify specific faults
from the seismicity maps (Figure 4 and 5) that can also be traced in the projection planes
(Figure 6).

We performed moment tensor inversion for many of the larger events in the sequence
and obtained robust results (Figure 4 and 7). The results are stable with respect to changes in the
velocity model or hypocenter depth, and also consistent with previous results (Pirli et al., 2013;
Junek et al., 2015). We find that mechanisms are predominantly oblique-normal around the
main cluster A. We favour the SW-NE strike as the causative fault plane as the seismicity
appears to be generally elongated in this direction (Figure 5 and 6). However, some more purely
normal faults are also present in the central part as well as in cluster B. Moving farther away,
most of the mechanisms are pure strike-slip on near vertical fault plane and right-lateral
displacement along the SW-NE striking fault.

The diversity of focal mechanisms, especially within the SW structures, are indicative of
a complex fault geometry. It is likely that the individual near-vertical NW-SE faults are offset
from each other, and possibly connected by perpendicular normal faults. The principal direction
of stress expected in the Storfjorden seismic zone is a compressive horizontal force from the
mid-Atlantic spreading ridge due to present day plate motion with a NW-SE direction.

However, the local greatest principal stress (c1) determined in this study trends EW at a plunge
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of 57° (Figure 7) and the least principal stress (o3) trends almost NS. In this case, the crustal
deformation in this region is accommodated along subparallel strike-slip and dip-slip faults.
Hence, the deformation is transtensional (oblique-extensional) tectonics (e.g., Wesnousky and

Jones, 1994).

Conclusions

We conclude that the Storfjorden earthquake sequence is attributed to a complex fault
system that has evolved and grown since its onset in 2008. It started with a large M_=6.1
earthquake that until 2020 was followed by ~2,800 detected events, with ~16 of them of M > 4.
Relative relocation has provided a sharpened image of the seismicity allowing identification of
fault segments that are mostly striking SW-NE. Event depths appear to be spread over much of
the crust. Moment tensor inversion has revealed predominantly oblique-normal faulting
mechanisms on SW-NE trending steeply dipping faults, but half dozen normal faulting events
show their nodal planes perpendicular to the NE-SW trending major structures. Further away
from the mainshock cluster, several earthquakes show predominantly strike-slip mechanisms on
near vertical fault plane with NE-SW strikes. The inferred stress field in the Storfjorden region
revealed from the earthquake sequence gives the o1 axis roughly in EW direction at a plunge of
57°. The least principal stress (o3) is sub-horizontal and trends N-S and acts as the extensional
stress axis. The main orientation of faults in SW-NE direction with oblique-normal slip is
consistent with transtensional deformation. The deformation in the Storfjorden area could be the

result of regional tectonic forces, although local sources cannot be ruled out.

Data and resources
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We used data from seismic stations as indicated in Table S1. The stations belong to the

following networks: NS (https://doi.org/10.7914/SN/NS), NO (doi: 10.21348/d.n0.0001), PL

(https://www.fdsn.org/networks/detail/PL/) and 1U (https://doi.org/10.7914/SN/IU). Waveform

data from the NS and NO network can be extracted from the UIB-NORSAR EIDA node

(Ottemoller et al., 2020; https://eida.geo.uib.no/ ).

The events with the phases are included in the Norwegian National Seismic Network

earthquake catalog, which can be downloaded at http://nnsn.geo.uib.no/nnsn/#/data/events

All figures in this paper are prepared with the Generic Mapping Tools (Wessel et al., 2019).

The hypoDD software can be obtained at https://www.ldeo.columbia.edu/~felixw/hypoDD.html

(last accessed 16 March 2021).
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Table 1. Focal mechanism of earthquakes during the 2008 Storfjorden sequence’. Solutions that

were not obtained in this study are shaded in gray, see annoation for details. Note that the

second nodal planes can be seen in Figure 4.

