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S U M M A R Y
The Nordland region, Northern Norway, situated in an intraplate continental setting, has
the highest seismicity rate in mainland Norway. However, the exact cause of seismicity in
this region is still debated. Better understanding of factors that influence the seismicity in
Nordland can help increase knowledge of intraplate seismicity in general. Here, we address
this problem with the aid of a new high-resolution 3-D VP and VP/VS ratio images of the
crust in Nordland using seismic traveltime tomography. These images show the existence of a
localized, 10–15 km Moho step that runs parallel to the coast. The north–south extent of this
step coincides with the region that exhibits the highest rates of seismicity. Focal mechanisms
of selected earthquakes computed in this study are dominated by normal and oblique-normal,
indicating a coast-perpendicular extension. The coast-perpendicular extensional stress regime
deviates from the regional compression imposed by the ridge push from the North Atlantic.
This deviation is thought to stem from the additional interference with local flexural stress
caused by sediment redistribution and glacial isostatic adjustment, and possibly exacerbated
by gravitational potential energy stress associated with the Moho step. The deformation due to
the extensional regime is localized on pre-existing faults and fractures along the coastline. The
tomography result shows that two distinct seismic swarms occurred in the coastal area with
low VP and variable VP/VS ratio anomalies, pointing towards fractured crust and possibly the
presence of fluids. The existence of fluids here can change the differential stress and promote
seismic rupture.

Key words: Europe; Body waves; Crustal imaging; Seismic tomography; Intraplate pro-
cesses.

1 I N T RO D U C T I O N

Intraplate earthquakes occur within stable continental regions away
from the plate boundaries. Many of these events occur within reacti-
vated ancient rift systems or continental passive margins (Schulte &
Mooney 2005). This general framework applies to Norway, which
has a low-to-moderate rate of intraplate seismicity. Here, seismicity
is highest along the shelf edge, in the North sea, and along the coast.
The largest known earthquake to have affected the region is the 1819,
M 5.9 earthquake, which occurred in Lurøy, Nordland, Northern
Norway (Muir-Wood 1989; Bungum & Olesen 2005; Måntyniemi
et al. 2020).

The Nordland region, which extends between 66◦N and 69◦N
and includes the Lofoten-Vesterålen islands (Fig. 1), is an example
of a seismically active intraplate setting where various sources of
intraplate stress interact in a relatively small region. The offshore
area of Nordland is a rifted passive margin, whereas the mainland

area comprises the remainders of the Scandinavian Caledonides,
which includes the high topography region of the northern Scandes
mountains.

Investigating the crustal structure of passive margins can improve
our understanding of the causes of seismicity in these tectonic set-
tings. However, since many regions are still monitored by sparse
seismic networks, providing a better 3-D crustal structure remains a
challenge. This is also the case for the Nordland region as a whole—
to date, only the offshore region, for example the Lofoten-Vesterålen
margin, has been mapped in detail by deep seismic surveys (e.g.
Mjelde et al. 1993, 1998; Breivik et al. 2017).

In this study, we investigate the generating mechanism of in-
traplate seismicity in the Nordland region. We made use of per-
manent and recent temporary seismic networks to develop a 3-D
seismic velocity model using seismic traveltime tomography. In ad-
dition, we determined the focal mechanisms using the 3-D velocity
model. The resulting velocity model gives insight into the complex
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Figure 1. (a) The map of major tectonic features in the region encompassing Fennoscandia and the North Atlantic regions along with the distribution of
earthquakes (M ≥ 3) (red circles) for the period of 1990–2020 obtained from the National Norwegian Seismic Network catalogue. The dashed rectangle is
the study region shown in Fig. 1(b). The Naust formation (Naust Fm.) is shown as black stripes area. LR, Lofoten Ridge; VB, Vestfjorden Basin; JMFZ, Jan
Mayen Fracture Zone; SFZ, Senja Fracture Zone; CDF, Caledonian Deformation Front. The study area is shown as the dashed box. (b) Map of Nordland and
the surrounding region. Contours of Moho depth (in km) from Maystrenko et al. (2017) are shown as red dashed lines. Plate velocity relative to the North
American Plate (shown as black arrow) obtained from ITRF 2014 model (Altamimi et al. 2016). Bathymetry and topography data are obtained from SRTM15+
(Tozer et al. 2019). Seismic stations used in this study are shown as grey reverse triangles. Station LOF is depicted as blue reverse triangle. Stations used by
Ben-Mansour et al. (2018) to obtain Moho depth using receiver function method are depicted by blue circles. Deep seismic profiles mentioned in the text are
shown as black solid lines.

crustal structure and composition of the region. Finally, we con-
sidered together the 3-D velocity models and the focal mechanism
solutions to explore the relation between the crustal structure and
the intraplate seismicity in Nordland. Knowledge obtained in this
study will not only improve our ability to assess the hazards posed
by Nordland earthquakes but it may also help better understand the
cause of seismicity in other similar passive margin environments.

2 B A C KG RO U N D

Here, we summarize the tectonic setting and provide a simplified
geological overview of the study area. Then, we describe the state
of the art for geophysical constraints on the crustal structure of
Nordland. In the last part of this section, we highlight the main
tectonic forces that influence the present day stress field, and reiter-
ate the hypotheses regarding the causative mechanism of intraplate
seismicity in Nordland from previous studies.

2.1 Tectonic setting of Nordland

The Nordland region comprises the high topography of the Northern
Scandes to the east and the Lofoten-Vesterålen margin, which is part
of the Mid-Norwegian margin, to the west (Fig. 1). The region is part
of the Caledonian domain, affected by the late stages of collision of
Baltica and Laurentia (Corfu et al. 2014). Following the collapse of
the Caledonian orogen in the Devonian, the Mid-Norwegian mar-
gin was formed through several tectono-magmatic stages (Tsikalas
et al. 2001; Faleide et al. 2008). The long phases of extension and

rifting culminated in the continental breakup and opening of the
Atlantic in the Early Eocene. The continental breakup was followed
by the formation of the North Atlantic Igneous Province and the
Norwegian margin (see e.g. Eldholm & Grue 1994; Horni et al.
2017).

The narrow Lofoten-Vesteråen margin is located between the
Senja Fracture zone to the north and the Vøring margin to the
south, and marked by the exposed Lofoten-Vesterålen islands. The
islands comprises the exposed Archean and Proterozoic basement
[National bedrock database, Geological Survey of Norway (2011)].
Between the Lofoten islands and the Norwegian mainland lies the
Vestfjorden basin with a basement depth ranging from 6 to 10 km
(Brönner et al. 2013; Maystrenko et al. 2017).

The Nordland area is dominated by a stack of nappe complexes
formed as a result of the collision. Nordland is mostly covered by the
upper and the uppermost Allochton (Corfu et al. 2014). During the
late Caledonian era, several extensional shear zones formed along
the Caledonian domain with WSW–ENE directions in central and
northern Norway (Fossen 2010). These shear zones appear to extend
down into the basement, in some cases reaching the deeper part of
the crust (Fossen 2010). Major shear zones in Nordland include
the Sagfjord shear zone in the north, and the Nesna shear zone in
the south, which extends further offshore and is connected to the
Bivrost lineament (Fig. 2).

During the Late Pliocene and Pleistocene, Scandinavia under-
went several sequences of deglaciation and erosion, which deposited
large volumes of sediments offshore (Rise et al. 2005). The Naust
formation located along the Mid-Norwegian margin (between 62◦N
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Figure 2. Seismicity in the study region from NNSN catalogue for the period
of 1980–2019 (M ≥ 2.5) shown as orange circles. Red stars depict the notable
seismic events in the coastal area of Nordland: 1819 Lurøy earthquake, and
three series of seismic swarms mentioned in the text. Focal mechanism of
offshore events are obtained from Bungum et al. (1991), except for the
2003 Mw 5.1 event obtained from global CMT catalogue (labelled as ‘gcmt
2003’, Ekström et al. 2012). Composite focal mechanisms labelled with
‘cfm’ labels are obtained from Hicks et al. (2000a) for the 1998 solution,
and from Atakan et al. (1994) for the 1992 solution. The 2015 solution is
obtained from Michálek et al. (2018). The uplift contours (every 1 mm yr–1)
for Fennoscandia (NKG2016LU model, Vestøl et al. 2019) are shown as thin
dashed lines. The location of shear zones and other structures are obtained
from Olesen et al. (2002). BL, Bivrost Lineament; NSZ, Nesna Shear zone;
SSZ, Sagfjord shear zone.

and 68◦N) (Fig. 1) was deposited as a result of this process. The
older part of the Naust formation was deposited ca. 2.8–1.5 Ma,
and the youngest part was formed less than 200 000 yr ago (Rise
et al. 2005). The total volume of the Naust formation is estimated to
be 80 000 km3, with a maximum thickness of over 1500 m (Evans
et al. 2000).

