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Abstract

The seismotectonic signi"cance of the Rana region is known both from the fact that this was the location of the largest known
earthquake in Fennoscandia in recent times, the M

S
5.8}6.2 earthquake of August 31, 1819, and from its relatively high, constant

seismic activity also in the 20th century. In order to study this region in more detail, a local seismic network has been in operation
there since July 1997, as part of the NEONOR (Neotectonics in Norway) project. The network was primarily designed to detect
possible activity on the Ba> smoen fault which runs &50 km subparallel to the Rana fjord, and which shows signs of likely post glacial
activity. The results have revealed a quite complex spatio-temporal distribution of seismic activity, and has also shown no activity on
the Ba> smoen fault itself. During the "rst 18 months of operation (July 1997}January 1999), the network has detected 373 locatable
seismic events, of which 267 were local earthquakes. Most of these earthquakes occurred in "ve groups in the western parts of the
network. All "ve groups had similar NNW-ESW trends in epicenter locations, and all have shallow foci (2}12 km), similar to what has
also been found earlier for other concentrated earthquake zones in Northern Norway, and the magnitude range is between M

L
0.1 and

2.8. Earthquake focal mechanism solutions within the network reveal a predominance for normal faulting with the tensional stress
axis perpendicular do the coastline (implying an unusual coast-parallel orientation of the principal horizontal compressive stress). The
earthquakes occur in a region of maximum post-glacial uplift gradients, which supports deglaciation #exure as a viable explanation
for these earthquakes. A certain in#uence from more local factors, however, tied in general to crustal in homogeneities, cannot be
ruled out. ( 2000 Elsevier Science Ltd. All rights reserved.

1. Introduction

The Fennoscandian shield has long been recognized as
an ideal natural laboratory for studies of lithospheric and
asthenospheric response to glacial loading and unload-
ing, on the basis of its history of glaciations and deglaci-
ations, including an uplift rate today of 7 mm/yr in the
Bothnian Bay region (e.g., Ekman, 1996; Fjeldskaar,
1994, 1997). The last deglaciation, which occurred of the
order of 8}10,000 yr ago, was rapid but also most likely
irregular (e.g., Denton and Hughes, 1981), in time as well
as in space. As late as in the 1970s (Lundquist and
LagerbaK ck, 1976), strong manifestations of sudden crus-
tal response to this deglaciation (Johnston, 1987) were
found as prominent Lappland neotectonic faults indicat-
ing the early Holocene occurrence of several M7#earth-
quakes in this region (Muir-Wood, 1989b; Bungum
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and Lindholm, 1997). While a broad range of research
e!orts on these topics were initiated in Sweden in the
1980s (e.g., BaK ckblom and Stanfors, 1988), more recent
neotectonic research on the Norwegian side has further
contributed to our understanding of this phenomenon
(e.g., Dehls and Olesen, 1998, 1999; Dehls et al., 2000).

The seismicity and seismotectonics along the continen-
tal margin and the coastal region of mid and northern
Norway (Fig. 1) is well documented. Byrkjeland et al.
(2000) and Fejerskov and Lindholm (2000) have recently
studied the seismotectonics of this region in relation
to possible stress generating mechanisms, and have
concluded that even though the "rst-order regional com-
pressive stress "eld most likely is connected to plate
boundary-related ridge push forces, the ridge push stress
e!ects in themselves are not considered su$cient for
releasing earthquakes. These authors therefore claim that
other regional and local stress factors, such as #exural
stresses from sedimentary loading, together with fa-
vorably oriented and su$ciently weak faults, have to be
invoked in order to explain the occurrence and distribu-
tion of earthquakes in this region.

0277-3791/00/$ - see front matter ( 2000 Elsevier Science Ltd. All rights reserved.
PII: S 0 2 7 7 - 3 7 9 1 ( 0 0 ) 0 0 0 7 1 - 8



Fig. 1. Regional seismic activity from pre-1980 (open circles) and 1980 to 1998 (grey circles), from the NORSAR catalog (NORSAR and NGI, 1998).
The black rectangle indicates the Rana area studied in this paper. The Mel+y (Bungum et al., 1979) and Steigen (Atakan et al., 1994) earthquake swarms
are shown by white stars. The uplift gradients calculated from a rather coarsly "ltered grid (100 km lowpass) are shown in red, where dark red indicates
a high uplift gradient. Structural information from Byrkjeland et al. (2000). HeB"Helgeland Basin, HT"Halten Terrace, LR"Lofoten Ridge,
MTFC"M+re-Tr+ndelag Fault Complex, NR"Nordland Ridge, RB"Ribban Basin, RH"R+st High, Ra> B"Ra> s Basin, UR"Utr+st Ridge,
VB"Vestfjorden Basin, VMH"V+ring Marginal High.
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Fig. 2. Geological map of the Rana area, with seismic stations in the new local network included (inverted triangles). The two stations shown in grey
were dismantled in September 1998. The Caledonian thrust belts in the Rana area are part of the Uppermost Allocthon, consisting mainly of mica-rich
shales with granittic intrusions. The Precambrian basement mostly consists of granitic gneisses.