Date Time Lat. Long. h Mag | ¢ ) A DC
Id FM
(yr-mo-dy) (h:m:s) (°N) (CE) | (km) | (Mw) [ (© | © (%)
1 | 2008-02-21* | 02:46:18 | 76.987 | 18.912 | 14 6.1 53 | 71 | -141 84 SN
2 | 2008-02-21 | 22:52:41 | 76.969 | 18.931 | 18 4.0 20 | 68 | -157 87 SS
3 | 2008-02-29 | 08:16:07 | 77.272 | 20.212 | 17 3.9 47 | 75 | -146 61 SS
4 | 2008-04-10 | 06:20:03 | 77.022 | 19.140 | 16 4.2 40 | 64 | -133 96 SN
5 | 2009-11-23 | 19:07:49 | 77.123 | 18.357 | 17 4.3 23 | 66 | -159 99 SS
6 | 2010-01-13 | 10:08:21 | 76.972 | 18.298 | 11 4.3 131 | 51 -66 84 NF
7 | 2010-04-12% | 07:57:22 | 76.966 | 18.884 | 20 4.9 34 | 57 | -140 73 SN
8 | 2010-09-158 | 05:56:33 | 76.861 | 18.134 5 4.1 74 | 53 | -105 99 NF
9 | 2010-09-228 | 06:56:50 | 76.871 | 18.174 | 6 4.0 39 [ 71| -161 | 99 SS
10 | 2010-11-16 | 22:00:51 | 76.888 | 18.321 | 11 4.3 104 | 35 | -104 32 NF
11| 2011-01-22 | 11:25:11 | 76.955 | 18.762 | 14 4.4 20 | 64 | -164 98 SS
12 | 2011-05-05 | 11:09:05 | 77.046 | 18.988 | 15 4.3 31 | 54 | -138 99 NF
13| 2011-10-02 | 20:54:44 | 77.391 | 20.035 | 10 4.0 213 | 86 | -174 83 SS
14| 2013-07-27 | 16:22:53 | 76.916 | 18.107 15 4.2 55 | 53 | -134 28 NF
15| 2013-11-21 | 21:38:31 | 77.210 | 17.727 | 11 4.1 23 | 75 177 51 SS
16 | 2014-04-24 | 08:33:07 | 76.960 | 18.691 | 11 3.9 55 | 60 | -156 92 SS
17 | 2016-03-29* | 10:32:10 | 77.79 | 20.43 11 5.2 224 | 89 | -171 67 SS
18 | 2017-07-16 | 04:49:26 | 77.044 | 18.786 | 13 4.0 246 | 53 | -103 78 NF
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19 | 2017-12-31 | 15:50:24 | 76.983 | 18.835 | 13 4.3 18 | 74 | -157 77 SS

 h= focal depth; ¢ = strike, & = dip, A= rake; DC = double-couple percentage; FM = focal mechanism
type, SN = oblique-normal; SS=strike-slip mechanism; NF=normal faulting;

 moment tensor from the Global Centroid Moment Tensor (Dziewonski et al., 1981; Ekstrom et
al., 2012)

§ focal mechanism and depth from Pirli et al. (2013)

T focal mechanism and depth from Mitchell et al. (1990)
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10° 15° 20

Figure 1. Earthquakes that occurred during 1976 — 2020 obtained from the Global CMT catalog
are plotted with circles and seismographic stations are plotted by triangles. Circle size is
proportional to the seismic moment of each event, and color coded for focal mechanism types:
red= normal faulting, green= strike-slip, blue= thrust, and magenta= oblique-normal faulting.
Earthquakes with Mw > 5 are plotted, and the horizontal projection of P-axis (black bar), and T-
axis (red bar) of each earthquake are plotted. Near vertical P-axis is plotted with a short black

bar, whereas horizontal P- and T-axes are plotted with full scale black and red bars,