2.2 Crustal structure of Nordland

In most parts of offshore Nordland, the crustal structure has been
studied extensively using deep seismic surveys (e.g. Sellevoll 1983;
Avedik et al. 1984; Mjelde et al. 1993; Breivik et al. 2017, 2020).
In contrast, the crustal structure in the mainland area remains
poorly constrained. But over the past decade, crustal models de-
rived from receiver function and surface wave studies have been
developed using temporary seismic networks (Ben-Mansour et al.
2018; Michálek et al. 2018; Mauerberger et al. 2020).

Earlier seismic studies (Avedik et al. 1984; Mjelde et al. 1993;
Mjelde & Sellevoll 1993) suggested that the crust in southern Lo-
foten is thin (<30 km), based on the seismic profiles BNR and
1–88 crossing the Lofoten ridge (see Fig. 1 for locations of seismic
profiles and station described here). Mjelde et al. (1993) interpreted
that the crust becomes thinner towards the Lofoten ridge, where

the Moho is as shallow as 20 km—as indicated by a strong seis-
mic interface in profile 1–88. More recently, Mjelde et al. (2013)
suggested that this seismic interface is not the Moho, but rather
the top of an eclogitic body located in the lower crust. This led
these authors to revise the Moho depth for the region, placing it
below the eclogite layer at 25 km depth. Based on receiver func-
tions, the crustal thickness beneath station LOF (see Fig. 1) was
estimated at approximately 30 km (Ottemöller & Midzi 2003).
Michálek et al. (2018) estimated that the crustal thickness be-
neath the southern Lofoten-Vesterålen is between 20 and 25 km.
Based on profile S83, Sellevoll (1983) suggested a thin crust for
Lofoten-Vesterålen (between 20 and 26 km) with the southern part
being the thinnest. Further to the north, the crust in the northern
Lofoten-Vesterålen is thicker—around 36 km—based on profile 6-
03 (Breivik et al. 2017). Using a combination of seismic lines 8-03
and 6-03, Breivik et al. (2020) suggested that the crustal thickness
for the whole Lofoten-Vesterålen is actually greater than what has
been interpreted previously. This shows that despite years of in-
vestigations, the depth of the Moho below southern Lofoten is still
debated.

Recent broad-band seismological studies provide more informa-
tion on the onshore crustal structure. Crustal thickness derived us-
ing receiver functions from stations deployed in northern Norway
and Sweden (Fig. 1) showed a gradual change of crustal thickness
from 38 km along the Caledonides to 43 km in the Baltic shield
(Ben-Mansour et al. 2018). This gradual change does not reflect the
topography variation at the surface. Therefore, Ben-Mansour et al.
(2018) suggested that the surface topography cannot be explained
by the classical isostatic model.

In addition to seismological experiments, potential field including
gravity and magnetic methods have been used extensively to study
the crustal structure in Nordland (e.g. Olesen et al. 2002; Tsikalas
et al. 2005; Maystrenko et al. 2017). These methods provide con-
straints where seismic data is absent, especially in the mainland
area. Maystrenko et al. (2017) performed 3-D density modelling
to investigate the lithosperic structure along the Lofoten-Vesterålen
margin. They constrained their model with various sources of crustal
thickness observations: Ben-Mansour et al. (2018) for the mainland,
Breivik et al. (2017) for the northern Lofoten-Vesterålen where the
Moho is as deep as 36 km, and Mjelde et al. (1993) for the southern
Lofoten-Vesterålen where it was suggested that the Moho depth is
22 km. The crustal thickness compiled by Maystrenko et al. (2017)
is shown in Fig. 1. However, recently Breivik et al. (2020) pointed
out that the crustal thickness used by Maystrenko et al. (2017)
for the southern Lofoten-Vesterålen islands should be greater and
questioned the existence of a lower density mantle. We will shed
some additional light onto this question with the results from our
tomography.

The gravity data point to two distinct anomalous features: Lo-
foten has a high gravity anomaly, whereas a large part of the
mainland has a low gravity anomaly (Olesen et al. 2010). Grad-
mann et al. (2017) argues that the elevated Lofoten ridge is not
isostatically supported if the Moho is shallow, but that a crustal
root (e.g. eclogitic layer) is needed. In addition, low-density man-
tle rocks can play a role (Maystrenko et al. 2017). The main-
land low gravity anomaly is possibly associated with low den-
sity rocks within the crust or the upper mantle (Gradmann &
Ebbing 2015; Maystrenko et al. 2017). The location of the low
gravity anomaly coincides with the northwest extension of the
Transscandinavian igneous belt. However, other igneous belt lo-
cations in Scandinavia are only associated with minor gravity lows
(Gradmann & Ebbing 2015).
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2.3 Intraplate seismicity and present-day stress

Nordland has the highest seismicity rate in mainland Norway, with
earthquakes occurring mostly along the coastal area and offshore
along the shelf edge (Fig. 2). The 31 August 1819, M 5.9 Lurøy
earthquake, the largest known earthquake in mainland Norway, was
widely felt in Scandinavia and triggered major rockfalls and land-
slides in the epicentral area (Måntyniemi et al. 2020). In recent
times, a number of earthquake swarms have occurred mainly along
the coast, for example 1978–1979 Meløy (Bungum et al. 1979,
1982), 1992 Steigen (Atakan et al. 1994) and Jektvik (April 2015–
March 2016, Janutyte et al. 2017a; Michálek et al. 2018). Previous
studies suggested that the Meløy and Jektvik swarms had normal
and oblique-normal focal mechanisms with approximately coast-
perpendicular extensional direction (Bungum et al. 1979; Janutyte
et al. 2017a; Michálek et al. 2018). Further to the north, the 1994
Steigen swarm occurred near the Sagfjord shear zone. The com-
posite focal mechanism for the Steigen swarm is oblique-normal
(Atakan et al. 1994).

In the offshore area, the earthquakes are generally thought to be
associated with thrust faulting (Bungum et al. 1991; Hicks et al.
2000b). However, the focal mechanisms are mostly derived from
mainland stations and are poorly constrained. As a result, it is not un-
expected that the focal mechanisms vary quite significantly (Fig. 2).
Since the earthquakes are generally smaller than magnitude 5, only
one event (Mw 5.1 on 4 August 2003) with thrust mechanism has
been reported in the global CMT catalogue (Ekström et al. 2012,
Fig. 2).

Present day stress in Nordland is influenced by several regional
and local sources (Bungum et al. 2010). At the regional scale, Nord-
land experiences compressive ridge push stress from the Mohns
ridge (Fig. 1). Scandinavia is also influenced by glacial isotatic ad-
justment (GIA) with the Gulf of Bothnia being the area with the
highest uplift (9–10 mm yr–1, Steffen & Kaufmann 2005; Keiding
et al. 2015; Vestøl et al. 2019, Fig. 1). Keiding et al. (2015) showed
that the coast of Nordland has the highest uplift gradient even though
this region has a comparatively low uplift rate (3–4 mm yr–1). To
give a clear picture of the uplift in Nordland and in Fennoscandia,
we plotted the NKG2016LU land uplift model, developed using
geodetic observations and GIA model (Vestøl et al. 2019) in Fig. 2.

The effect of GIA can create extension around the edge of the
ice load which in Nordland lies approximately around the coastal
area (Wu & Hasegawa 1996; Fjeldskaar et al. 2000). The mod-
els of Fjeldskaar et al. (2000) suggest compression beyond the ice
edge, consistent with the present-day stress regime offshore Nord-
land. Rapid sedimentary loading offshore and topography effects
can also influence the stress regime in the area to some extent. The
combination of these local effects, tectonic stress and lateral varia-
tions in the lithosphere seems to control the stress state in the region
(e.g. Fejerskov & Lindholm 2000; Bungum et al. 2010; Keiding
et al. 2015; Gradmann et al. 2018).

3 DATA A N D P R E P RO C E S S I N G

To develop a high resolution seismic velocity model, we conducted
3-D seismic traveltime tomography. We used P- and S-wave arrival
times from earthquakes and mining blasts recorded in Nordland
and the surrounding region. Furthermore, to obtain information
on earthquake mechanisms, we used first motion polarities and
amplitude ratios of selected earthquakes. We recomputed the focal
mechanism catalogue published by Michálek et al. (2018), who used
a 1-D velocity model to derive the solutions. Here we tested the use

of a 3-D velocity model to improve focal mechanism estimation and
get better information on the crustal stress.