It is this seismicity along the coastal region of northern
Norway which is the main subject of the present study.
The main data used in pursuing this have been obtained
from a local network of six short-period vertical-com-
ponent stations which were installed in the Rana region
in July 1997, extending about 40 km E}W and 25 km
N}S (Fig. 2), and reduced to a four-station con"guration
in September, 1998. The purpose of this paper is to report
the main results and to analyze and discuss them in
a wider neo- and seismo-tectonic context.

2. Seismo-geological setting

2.1. Regional and local seismicity

The seismicity distribution as shown in Fig. 1 has been
established based on a combination of felt-area-based
historical data (Muir-Wood and Woo, 1987) and more
recent instrumental data using the country-wide network
of seismic stations. In going from west to east towards the
coast, Byrkjeland et al. (2000) have concluded that the
oceanic crust is mostly aseismic apart from areas that
have experienced rapid glacial loading since 2.6 Ma, no-
tably in the East Lofoten and east Norway basin prov-
inces. Here, thick sediment load and high deposition
rates are considered to be responsible for local #exures
and corresponding earthquake activity. The V+ring mar-
ginal high and the adjacent basins that experienced rift-

ing and crustal thinning prior to the Early Tertiary
continental breakup are almost entirely aseismic, sugges-
ting that the crustal thickening and underplating result-
ing from the igneous breakup event have strengthened
the crust in these regions.

Along the shelf edge (shown on Fig. 1), the seismicity is
signi"cant again, revealing a spatial correlation with
a late Pliocene}Pleistocene glacial wedge which suggests
that rapid sediment loading here has led to rejuvenation
of Late Jurassic}Early Cretaceous faults. East of the
main glacial wedge most of the seismic activity is found
along the coast. Even if the post-glacial rebound is small
in the coastal region the relative subsidence west of the
hinge line makes the coastal region an area of high
post-glacial rebound gradients, which implies high
strains and increased seismicity.

Through the last of the above points we are in the
focus area for the present study. NEONOR, a 1997}1999
neotectonics research project (Dehls and Olesen, 1998,
1999, 2000) selected the Rana area for a more in-depth
study of a smaller region. Among the reasons for this was
the fact that for a long time this region has revealed
a relatively high, constant level of seismic activity,
including the largest known historical earthquake in
northwestern Europe, an M 5.8}6.2 earthquake in 1819
(Muir-Wood, 1989a), and that this region contains the
prominent EW trending Ba> smoen fault which has been
considered to be likely neotectonic (Olesen et al., 1994;
Dehls and Olesen, 1998).
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The seismicity map in Fig. 1 shows, besides the seismic-
ity along the shelf edge (which should be expected to
relate to other stress generating mechanisms), that there
also is a clear coastal trend, with the majority of the
activity concentrated between 66 and 683N. It is also seen
in Fig. 1 that also the post-glacial uplift gradients are
highest along the coast.

2.2. Local geological setting

The geology of the Rana area is dominated by the
exotic terranes of the upper parts of the Caledonian
thrust belts, emplaced towards the end of the Caledonian
orogeny around 400 Ma, with smaller windows of
Precambrian basement (Fig. 2). The nappes consist main-
ly of fairly high-grade metamorphic mica-rich shales,
containing marble and large, mostly granitic intrusions.
The lower units (lower and upper R+dingfjell nappes)
occur to the north and west of the Rana area, and contain
large marble bodies and moderately large granitic intru-
sions. The uppermost unit (Helgeland nappe) is found to
the southwest of the Rana fjord, and is dominated by
batholitic scale granitic instrusives, and is considered to
originate from the western Laurentian continental mar-
gin. The visible Precambrian basement areas northwest
of the Rana and Sjona fjords are mostly comprised of
granitic gneisses.