598

599

600

601

602

603
604

605

606

30

respectively, as shown upper left.Red rectangular box in the inset legend map indicates the
region around Svalbard archipleago. Significant events that are discussed in the text are labeled

with the respective years 1976, 2003, 2008 and 2016.
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Figure 2. Seismicity (red circles) on the Mid-Atlantic ridge and Svalbard between 2008 and
2020 from the Norwegian National Seismic Network (NNSN) bulletin. The two largest events

in the sequence on 21 February 2008 (Mw 6.1) and 29 March 2016 (Mw 5.2) are plotted as
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yellow stars. Permanent seismic stations within the area of this map are plotted as blue triangles

along with their station code. The area of the Storfjorden earthquake sequence is indicated by

the black box.
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Figure 3. Distribution of magnitude M. and cumulative seismic moment of the

Cumulative seismic moment (1e18 Nm)

Storfjorden earthquake sequence over time. Magnitudes are taken from the NNSN bulletin.
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Figure 4. Map of relocated seismicity from 2008-2020 in Storfjorden together with double
couple mechanisms obtained through moment tensor inversion as given in Table 1. Epicenters
are plotted in color depending on the year of occurrence as given in the legend. The mechanisms
near the 2008 the mainshock area are oblique-normal, while they are pure strike-slip faulting
mechanisms for events north of the mainshock cluster. Linear features identified from the

seismicity distribution are indicated by solid black lines and labelled with letters (A-H). The
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features A-F are repeated in Figure 5. The red boxes indicate the extent of the areas around
features A, B and H, respectively, from which events are selected for the projections in Figure
6. The directions of orange arrows indicate the trend of the greatest principal stress (c1) and the
least principal stress (o3) and their length is inversely proportional to the horizontal projection
of the plunge angles of the respective stresses axes. The thin lines beneath.the orange arrows
indicate the horizontal for plunge=0°.. The location of the 1976 Heerland earthquake is given
by a black star. The dashed lines indicate the assumed southward continuation of two fault

zones on either side of Storfjorden, LFZ and SFZ, with unknown positions and fault patterns.
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Figure 5. Main cluster seismicty relocated with double-difference method and fault plane
solutions for four different time periods as indicated on top of each map. Linear features
identified from the seismicity distribution are indicated by solid black lines and labelled with
letters (A-F). The four periods are: a) 2008-2009: the activity is focused around the 2008

mainshock; b) 2010-2011: the seismicity spreads to linear features (B-E); c¢) 2012-2015:
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segment B is not very active, but to the northwest the cluster F appears; d) 2016-2020: previous
structures are still active, note that the activity to the northeast (H in Figure 4) is not included in
this map. Epicenters are plotted in color depending on the year of occurrence as given in the
legend. The red boxes indicate the extent of the areas around features A and B, respectively,

from which events are selected for the projections in Figure 6.
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Figure 6. Projection planes perpendicular to features (A, B and H) that are indicated in Figures 4
and 5. Seismicity is projected (orthographic) onto planes perpendicular to the linear trends of

epicenters, which is roughly in NW-SE direction for all of them (Table S2). The four plots are:
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a) section across feature A for years 2008-2009, the orientation of the main shock fault plane is
indicated by the dashed line; b) section across feature B for years 2010-2011; c) section across
feature A for years 2010-2011; d) section across feature H for years 2015-2016 (see Figure 4).

The color coding of the year is as in Figures 4 and 5.
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Figure 7. (a) Distribution of P axes (squares) and T axes (circles) of the 19 shocks of
Storfjorden earthquake sequence used for stress tensor inversion. Each P—and T—axis is
identified by the event id number listed in Table 1 and color coded for mechanism types:
oblique dip slip (red), normal faulting (blue) and strike-slip (black). (b) Orientations of 1 axes
(squares) and o3 axes (circles) of the 208 acceptable stress models of the stress inversion using
the 19 Storfjorden earthquake sequence data set. The best—fitting stress model (black symbols)
has an average misfit value of 2.6° and corresponding stress ratio, R = 0.40. The stress models
with 90% confidence limit is plotted with gray shaded symbols, whereas the open symbols

indicate 99% confidence limit and average misfits of about 4.0° and 4.5°, respectively.