Most arrival time data used in this study were obtained from
the Norwegian National Seismic Network (NNSN) catalogue for
the period of 2007–2019 (Ottemöller et al. 2018), which con-
tains data from permanent NNSN (Ottemöller et al. 2021) and
Norsar (Schweitzer et al. 2021) stations and from the temporary
Neonor2 deployment (2013–2016, Michálek et al. 2018). We man-
ually picked arrival times from additional temporary and perma-
nent networks deployed in the region, that is the Swedish National
Seismic Network (SNSN, 2013–2016, Lund et al. 2021), Finnish
National Seismic Network (FNSN, Veikkolainen et al. 2021), Scan-
lips2 (2007–2009), Scanlips3D (2013–2014, England et al. 2016)
and Scanarray (2013–2016, Thybo et al. 2021). In total, these man-
ual picks contribute approximately 20 per cent of the phase picks
in the new combined data set used in this study. The ray paths
from the NNSN catalogue are dominated by coast-parallel azimuths
(Fig. S1), but the additional phase picks have increased the ray cov-
erage mostly in coast-perpendicular azimuths (Fig. S1). The data
set contains the 2015–2016 Jektvik swarm and a small cluster of
events in Steigen that occurred in 2008–2009 (Fig. 2). The cluster
in Steigen is located in the vicinity of the 1994 Steigen swarm. In
addition to earthquake data, we also included a few mining related
events to improve the coverage. The events occurred in the Kvan-
nevann mine in the southern part of Nordland and are labelled as
mining events in the NNSN catalogue.

All phase picking was done using the Seisan software package
(Havskov & Ottemoller 1999; Havskov et al. 2020). We assigned
three levels of phase pick quality: (1) clear impulsive, (2) clear emer-
gent and (3) unclear emergent, and assigned a corresponding weight
in the hypocentre determination, that is 100, 75 and 50 per cent, re-
spectively. Other phase picks with lower quality were discarded,
and observations at stations with timing issues were removed. A
systematic estimate of the picking errors is not available as we used
picks from different sources. We made some visual estimation of
the errors, and decided to use a slightly conservative error estimate
of 0.1 s.

We tuned the data set by first locating all events with a 1-D ve-
locity model, and then systematically selecting only high quality
events and reliable stations for further use in the tomography. We
removed stations that had fewer than 15 observations which may
indicate low data quality at the stations and to avoid the artefacts
in the velocity model near the stations. The events were located
using the Hypocentre program (Lienert & Havskov 1995) and the
traveltimes computed with the 1-D NNSN velocity model (Havskov
& Bungum 1987). Then we selected earthquakes based on the fol-
lowing criteria: (1) local magnitude ML ≥ 0.5, (2) recorded by a
minimum of eight stations and (3) azimuthal gap ≤200◦. To avoid
the ray paths being dominated by events from the same area, we
used a larger magnitude criterion (ML ≥ 1.0) for the area of the
Jektvik swarm, which resulted in 150 events. Out-of-network off-
shore earthquakes have a larger azimuthal gap and larger location
uncertainties. However, these events can improve ray coverage at
depth and near the edge of the model (Koulakov 2009). In our case,
the out-of-network events improve ray coverage in the offshore re-
gion. For these events, we required a depth of less than 25 km and
a minimum number of 15 recording stations.

The final data set consists of 527 earthquakes with a total of
7868 P-wave and 6470 S-wave arrival times recorded by a total of
79 seismic stations for the period of 2007–2019. Approximately
85 per cent of our events have an azimuthal gap ≤180◦ and the
peak of the azimuthal gap distribution is ∼100◦. In addition, we
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used 16 mining events, which yield an additional 161 P-wave and
153 S-phase observations. Since the mine is relatively small, ap-
proximately 3 km2, we did not locate these events but we fixed the
hypocentres to the centre of the mine.

The data set needed for the focal mechanism calculation are
the first motion polarities and the SH/P amplitude ratios. We re-
computed solutions from (Michálek et al. 2018), which had been
computed using the permanent NNSN and temporary Neonor2 net-
works. Here we added measurements from additional temporary
stations, for example Scanlips3D and Scanarray. We computed the
focal mechanisms for 41 events that have at least six clear first mo-
tion polarities. The SH/P amplitude ratios were computed using an
automatic procedure integrated in Seisan (Michálek et al. 2018).
We only used amplitudes of the direct phases, that is Pg and Sg
phases and limited the epicentral distance to 100 km. The P and SH
displacement amplitudes were measured in the frequency domain
on the vertical and transverse components, respectively.

4 M E T H O D S

In order to produce 3-D seismic VP and VP/VS ratio models for the
Nordland region, we applied a procedure comprising the following
two steps: (1) 1-D VP and VS inversion used to find 1-D initial model
for tomography and (2) 3-D VP and VP/VS ratio inversion. The 3-D
take-off angles computed in step (2) were later used to improve
the focal mechanisms. In this section, we describe details of the
methods that were applied.

4.1 Seismic velocity inversion

The seismic tomography results strongly depend on the starting
model (Kissling et al. 1994). Consequently, as a first step, we in-
verted for a 1-D velocity model that will be used as starting model
in the 3-D inversion. We used the Velest code (Ellsworth 1978;
Kissling 1995), which performs velocity inversion simultaneously
with hypocentres and station delays. The station delay terms are in-
troduced to accommodate for near-surface and large scale velocity
heterogeneity (Husen et al. 2011). Here we tested two input 1-D
velocity models: (1) the 1-D NNSN velocity model from Havskov
& Bungum (1987) and (2) the average Crust1.0 model for the entire
study area (Laske et al. 2013). We found that the average crustal
thickness in the area is ≈40 km from Crust1.0 and the Moho depth
compiled by Maystrenko et al. (2017). We tested different crustal
thicknesses of 35, 40 and 45 km for both input 1-D models. The
layer thicknesses were not inverted, but were adjusted during the
preparation. We divided the 1-D model into 5 km layers and used
the velocities interpolated from the respective input model. A layer
adjustment test was performed by inverting for velocities for the
models, and then we combined the layers with similar velocities.

To test the range of feasible input models, we followed the pro-
cedure of Shiddiqi et al. (2019) by creating 500 model variations
for each initial model. This was done by randomly perturbing the
VP and VS for each layer within a range of ±10 per cent), but keep-
ing the VP/VS ratio within the range of 1.6–1.9. We only accepted
the results within the lowest 10 per cent root mean square (RMS)
residuals, which were then averaged. The next step was to refine
the averaged velocity models to obtain the final models and the
respective station delays by performing an additional inversion on
it. In this stage, we assigned a higher damping weight to the veloc-
ity model, so that the velocity model is not changed significantly
during the inversion. The preferred minimum 1-D velocity model,

which was selected based on its traveltime residuals, is presented
and described in Section 5.1.

The next step was to perform the 3-D traveltime tomography
using the SIMULR16 code (Bleibinhaus 2003; Bleibinhaus & Ge-
brande 2006; Bleibinhaus & Hilberg 2012), which is a modified ver-
sion of the well-established SIMUL family codes (Thurber 1983;
Evans et al. 1994; Thurber & Eberhart-Phillips 1999; Rietbrock
1996). The SIMULR16 code uses a damped iterative least-square
inversion scheme to obtain 3-D VP, VP/VS ratio, and station delays.
To compute the traveltime, the code employs a combination of ap-
proximate ray tracing (ART) and pseudo-bending method (PB) to
calculate the traveltimes. Bleibinhaus (2003) modified the ART and
included an iterative segmentation for PB to compute more accu-
rate ray paths at regional distance within a heterogeneous medium.
These modifications improve the accuracy of the ART-PB ray tracer
by more than 1 order of magnitude for distances above 140 km
(Bleibinhaus 2003).

To produce a robust 3-D model, we performed a series of in-
versions where the complexity increases as the number of inversion
grid nodes increases and the horizontal grid spacing decreases. First,
we ran the inversion on a coarse grid model (6 × 8 × 12 grid nodes;
smallest horizontal grid spacing: 100 km) using the preferred 1-D
velocity model as the starting model (See Fig. S7 and Section 5.1).
Then, we performed two additional inversions with refined grid
spacing, a medium grid (9 × 13 × 12 grid nodes; smallest hori-
zontal grid spacing: 50 km), and a fine grid (18 × 23 × 12 grid
nodes; smallest horizontal grid spacing: 25 km; see Fig. S2). The
final model in each inversion stage is used as the starting model for
the next stage. We used ray density and the checkerboard test results
to evaluate the model resolution throughout the process. The final
3-D model, which we present and describe in Section 5.2, is the
result of the inversion using the fine grid nodes. The distributions
of ray paths and fine grid nodes are shown in Fig. S2.