Deglaciation of the Rana area occurred around
11000}9000 BP, constrained by mapping of moraine
ridges (e.g. Blake and Olsen, 1999). The Vega glacial limit
(&12200 BP) Rasmussen, 1981; Gjelle et al., 1995) is
only encountered o!shore on islands west of the main-
land, while the moraines associated with the Tj+tta gla-
cial event (11200}10400 BP) can be followed across the
mainland north of the Sjona fjord, across the
Handnes+ya and Hugla islands, and continue south of
the Rana fjord (Andersen, 1975; Andersen et al., 1982,
1995). The Nordli (10200}10100 BP) moraines are
located around 20 km east of the Tj+tta moraines (An-
dersen et al., 1982). The Preboreal moraines are quite
poorly constrained between the Rana fjord and the Svar-
tisen glacier, but several segments are mapped south of
the Rana fjord that have been constrained in two groups
that are correlated with the Narvik II and Rombak
events (Bergstr+m, 1994; Olsen et al., 1996). The outer
Preboreal moraine group consists of Narvik II
(9600$200 BP) south of the Svartisen glacier, (Ander-
sen, 1975; Andersen et al., 1995) and is located around
15}20 km east of the Nordli moraines. The inner
Preboreal moraine group, the Rombak moraines
(9300$200 BP) is located east of the Svartisen glacier to
the north, and appears to pass quite close to Mo i Rana
(Andersen, 1975; Andersen et al., 1995).

The Ba> smoen fault is a southward-dipping reverse
structure, from which the surface trace can be followed as
a marked dip in the topography for around 50 km on the

north side of the Rana fjord (Olesen et al., 1994). Studies
performed as part of the NEONOR project concluded
that the fault most likely has experienced post-glacial
movement on the order of 30}40 cm, con"ned by C14
dating from layers directly above and below the tectonic
indicators to between 8780 ($80) and 3880 ($75) yr
BP (Dehls and Olesen, 2000).

2.3. Sources of stress

For the region under study there are three main sour-
ces of stress to be considered, namely the ridge push
e!ect, density and di!erences (including topography) and
#exural stresses (loading/unloading). In oceanic litho-
sphere, the ridge push force is considered capable of
giving rise to stresses of the order of 20}30 MPa, depen-
dent on (increasing with) age (Dahlen, 1981; Bott and
Kusznir, 1984). Since the magnitude of stress is inversely
proportional to the crustal thickness one should expect
lower values (&10}20 MPa) in thicker continental crust
(Bott, 1991; Fejerskov and Lindholm, 2000), albeit de-
pendent on possible subcrustal density di!erences. How-
ever, it is generally accepted (e.g., Byrkjeland et al., 2000)
that the ridge push force in itself is not su$cient to
explain the seismicity along the continental margin. This
follows from the observation that the seismic activity is
unevenly distributed, but follows tectonic features (in-
cluding the margin itself, sedimentary depocenters, failed
continental rifts, and the coast line), which identi"es these
structures as important. In addition, the inferred stress
directions (Lindholm et al., 1995; Hicks et al., 2000)
reveal signi"cant deviation from the expected ridge push
direction in the vicinity of the margin (shelf edge) and the
coast, stabilizing again to that direction farther into the
continent (Bungum et al., 1991; Gregersen, 1992; Zoback,
1992).

Among second-order sources of stress (Fejerskov and
Lindholm, 2000) are lateral density contrasts, topogra-
phy and its possible compensation at depth, changes
in crustal thickness, and #exural loading and unload-
ing. Loading e!ects may induce large #exural stresses
('100 MPa), perturbing the regional stress "eld at
wavelengths that however depend on the lateral extent
of the load (e.g., Walcott, 1970; McNutt and Menard,
1982). The density contrast across the continent}ocean
boundary causes extension normal to the margin within
the continental lithosphere, and margin-normal com-
pression in the oceanic lithosphere (Bott and Dean,
1972; Fejerskov and Lindholm, 2000), which is di$cult
to separate from the ridge push e!ect. At marginal
highs, crystalline basement blocks should be expected
to introduce tensional stresses within the high
and compressive stresses on either side. Second-order
stress e!ect of these kinds are therefore quite
complicated and sensitive to local geological con-
ditions.
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While it is accepted that sediment loading may create
large stresses (&100 MPa) on passive margins (Frohlich,
1982; Stein et al., 1989), albeit with strong in#uence from
the geometry of the load (e.g., Muir-Wood, 1993), the
residual e!ects of glacial loading and unloading are more
disputed (cf. Stephansson, 1988; Stein et al., 1989; Joh-
nston et al., 1994). Essential parameters are the boundary
conditions determined by the glacial loading history and
in particular the plate relaxation time, where there are
important di!erences between the models of Stephansson
(1988) and Stein et al. (1989). The latter model is predic-
ting deglaciation #exure with continental extension and
oceanic compression, of the order of 10 MPa, and some
support for this is found from the fact that observations
indicate a change from somewhat more normal faulting
toward land as compared to somewhat more thrust fault-
ing seaward both on the Norwegian and Canadian mar-
gins (Adams and Basham, 1991; Hicks et al., 2000). To
further complicate these considerations, however, there
are indications that the response to glacial loading/un-
loading may be quite sensitive to the overburden condi-
tions (Wu and Hasegawa, 1996), while Johnston et al.
(1998) points to the importance of the lateral extent of the
Fennoscandian ice sheet.