The observations were weighted based on the phase picking qual-
ity (we applied the same weighting scheme as for the hypocentre
determination in Data section), and traveltime residuals. The earth-
quake hypocentres and origin times were updated iteratively before
the velocity inversion in each iteration. The hypocentres were fixed
for the mining events, but the origin times were recomputed. We
evaluated the reliability of earthquake depth at each inversion stage,
especially for ‘out-of-network’ events. The inversions were repeated
after we removed events that have unreliable locations. The damping
parameters, which control the model perturbation in each iteration,
are determined using a trade-off curve between model variance and
data misfit.

4.2 Focal mechanism

Focal mechanisms provide important information about the stress
regime of an active tectonic region. In order to obtain accurate fo-
cal mechanisms for selected earthquakes in Nordland, we used a
combination of first motion polarities and SH/P amplitude ratios.
Initially, we computed focal mechanisms by using the Focmec pro-
gram (Snoke 2003) based on a 1-D model, but then transitioned
to our resulting 3-D model to allow for improved take-off angles.
Previous studies have demonstrated that the use of 3-D velocity
models can improve the focal mechanism solutions (e.g. Takemura
2016; Newrkla 2019). We used the final hypocentres, determined
using the 3-D seismic velocity model, for both analyses. Focmec
performs a grid search over strike, dip and rake and finds solutions
that are within given error criteria. We computed the take-off angles,
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emergence angles and azimuths using ray paths obtained from the
SIMULR16 code.

Amplitude ratios are useful to constrain the solutions that were
initially obtained using polarities only. The amplitude ratios be-
tween P and S waves were corrected for attenuation and free sur-
face and then depend only on the radiation pattern (e.g. Havskov &
Ottemöller 2010). The free surface correction requires VP/VS ratio
(here a constant value of 1.74 is used) and the emergence angles.
The attenuation correction is based on the quality factors Q for P
and S waves. Since we only have information for QLg for mainland
Norway, we assume that QP and QS have the same value as QLg

and we adopted QLg = 529f0.42 (Demuth et al. 2019). To assess
the quality of amplitude ratios, we used the amplitude ratio misfit,
which is the difference between the observed and synthetic SH/P
amplitude ratios. To ensure the solution’s quality, the amplitude ra-
tios that have logarithmic misfits larger than 0.2 were rejected (see
the Focmec manual (Snoke 2003)).

We computed the focal mechanisms following a two-step ap-
proach described in Halpaap et al. (2019). First, the solutions were
determined using polarities alone. We proceeded to the second step
if the solutions were similar (i.e. P- and T-axes fall into small area
on the lower hemisphere projection). Then we refined the solutions
by combining polarities and SH/P amplitude ratios computed in
the frequency domain. We did not allow for any polarity error, and
the maximum number of rejected amplitude ratios had to be less
than 50 per cent of the observations. The poorly constrained events
were removed—that is those with more than 50 solutions for a grid
spacing of 2◦. We used the solution uncertainties to evaluate the
solution qualities similar to Hardebeck & Shearer (2002), but here
we adopted more relaxed criteria. We considered the absolute max-
imum difference in strike, dip and rake as an indicator of solution
uncertainties and assigned three solution qualities: (1) events that
have all solution uncertainties less than 25◦ were given quality A,
(2) events that have solution uncertainties (in either strike, dip or
rake) larger than 25◦ and less than 45◦ were given quality B and
(3) events that have larger uncertainties or events that have more
than 50 solutions were given quality C. We only considered events
with quality A and B as stable solutions that can be used for further
analysis.

5 R E S O LU T I O N

5.1 Hypocentre error estimation

In each stage of the velocity inversion, the hypocentres are relo-
cated and their quality strongly affects the velocity model. In the
SIMULR16 code, the location error is estimated using the variance
and the outer product of an SVD-derived general inverse operator
(see Klein 2002; Halpaap et al. 2018). The variance itself is a com-
bination of the picking error, and weighted traveltime residuals. We
assigned a conservative value of 0.1 s for the picking error (see
Section 3). Fig. 3(a) shows that the RMS of traveltime residuals are
reduced by about 20 per cent and the average location errors are
reduced by about 30 per cent during the three stages of tomography
inversion. The station delays are reset to zero at the beginning of
each stage. Therefore, the starting RMS in medium and fine grids
are higher than the previous iteration of the larger grids. Further-
more, we also evaluated the solutions convergence by showing the
velocity and hypocentre changes for each iteration in Figs 3(b) and
(c). In each stage, largest solution changes happened in the first
few iterations, and then the solutions did not change significantly

afterwards. This pattern is expected and indicates that the solutions
converge.

5.2 Tomography resolution tests

To evaluate the resolution and robustness of our tomography results,
we conducted a series of synthetic tests. We performed the tests
to investigate how well synthetic anomalies can be recovered, in
terms of their size, location and strength, by our inversion set-
up. First, we created two types of synthetic velocity models: (1)
checkerboard velocity models and (2) synthetic models based on
velocity anomalies in the tomography results. Then we calculated
synthetic traveltimes using the final hypocentres and the synthetic
velocity models. We added random Gaussian noise to the traveltimes
with a standard deviation of 0.1 second based on our picking error
estimate. We did not directly shift the hypocentres, but the starting
locations are shifted during the initial adjustment before the velocity
inversion due to the noise and the use of an initial velocity model.
We then inverted the synthetic data to obtain VP, VP/VS ratio along
with the hypocentres.

In a first series of resolution experiments, we performed checker-
board tests by alternately perturbing the final 3-D velocity model
by ±5 per cent. The checkerboard test results for three depth slices
(8, 24, 32 km) and coast parallel cross-sections are shown in Fig. 4.
The tests show that VP and VP/VS ratio can be recovered (Fig. 4)
and we are able to recover the central part of the model (Lofoten–
Vestfjorden basin–coastal area–and some part of the mainland area)
down to the Moho depth. In this central part, at shallow depth, both
shape and anomaly strength are quite well resolved and in the deeper
part, we can still recover the anomalies but they are weaker and start
to smear. In the northeastern corner of the model, we can recover
the checkerboard anomalies but smearing affects the results. The
anomalies are getting weaker in the mid-crust (17–24 km) due to
limited number of direct ray paths crossing this part of the model.
This area is dominated by refracted ray paths (Pn and Sn phases),
and has a limited number of direct ray paths (Pg and Sg). This ray
path distribution can resolve the Moho well, but not the shallower
structure in the corners of the model.

In a second series of resolution tests, we performed synthetic
anomaly recovery to evaluate whether prominent velocity anoma-
lies expected in our tomographic models are more likely to be real
features or artefacts of the inversion. We performed two such syn-
thetic anomaly recovery tests as described in the following:

(i) Moho step
Earlier results (e.g. Maystrenko et al. 2017; Michálek et al. 2018)
showed that there is a transition between the shallow Moho in the
southern Lofoten and deeper Moho in the mainland. Our early
tomography tests indicated the existence of a sharp transition, which
we refer to as Moho step. Here we tested the robustness of this Moho
step. We created a synthetic 3-D VP model with a simplified Moho
step. This was achieved by using the initial 1-D model with Moho
depth of 40 km onshore, and by adapting a shallow Moho model
of 27 km for southern Lofoten. Then we inverted the synthetic data
by following our inversion grid scheme: starting from coarse grid,
then medium and fine grid size model. The synthetic model and
inversion results are shown in Fig. S3. We were able to recover
the shallow Moho and the Moho step beneath southern Lofoten in
profiles B–B’ until E–E’ (see Fig. 4 for the location of the profiles).
The Moho transition in profile F–F’ appears to be smoother due to
limited ray path coverage.
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Figure 3. (a) Plot of traveltime RMS residuals, station delays RMS, and the average location error changes for each iteration. At the beginning of each inversion
stage, the station delays are set to zero. Therefore, the starting RMS in medium and fine grids are higher than the last iteration of the larger grids. (b) Plot
showing the average velocity changes. The change is the difference between the current iteration (n) and the previous iteration (n–1) for each grid. (c) The
average location changes for each iteration.