The regional characteristics of the Fennoscandian
post-glacial uplift over time as well as at present is fairly
well known. Much less is known, however, about local
tectonic responses to this regional uplift. There is direct
geodetic evidence that the spatial pattern of uplift may be
more irregular than previously assumed (Olesen, 1988;
Muir-Wood, 1993; Dehls and Olesen, 1999), and it is
likely that the present-day seismicity is particularly sensi-
tive to crustal irregularities (such as density di!erences,
topography and weakness zones), as suggested by recent
seismotectonic research concerned with this region
(Fejerskov and Lindholm, 2000; Byrkjeland et al., 2000).
Even though the passive continental margin in itself is
important, as evidenced by global comparisons (John-
ston and Kanter, 1990), the seismicity variation both
along and across the margin is such that regional and
local factors must have signi"cant importance, including
but not limited to the regional post-glacial uplift. Other
factors of great importance are zones of weakness, in-
cluding shear zones and pre-existing faults with favorable
orientations with respect to the stress "eld, a situation
which in turn is complicated by a poorly known distribu-
tion of crustal #uids (Sibson, 1995).

Our understanding of the seismicity of Norway
has developed gradually in parallel with an improved
instrumental coverage of the region (Havskov et al.,
1992). The coastal areas of central Norway, particularly
the northern parts, have long been known to exhibit
relatively high levels of seismic activity, including several
earthquake swarms, as discussed in more detail below,
where yet another swarm area is identi"ed, this time in
Rana.

3. New microseismicity results

Between July 1997 and January 1999 a total of 373
seismic events (309 earthquakes) have been located using
data from the new microseismicity network in Rana. 42
of the located events occurred within distances of
50}200 km from the network, and are thus outside the
main study area. A total of 64 events have been classi"ed
as probable explosions, essentially on the basis of their
time-of-day distribution and/or their occurrence in
known areas of industrial activity, and therefore removed
from the maps. The explosions mainly originate from
a talc mine (Altermark mine) a few km northwest of Mo
i Rana, and from Storforshei mines around 30 km east of
Mo i Rana (mines in the area are shown in Fig. 5). This
leaves 267 probable local earthquakes as a basis for this
analysis. Fig. 3 shows the distribution of these earth-
quakes in and around in Rana fjord area.

3.1. Earthquake locations

There are "ve major groups of earthquake epicenters
to be seen in Fig. 3, all in the western part of the network,
and all with similar NNW}SSE trending distributions of
epicenter locations. Even though there are no mapped
faults which these earthquakes easily can be tied to, there
are morphological lineations in that direction.

The group located under the eastern part of the Sjona
fjord consists of 59 small earthquakes (magnitudes up to
M

L
1.6, using the scale of Alsaker et al., 1991) with the

bulk of the activity in August to October, 1997. There has
been only sporadic activity since then. The focal depths
in this group are among the shallowest observed, mainly
between 4 and 6 km. The group in the western part of the
Sjona fjord (31 earthquakes) occurred mainly during
November and December, 1997. The magnitudes are
slightly higher here than in the "rst group, up to M

L
1.8

and the earthquakes occur at slightly greater depths,
8}12 km.

The group further north, just south of the Aldra island
(north of the Sjona fjord) was active mainly in January
and February, 1998, although there was some sporadic
activity also in 1997. 27 earthquakes make up this group,
including the largest earthquake within the network dur-
ing the period of operation, with a magnitude of M

L
2.8.

The hypocenter depths in this group lie in the 10}12 km
range. A somewhat smaller group is located north of the
three previous groups, containing two earthquakes with
magnitudes of M

L
2.1 and 2.3, in addition to 18 smaller

earthquakes (magnitudes up to M
L
1.2).