Next we verified whether the Moho step can be artificially created
by our inversion set-up. Previous models showed that the Moho
transition from southern Lofoten towards the mainland is smooth
(e.g. Maystrenko et al. 2017). Therefore, we created an additional
synthetic test by modifying the simplified Moho step model. As
opposed to an abrupt change in the Moho depth, we modified the
model to make the transition smoother. Then we inverted the syn-
thetic data using the same inversion scheme. The initial model and
inversion result are shown in Fig. S4. The inversion results show
that the Moho transition is relatively smooth. These tests showed
that we can resolve the shallow Moho beneath southern Lofoten and
the Moho step feature, and that the Moho step is unlikely to be an
artefact.

(ii) Robustness of the anomalies near the Moho step
Uneven ray path distribution is usually expected in earthquake trav-
eltime tomography. Velocity anomalies can influence the ray path
distribution as well, by focusing or defocusing the ray path. In our

case, seismic events are concentrated along the coast near the Moho
step. Therefore, the ray paths become concentrated in this area (see
cross-section plots of the ray paths in Fig. S5) and it is important
to verify that a high VP/VS ratio anomaly is not an artefact due to
uneven ray path distribution.
To achieve this aim, we performed a set of synthetic tests by creating
three synthetic models: (1) model with constant VP/VS ratio but
added higher random Gaussian noise with a standard deviation
of 0.2 s, (2) model with low VP/VS ratio anomaly in the offshore
region and (3) model with high VP/VS ratio anomaly in the onshore
region. In all of these models, we do not introduce any anomalies
near the step. The synthetic models and the results are shown in
Fig. S6.

From these tests, no strong velocity anomaly is introduced near
the Moho step. Although there are small patches of high VP/VS

ratio perturbation near the step, the anomaly strength is less than 1
per cent. This could be caused by the random noise added to the
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Figure 4. Checkerboard test for VP and VP/VS ratio in the map view slices and cross-sections. The input synthetic model, created by alternately perturbing
the final 3-D velocity model, is shown in the top row. All velocity plots are shown as the perturbation to the final 3-D velocity model. Stations (open inverted
triangles) and inversion grid positions (crosses) are shown on the map view of synthetic VP and VP/VS ratio models, respectively. The cross-section lines are
shown on the map view VP inversion result at 4 km depth. In the cross-section plots, grid node positions are also shown as cross symbols. The red and blue
boxes highlight the area with low and high perturbation inputs, respectively.

synthetic data. Therefore, we conclude that the Moho step feature
does not create an artificial anomaly.

6 R E S U LT S

6.1 1-D velocity inversion

We tested six input models which consider several Moho depths, that
is 35, 40 and 45 km and the output models are shown in Fig. S7. The
NNSN-based models contain four crustal layers and the Crust1.0-
based models consist of six layers. All 1-D velocity models have
quite similar velocities for depth down to 20 km, and the largest
variation occurs in the lower crustal and the mantle velocities. We
found that the inversion using the averaged Crust1.0 velocities with
the Moho at 40 km as starting model gives the lowest overall RMS
residual. The preferred 1-D VP, VS and VP/VS ratio are shown in
Fig. 5. All accepted inversion results tend to converge to a small
range of parameter values except for VP in the lower crust, between
20 and 40 km depth, where the results are quite spread out, especially
for VP. This pattern likely indicates strong lateral variation of VP due
to strong differences in crustal thickness, which cannot be captured
by a 1-D velocity model. VS is not as spread out as VP because of

the S-ray paths sampled a smaller area of the lower crust due to a
smaller number of S-picks for stations further inland.

The P- and S-wave station delays for the preferred velocity model
are shown in Figs 5(b) and (c). We chose permanent station MOR8
as the reference station, because it is located near the centre of the
model, and was in operation throughout the period of our event
catalogue. The positive and negative station delays represent late
and early arrival times, respectively (e.g. Wright 2008; Midzi et al.
2010). Comparison of the P-wave delays for all velocity models
are shown in Fig. S8. The contrast between delays on southern
Lofoten and the mainland can be attributed to the deviation of the
layer geometry, for example due to the crustal thickness variation.
The stations on Lofoten have large negative P- and S-wave delays
indicating large positive velocity perturbation along the ray paths
beneath the southern Lofoten indicating a thinner crust. Stations
on the mainland have positive P-wave delays, which correspond to
negative velocity perturbation pointing towards a thicker crust.

6.2 Final hypocentre locations and 3-D velocity model

The hypocentre locations of 527 earthquakes used in the 3-D seismic
tomography are shown in Fig. 6. There are only eight offshore events
near the shelf edge that have reliable hypocentre locations. The
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Figure 5. (a) Preferred 1-D velocity model. The final VP, VS and VP/VS ratio models are depicted by red lines. The range of input are shown as blue dashed
lines. The inversion results are shown as grey lines and the accepted models are shown as black lines. Station delays for P and S waves are shown in (b) and
(c), respectively. Symbols for S-wave delays are scaled down to the average VP/VS ratio, 1.74.

coastal seismicity is distributed from less than 5 km down to 18 km.
The location of the Jektvik and Steigen swarms are highlighted
in Fig. 6. In addition, we show the hypocentre distribution in the
Jektvik and Steigen areas located using the four velocity models
developed in this study: 1-D, 3-D coarse, 3-D medium and 3-D fine
models in Figs S9 and S10.

The 3-D seismic tomography results are presented as coast-
normal cross-sections in Fig. 7. The coast parallel cross-sections are
also presented in Fig. S11. The depth slice of VP and VP/VS ratio
for depths 4, 8 and 12 km are shown in Fig. 8 and for for depths
of 17, 32 and 40 km are presented in Fig. S12. Based on these
results, we can estimate the position of the ‘tomography Moho’,

indicated by a sharp gradient from 7.0 to 8.0 km s–1 (e.g. Husen
et al. 2003). A number of tomography studies that used a similar
approach to estimate the Moho depth adopted VP contours between
7.25 and 7.4 km s–1—see, for example studies of Diehl et al. (2009),
Koulakov et al. (2015) and Leónı́os et al. (2021) which looked at
Moho depths in the Alps, Himalaya and the Ecuadorian margin,
respectively. Lange et al. (2018) used a higher VP of 7.8 km s–1 as a
proxy for the Moho in the Central Sumatra subduction zone. Here,
we chose the VP 7.6 km s–1 contour as an indicator of the continental
Moho (Fig. 7) as this is close to the Moho depth derived from the
receiver function studies for mainland Nordland from Ben-Mansour
et al. (2018) and Michálek et al. (2018).
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Figure 6. Distribution of final hypocentre locations. Large open circles
mark the area of two earthquake swarms discussed in the text: Steigen
swarm (green rectangle) and Jektvik cluster (blue rectangle). Positions of
cross-section lines, shown in Figs 7 and S11, are depicted by black lines.
Red dashed line is the location of extended E–E’ section shown in Fig. 11.
See Fig. 2 for the bathymetry scale.

We identified seven important features in our tomography results
that are marked in Figs 7 and 8 with Roman numerals I–VII based
on the order of their appearance in Section 7:

(i) A significant change of crustal thickness over a short dis-
tance (∼25 km) or Moho step exists beneath the Vestfjorden basin
(in Sections B–B’ to F–F’). In the northern part of Lofoten and
Vesterålen, the crust is relatively thick (>35 km) and the transition
towards the mainland (see Section A–A’) is smoother. South of
Lofoten (southern part of Lofoten islands and Lofoten ridge), the
crust is thinner (around 27 km), and the Moho step is observed. The
position of the Moho step comes closer to the coast as we move
to the south. The crustal thickness in the mainland is greater than
40 km.

(ii) A thin layer of high VP/VS ratio anomaly (up to ≈1.84) exists
at the upper crustal in the vicinity of the Steigen swarm within the
Sagfjord shear zone (in Section B–B’). Below this anomaly, the
VP/VS ratio is relatively low (down to ≈1.68).

(iii) A low VP anomaly within the uppermost layer (Sections D–
D’ and E–E’) extends from the mainland towards the Vestfjorden
basin.

(iv) A low VP/VS ratio (down to ≈1.65) anomaly is observed at
upper crustal depth (Sections E–E’ and F–F’) between 0 and 15 km
depth. The low VP/VS ratio coincides with the Jektvik swarm.

(v) A high VP/VS ratio anomaly (up to ≈1.81) is observed around
the Vestfjorden basin.

(vi) A high VP/VS ratio (up to ≈1.83) anomaly exists at upper-
middle crustal depths further east in the model towards the area
with high elevation (Sections E and F). The anomaly is observed
between 5 and 15 km depth.

(vii) A high VP/VS ratio anomaly (up to ≈1.85) is observed at
middle and lower crustal depths. The anomaly is most prominent in
Sections C–C’ and E–E’.

The interpretation of these features is presented in Section 7.

6.3 Focal mechanisms

We computed focal mechanisms for 41 events that have a minimum
of six polarity observations. On average, each event has eight po-
larities. Based on our result, the focal mechanisms computed using
the 3-D velocity model have smaller amplitude ratio misfits (av-
erage logarithmic misfits: 0.18) than the focal mechanism derived
using 1-D velocity model (average logarithmic misfits: 0.43). We
use solution range as an indicator of solution uncertainties. The
1-D velocity solution ranges are: strike 19◦, dip 23◦ and rake 24◦

and the 3-D model solution ranges are reduced to: strike 10◦, dip
7◦ and rake 16◦. Fig. S13 demonstrates the improvement of focal
mechanism solutions using the 3-D velocity model. This compar-
ison also shows that the station positions on the focal sphere can
vary significantly depending on the velocity model. Since we used
the same hypocentre locations, the differences in take-off angles
between 1-D and 3-D models are mainly caused by the variation of
VP, which can change the ray direction from downgoing to upgoing
or the other way around.

Out of 41 events, we obtained reliable solutions for 21 events,
that is 16 events of quality A and 5 events of quality B (Fig. 9). The
remaining 20 events are categorized as quality C, and are not used
in further interpretation. Most of the reliable solutions are normal
and oblique-normal faulting mechanisms. The majority of events
are part of the Jektvik swarm that have a near vertical P-axis and
coast perpendicular T-axis (Fig. 9).

7 D I S C U S S I O N

In following subsections, we discuss the interpretation of our ve-
locity models and focal mechanism solutions, and their possible
relation with the intraplate seismicity in Nordland.

7.1 Crustal thickness variation

From the 3-D VP model, we estimated the crustal thickness, that
here is defined as the thickness of crystalline crust plus overlying
sediments. The differences between crustal structure of the southern
and northern Lofoten-Vesterålen as well as the mainland area are al-
ready indicated by the P-wave station delays obtained from the 1-D
velocity inversion, which reflect the deviation from the 1-D Moho
depth of 40 km. The large negative delays in the southern Lofoten
indicate the existence of a high velocity anomaly there, which possi-
bly corresponds to a shallow Moho. The large positive delays in the
mainland possibly correspond to thicker crust. Indeed, our 3-D VP

model shows variation from a thinner crust offshore towards a much
thicker crust inland (Fig. 10). Along the Lofoten-Vesterålen islands
(approximately SW–NE), the crustal thickness varies as well. The
northern Lofoten-Vesterålen has crustal thickness around 35 km
and further to the south the crust is thinner ∼27 km.

In mainland Nordland, our Moho depth estimates range from 40 to
47 km. This result is comparable to crustal thickness models derived
by receiver function studies (Ben-Mansour et al. 2018; Michálek
et al. 2018). A slight Moho depth variation is found along the coast
where the crust further south is thinner (∼40 km, Section D–D’ and
E–E’ in Fig. 7), and the crust beneath Steigen is thicker ∼47 km
(Section B–B’ and C–C’ in Fig. 7). Further to the north, the crustal
thickness is ∼42 km (profile A–A’ in Fig. 7). This transition can be
also seen in coast-parallel profile I–I’ in Fig. S11.

Feature I in Fig. 7 shows an abrupt change in crustal thickness
beneath the Vestfjorden basin, between southern Lofoten-Vesterålen
and the mainland, which we refer to as a Moho step. With the
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Figure 7. Coast normal cross-sections of VP and VP/VS ratio across the resulting tomography model. Roman numeral labels are the features discussed in the
text. Red lines are the contour of the ‘Moho velocity’ (VP 7.6 km s–1), and the dashed black lines is the Moho model compiled by Maystrenko et al. (2017).
Hypocentres and stations are represented by white circles and black triangles, respectively. Surface topography (with 4× vertical exaggeration) is plotted on
the top of each cross-section. The inversion grids are plotted in VP/VS ratio sections. See Fig. S2 for the coordinate system of the model.

resolution test in Section 5.2, we showed that the velocity inversion
can recover such sharp Moho change. The sharp details of this
transition were not previously resolved and were not included in
the compilation by Maystrenko et al. (2017) as it builds on lower
resolution input than what is afforded by our new tomographic
results.

The crustal thickness variation around the Lofoten-Vesterålen is-
lands has been discussed in recent publications (e.g. Breivik et al.
2017, 2020; Maystrenko et al. 2020b). As mentioned in the back-
ground section, there is an ongoing debate as to whether the crust

is thin or not in southern Lofoten and in this section we show our
results can contribute to this debate. The seismic profile 1-88 (see
Fig. 1) from Mjelde et al. (1993) has previously been used as the
main constraint on crustal thickness in the southern Lofoten, par-
ticularly beneath the Lofoten Ridge. The model from Mjelde et al.
(1993) suggested that the crustal thickness here is as low as 20 km
in a narrow area below the Lofoten Ridge. In an updated interpreta-
tion, Mjelde et al. (2013) suggested that the crust is thicker than in
their earlier model (≥25 km). Further to the south of profile 1-88,
using the Blue Norma profile (BNR profile in Fig. 1) Avedik et al.
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Figure 8. Horizontal depth slices of VP and VP/VS ratio for the upper crustal depth. The colour scale for VP is readjusted for a lower velocity range. Positions
of the coast parallel cross-sections are shown at 8 km depth slices.

Figure 9. Distribution of the accepted focal mechanism solutions (Quality
A and B). Small rectangles and triangles in the solutions represent the P-
and T-axes, respectively. The quality A and B solutions are labelled with
black and red triangles, respectively. The open blue rectangle is the location
of Jektvik swarm. The P- and T-axes of solutions from Jektvik are shown in
upper left circle.

(1984) also inferred that the region here has thin crust. In contrast,
using profile 8-03 (Fig. 1), Breivik et al. (2020) proposed that the
crust beneath southern Lofoten is thicker (>∼30 km).

Our larger crustal thickness estimates in the northern Lofoten-
Vesterålen are similar to those of Breivik et al. (2017), and the

shallower Moho depth in the southern Lofoten-Vesterålen is com-
parable to that proposed by Mjelde et al. (2013). In Fig. 7, the
profile A–A’ represents the northern Lofoten-Vesterålen area with
a thicker crust, and profiles B–B’ until E–E’ represent the area
with a thinner crust in the southern Lofoten-Vesterålen. We sug-
gest that the transition occurs between profiles A–A’ and B–B’
(also see profile G–G’ in Fig. S11). Mjelde et al. (2013) pro-
posed the existence of high velocity eclogitic layer in the lower
crust of the Lofoten ridge. However, the proposed eclogite in
the lower crust is not resolved in our model due to limited rays
and our inversion grid spacing. Still we observe a thinner crust
in the southern Lofoten-Vesterålen (∼27 km), and conclude that
the model of thinner crust in the southern Lofoten-Vesterålen is
valid.

7.2 Crustal Structure and composition

The main upper crustal velocity anomalies are located in the vicin-
ity of two distinct seismicity clusters: the Steigen swarm in the
north, and the Jektvik swarm in the south. In the vicinity of the
Steigen swarm, we observe relatively low VP and high VP/VS

ratio at shallow depths, and low VP/VS ratio at greater depths
(anomaly II in Figs 7 and 8). Whereas in Jektvik, very low VP

(anomaly III) and low VP/VS ratio are observed (anomaly IV).
The VP around Jektvik swarm is significantly lower and extends
over a larger area, while the low VP around Steigen is more
localized.

The low VP in both regions can be an indication of fractured rocks
and fluids (e.g. Unsworth & Rondenay 2013). The effect of fracture
and fluid content can also play an important role in the variation of
VP/VS ratios at shallower depth (e.g. Wang & Ji 2009; Kuo-Chen
et al. 2012). However, the VP/VS ratio sign depends on the pore
pressure, aspect ratio of the pore, fluid content, and the Possion’s
ratio of the host rocks (Takei 2002; Brantut & David 2018). While
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Figure 10. (a) 3-D block model of Moho surface extracted from the 3-D VP model. Earthquake hypocentres are shown as white circles. The vertical axis has
2× exaggeration. (b) Map view of the Moho surface. Earthquake are shown as red circles. Black lines are the seismic lines discussed in the text. Small green
squares are seismic stations used in receiver functions study in Ben-Mansour et al. (2018).

a small crack aspect ratio can increase the VP/VS ratio, large crack
aspect ratio can decrease the VP/VS ratio (e.g. Shearer 1988; Takei
2002; Lin & Shearer 2009). Although it is difficult to pinpoint the
exact rock units and physical parameters that govern the VP/VS ratio
in Jektvik and Steigen, we speculate that fluids are present at the
seismogenic depth in this region given the propensity for seismic
swarms.

In case of ambiguity in the seismic velocity models, additional
complementary constraints can be provided by electrical resistiv-
ity images. A recent magnetotelluric survey across Northern Nor-
way and Sweden shows the presence of a large crustal conductive
anomaly beneath Nordland (Cherevatova et al. 2015). They suggest
the possibility of water infiltration through shear zones, for example
Sagfjord shear zone. Some of the conductive anomalies are located
near the high VP/VS ratio (Steigen region). From observations in
active fault regions, low resistivity anomaly is often associated with
the presence of fluid within the fault zones as observed in, for exam-
ple San Andreas fault (Unsworth & Bedrosian 2004), and Kachchh
rift (Kumar et al. 2017).

Along the Vestfjorden basin, we observe low VP and high VP/VS

ratio (∼1.81) (anomaly V in Sections C–C’ and D–D’). This basin
is filled with Mesozoic sediments (Olesen et al. 2002), and several
normal faults that formed during the rifting processes are identi-
fied from geophysical methods (Olesen et al. 2002; Tsikalas et al.
2005). The combination of sedimentary basin and fault zones in the
Vestfjorden basin is likely to reduce the VP, and increase the VP/VS

ratio slightly.
The most prominent feature of the middle and lower crust is the

high VP/VS ratio (up to ≈1.85) (anomalies VI and VII in Fig. 7).
Anomaly VI is most prominent in Sections E–E’ and F–F’. Anomaly
VI can be possibly attributed to the rock composition rather than the
existence of fluid, because it is accompanied by slightly elevated VP.
Anomaly VII, located near the Moho step, is a result of increasing
VP. Anomalies VI and VII possibly indicate mafic rock composition,
which is also found in the lower crust offshore Lofoten by Avedik
et al. (1984) and Breivik et al. (2017), and along the mid Norwegian
margin (Mjelde et al. 2016). The high-velocity body found in the
lower crust along the Norwegian margin can be interpreted as the
Eocene magmatic intrusions or the Caledonian eclogites (Mjelde
et al. 2016).

7.3 The causes of intraplate seismicity in the coastal area
of Nordland

Earthquakes in Nordland predominantly occur offshore along the
shelf edge and onshore in the coastal area (see Fig. 9). A small num-
ber of earthquakes are also observed along the Lofoten-Vesterålen
islands. The earthquake mechanisms vary from thrust faulting along
the shelf edge (somewhat poorly resolved) to normal faulting along
the coast. Our focal mechanisms show normal and oblique-normal
solutions for events along the mainland coastal area. We do not
have reliable solution for the Steigen swarm due to limited number
of stations during the 2008–2009 period. For Jetvik, we obtained
12 focal mechanisms which are normal or slightly oblique-normal.
The plot of P- and T-axes in Fig. 9 indicates coast perpendicular ex-
tension, which matches previous observations (Hicks et al. 2000b;
Janutyte et al. 2017b). Further to the east, outside of the study area,
the stress regime tends to be compressive as implied by focal mech-
anism studies of earthquakes in Northern Sweden (e.g. Arvidsson
1996; Lindblom 2011).

The local stress along the coast of Nordland is the opposite of
what is expected from the mid Atlantic ridge push. It has been
suggested that the local stress effects in Nordland, for example
GIA, sedimentary loading, topography and lateral variation within
the lithosphere (e.g. Fejerskov & Lindholm 2000; Bungum et al.
2010; Keiding et al. 2015), are strong enough to overcome the
regional stress. The assumption is that the state of stress in the
crust leads to reactivation of pre-existing faults (Atakan et al. 1994;
Bungum et al. 2010). Here we attempt to combines our new result
with previous constraints to identify the primary stress mechanisms
in the Nordland region (Fig. 11).

Mass redistribution and respective isostatic adjustment, either
due to sediment redistribution or ice removal result in flexural stress
in the region. The high lateral uplift gradient along the coast of Nord-
land shown by Keiding et al. (2015) is possibly related to the effects
of the flexural stress. The deglaciation process caused rapid erosion
with a high rate of removal, along the coast of Nordland and Lofoten
(Riis 1996), and deposition of thick sedimentary layers offshore, in
particular the Naust formation. This process is suggested as a cause
of local subsidence and uplift along the coast, and a significant
contributor to the local stress regime (e.g. Redfield & Osmundsen
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Figure 11. Sketch of the state of crustal stress in Nordland, overlain on the the VP model crossing the Jektvik area (extended E–E’ section) (see Fig. 7 for the
VP colorscale). Red line is the Moho surface derived in this study. Red and blue arrows represent compressive and extensional regimes. White open circles
are the earthquake hypocentres. The uplift rate contours from Vestøl et al. (2019) are shown as dashed black lines. Approximate area where the largest misfit
between GNSS and the GIA uplift reported by Kierulf (2017) is shown as a red ellipse. See Fig. 2 for the bathymetry scale.

2014; Gradmann et al. 2018). However, the contribution of this sed-
imentation and GIA to the present day stress in the region is not well
understood. Furthermore, Kierulf (2017) showed a discrepancy in
the coast of Nordland between the uplift rate derived using GNSS
observations and that derived using a best-fitting GIA model. Our
3-D velocity model can help to improve previous GIA and stress
modelling efforts in Nordland.

Another possible contributor to an extensional stress regime is the
gravitational potential energy (GPE) stress that arises from density
differences within the lithosphere, for example crustal thickness dif-
ference, as well as topographical effect (Pascal & Cloetingh 2009).
The seismicity in Nordland concentrates along the coast, which co-
incides with the location of the Moho step. We speculate that the
10–15 km difference of continental crust thickness affects the lo-
cal stress via GPE. Pascal & Cloetingh (2009) modelled the GPE
stress in southern Norway, which is mainly caused by lithosperic
density variation, crustal thickness and topography. They suggested
that thicker crust and higher topography in southern Norway have
a significant contribution on the extension in the onshore region
and compression in the coastal and offshore domains. The setting
in Nordland is similar, which makes GPE a plausible factor that can
influence the crustal stress. However, further modelling is needed
to verify how significant their contribution is to the local crustal
stress.

As discussed in the previous section, our results suggest the pres-
ence of water in the upper crust, near the locations of the Jektvik ans
Steigen swarms. Various observations have pointed to the impor-
tance of water in intraplate seismic swarm generation, for example
in West Bohemia/Vogtland (Mousavi et al. 2015) and Kachchh rift
(Kumar et al. 2017). There is no evidence for water migration from
the deeper crust or mantle in this region. Alternatively, several stud-
ies have suggested that rainfall and surface water can trigger shallow
seismicity (e.g. Hainzl et al. 2006; Bisrat et al. 2012; Craig et al.
2017), including in Nordland (Maystrenko et al. 2020a). However,
in case of Nordland, this relation still needs to be verified with stress
or hydrological modelling.

Whereas there may be explanations for the deviation from the
regional compressive stress field, it is unclear how the system has
changed with time and why the Nordland region remains critically
stressed and thus near extensional failure. The effects of GIA may
have resulted in an extensional setting after glaciation. The ridge
push remains practically constant for the time frame considered

here and the tectonic processes that affected the crust and formed
structures such as the Moho step, have not been active for several
tens of millions of years. Yet, the Nordland region is seismically
active in a manner that contrasts with what is expected from the
regional stress field. It is possible that the erosion remains active
and keeps the differential stresses high. The presence of fluids as
suggested by our tomography model may play an important role in
bringing the system to failure by reducing friction along the faults.
In Norway, neither of these processes is unique to Nordland, but
perhaps this combination can explain the high seismic activity of
the area.

8 C O N C LU S I O N S

3-D VP and VP/VS ratio models of the Nordland region were de-
veloped using seismic traveltime tomography. These models then
served as a basis to build a new seismicity catalogue and com-
pute focal mechanisms. Our results provide important new insight
into the crustal structure of the region and the causes of intraplate
seismicity in Nordland.

The crustal thickness and seismic velocities inferred from our
models were found to vary considerably across the study area. Be-
low the Lofoten-Vesterålen islands, crustal thicknesses range from
∼27 km in the south to ∼35 km in the north. Between southern
Lofoten and the mainland area, the crust thickens rather abruptly
over a lateral distance of only ∼25 km, forming a Moho step that
runs parallel to the coast. The crust in the mainland part of Nord-
land is thicker, ranging from 40 to 47 km. The tomography images
show low VP and variable VP/VS ratio anomalies in the vicinity of
the Steigen and Jektvik swarms, possibly indicating the existence
of fractures and fluids in the upper crust.

To investigate the causes of seismicity, we considered our results
in the context of local and regional stresses. In the coastal part of
mainland Nordland, the stress regime exhibits coast-perpendicular
extension, in contrast to the prevalent regional compressive stresses.
We propose that the shallow crustal stress in Nordland is dominated
by flexural stress due to sediment redistribution and GIA. The high
seismicity area along the coast of Nordland coincides with the loca-
tion of the Moho step. This is a possible indication that GPE can also
contribute to the local stress here. Deformation localizes within pre-
existing fault zones, which in some cases have been weakened by
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fluids. This set of conditions leads to the occurrence of earthquakes
and is favourable to the development of seismic swarms.
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software (Havskov & Ottemöller 1999; Havskov et al. 2020) (http:
//seisan.info/). Figures in this paper were created using Generic
Mapping Tools (Wessel et al. 2013), Matlab (https://www.mathwo
rks.com/products/matlab.html), M Map Matlab package (Pawlow-
icz 2020) (https://www.eoas.ubc.ca/∼rich/map.html) and Inkscape,
a vector graphics editor (https://inkscape.org/). The hypocentre lo-
cations, focal mechanisms, velocity models and Moho surface depth
generated in this study is available at Zenodo (https://doi.org/10.5
281/zenodo.5778841).

R E F E R E N C E S
Altamimi, Z., Rebischung, P., Métivier, L. & Collilieux, X., 2016. ITRF2014:

a new release of the International Terrestrial Reference Frame modeling
nonlinear station motions, J. geophys. Res., 121(8), 6109–6131.

Arvidsson, R., 1996. Fennoscandian earthquakes: whole crustal rupturing
related to postglacial rebound, Science, 274(5288), 744–746.

Atakan, K., Lindholm, C.D. & Havskov, J., 1994. Earthquake swarm in
Steigen, northern Norway: an unusual example of intraplate seismicity,
Terra Nova, 6(2), 180–194.

Avedik, F., Berendsen, D., Fucke, H., Goldflam, S. & Hirschleber, H., 1984.
Seismic investigations along the Scandinavian Blue Norma profile, Ann.
Geophys., 2(5), 571–577.

Ben-Mansour, W., England, R.W., Fishwick, S. & Moorkamp, M.,
2018. Crustal properties of the northern Scandinavian mountains and
Fennoscandian shield from analysis of teleseismic receiver functions,
Geophys. J. Int., 214(1), 386–401.

Bisrat, S., DeShon, H.R. & Rowe, C., 2012. Microseismic swarm activity in
the New Madrid Seismic Zone, Bull. seism. Soc. Am., 102(3), 1167–1178.

Bleibinhaus, F., 2003. 3D Simultaneous Refraction and Reflection Seis-
mic Travel Time Tomography and Application to Deep Seismic
TRANSALP Wide-Angle Data, PhD dissertation, Ludwig-Maximilians-
Universität, München, Germany.

Bleibinhaus, F. & Gebrande, H., 2006. Crustal structure of the Eastern
Alps along the TRANSALP profile from wide-angle seismic tomography,
Tectonophysics, 414(1), 51–69.

Bleibinhaus, F. & Hilberg, S., 2012. Shape and structure of the Salzach
Valley, Austria, from seismic traveltime tomography and full waveform
inversion, Geophys. J. Int., 189(3), 1701–1716.

Brantut, N. & David, E.C., 2018. Influence of fluids on VP/VS ratio: increase
or decrease? Geophys. J. Int., 216(3), 2037–2043.

Breivik, A.J., Faleide, J.I., Mjelde, R., Flueh, E.R. & Murai, Y., 2017. A new
tectono-magmatic model for the Lofoten/Vesterålen Margin at the outer
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structure of the Lofoten-Vesterålen segment of the Mid-Norwegian con-
tinental margin and adjacent areas derived from 3-D density modeling, J.
geophys. Res., 122(2), 1402–1433.

Michálek, J., Tjåland, N., Drottning, A., Strømme, M.L., Storheim, B.M.,
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Ottemöller, L. & Midzi, V., 2003. The crustal structure of Norway from
inversion of teleseismic receiver functions, J. Seismol., 7, 35–48.
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Vesterålen, Northern Norway, Norsk Geologisk Tidsskrift, 380, 235–243.

Shearer, P.M., 1988. Cracked media, Poisson’s ratio and the structure of the
upper oceanic crust, Geophys. J. Int., 92(2), 357–362.
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S U P P O RT I N G I N F O R M AT I O N

Supplementary data are available at GJI online.

Figure S1. Ray path distribution from NNSN data set (a) and ray
path distribution from the final data set used in this study (b). Ray
paths are shown as grey lines. Earthquake locations and stations are
shown as circles coloured with depth and blue inverted triangles,
respectively. Location of Kvannevann mine is shown as the black
stars.
Figure S2. Final ray path distribution (blue lines) and fine inversion
grid nodes (black circles) in map view as well as along strike and
dip sections. The central coordinate (X = 0 km, Y = 0 km) of the
tomography model (shown as the green star) is 67.5◦N, and 14.5◦E,
and the coordinate system is rotated 35◦ clockwise. Stations are
shown as red inverted triangles.
Figure S3. Moho step test showing the synthetic model (left-hand
panel) and the inversion result (right-hand panel). The synthetic
model is created by combining two 1-D VP models with a shallower
Moho in the west and a deeper Moho in the east. This test was
performed to demonstrate that our inversion can actually recover
the Moho step feature in Nordland. The hypocentres are shown as
white circles. The solid red lines are the ‘Moho velocity’ contour
(VP = 7.6 km s–1).
Figure S4. Smooth Moho test showing the synthetic model (left-
hand panel) and the inversion result (right-hand panel). The syn-
thetic model is created by using two 1-D VP with smooth transition.
This test aimed to demonstrate that the Moho step is not an artefact
created by the inversion set-up. The hypocentres are shown as white
circles. The solid red lines are the ‘Moho velocity’ contour (VP =
7.6 km s–1).

Figure S5. Coast perpendicular cross-sections showing the ray path
distribution (black dots) for observations used in the 3-D velocity
inversion. Red lines are the contour of the ‘Moho velocity’ (VP

= 7.6 km s–1). White circles represent the earthquake locations.
Surface topography (with 4× vertical exaggeration) are also plotted
on the top of each sections.
Figure S6. Synthetic test to evaluate whether the Moho step (black
lines) creates an artificial anomaly or not. The test includes (a)
constant VP/VS ratio with higher random noise, (b) low VP/VS ratio
in the lower crust of the offshore and (c) high VP/VS ratio in the
upper crust of the mainland area. This test shows that our inversion
set-up does not create artificial anomaly near the Moho step.
Figure S7. 1-D VP and VS models derived using six starting models,
which used three Moho depths: 35, 40 and 45 km. The preferred
1-D model is the Crust1.0 based model with 40 km Moho depth.
Figure S8. P-wave station delays for six 1-D velocity models in
Fig. S7. All delays are relative to the reference station.
Figure S9. Comparison of hypocentres in Steigen area determined
using four velocity model (1-D, 3-D coarse, 3-D medium and 3-D
fine models).
Figure S10. Comparison of hypocentres in Jektvik area determined
using four velocity model (1-D, 3-D coarse, 3-D medium and 3-D
fine models).
Figure S11. VP and VP/VS ratio for coast parallel cross-sections. Red
lines are the contour of the ‘Moho velocity’ (VP 7.6 km s–1), and the
dashed black lines is the Moho model compiled by Maystrenko et al.
(2017). Hypocentre and stations are represented by white circles and
black triangles, respectively. Surface topography (with 4× vertical
exaggeration) are plotted on the top of each cross-section. The
inversion grids are plotted in VP/VS ratio sections.
Figure S12. Horizontal slices for VP and VP/VS ratio in the middle
and lower crustal depth. Earthquakes and stations are shown as red
circles and open inverted triangles.
Figure S13. Comparison between focal mechanism solutions com-
puted using 1-D velocity model (left-hand panel) and solutions
computed using 3-D velocity model. Nodal lines represent all pos-
sible solutions that fit with the observations. Position of polarities
and amplitude ratios are plotted within the lower hemisphere pro-
jection. Compression and dilatation polarities are shown as open
circles and open triangles, respectively, and amplitude ratios are
plotted as H symbols.
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