The "fth group consists of 51 earthquakes that occur-
red close to Handnes+ya in October and December,
1998. The largest earthquake in this group had a magni-
tude of M

L
2.7, and several of the larger events were felt

by local inhabitants associated with banging/cracking
noises. This implies very shallow hypocenter depths, of
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Fig. 3. Earthquakes located by the network August 1997}January 1999, plotted with symbol size proportional to magnitude (M
L
) and color according

to depth. Note the "ve main groups in the western parts of the map. These "ve groups include a majority of earthquakes in the Rana area. The MOR8
station in the eastern part of the map is part of the Norwegian national seismic network, data from this station have been used in the locations where
available.

the order of only a few kilometers. The event locations
yield hypocenter depths between 6 and 8 km.

The remaining local epicenters are quite scattered,
with some of the largest ones being located under the
Rana fjord on the southern side of the Nesna peninsula.
There are also a few relatively large events further west,
and a number of events are moreover located near the
Svartisen glaciers north of Mo i Rana. There was also
a single &large' (M

L
2.8) earthquake about 30 km south of

the network, in an otherwise quiet area.

3.2. Focal mechanisms and inferred crustal stress

Of the 267 local earthquakes detected and located
within the study area, a total of eight were of a quality
which allowed the determination of focal mechanisms
using data from the network. In addition, one composite
solution using "rst motion polarities from 10 earth-
quakes in the eastern Sjona fjord group has been deter-
mined. The other eight solutions were determined using
waveform modeling (Herrmann and Wang, 1985;

Herrmann, 1987), which was essentially used to select a
"nal solution after constraining the solution using
available "rst motion polarities. All nine solutions
are listed in Table 1 and shown in Fig. 4, where all
solutions are also plotted together in terms of P and
¹ axes, and as a rose diagram for the directions of the
P axes, trending NNE}SSW, and in terms of their fault-
ing regime in a triangle plot (Frohlich and Apperson,
1992). It is seen there that all solutions except for two are
found on the normal to strike-slip side. Fig. 4 "nally
shows an example of a real and the matching synthetic
waveform for one of the focal mechanism solution
(97.12.26, M

L
1.8).

The maximum horizontal compressive stress direc-
tions (p

H.!9
inferred from the focal mechanisms are

plotted in Fig. 5, along with available in situ stress
measurements from the region (Fejerskov et al., 1996).
Even though a focal mechanism solution does not neces-
sarily represent the true (precise) stress tensor (See
e.g., McKenzie, 1969), it is well known that the stress
directions derived from earthquake focal mechanism
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Table 1
Earthquake focal mechanism solutions!

Date Lat. Lon. Depth (km) Mag. (M
L
) P trnd P plng ¹ trnd ¹ plng Mode of

faulting

Comp.1 66.31 13.32 5 N/A 167 48 270 11 N}SS
97.11.21 66.41 13.22 7 2.3 208 29 302 7 SS
97.11.25 66.50 12.40 11 2.7 77 29 343 7 SS
97.11.28 66.32 13.14 11 1.7 74 58 299 23 NO
97.11.28 66.32 13.15 11 1.8 74 58 299 23 NO
97.12.26 66.32 13.11 11 1.8 176 1 268 67 R
98.01.08 66.37 13.13 13 2.2 27 33 284 19 SS}N
98.02.09 66.39 13.09 11 2.8 351 22 257 11 SS
98.03.09 65.85 13.53 7 2.8 115 13 225 57 RO

!The composite solution is based on "rst-motion polarities from 10 earthquakes (M
L
0.9}1.6). All eight single-event solutions are determined from

waveform modelling constrained by "rst-motion polarities. P
53/$

, P
1-/'

, ¹
53/$

and ¹
1-/'

are trend and plunge of P (Compression) and ¹ (tension) axes,
respectively. The earthquakes dated 97.11.25 and 98.03.09 have locations outside the network. The modes of faulting N"normal, No"normal
oblique, R"reverse, RO"reverse oblique, SS"strike-slip) correspond to the locations of the solutions in the triangle plot in Fig. 4, where pure
normal, reverse and strike-slip (indicated circle sectors) requires a plunge of at least 603 of the P, ¹ and B (null) axes, respectively.

Fig. 4. The nine new earthquake focal mechanism solutions determined using data from the network. The composite solution uses "rst-motion
polarities from 10 earthquakes, the other eight solution were determined using waveform modelling constrained by available "rst-motion polarities.
The P (compression) and ¹ (tension) axis for all solutions are plotted stereographically (upper left), showing that the ¹-axis (equivalent to p

3
; the

minimum principal stress direction) are more consistent than the P-axis (corresponding to p
1
; the maximum principle stress). The directions of the

maximum horizontal compressive stresses are plotted in the rose diagram (central left), showing a consistent NNE}SSW direction of horizontal
compression. The two solutions outside the network (97.11.25 and 98.03.090) have clearly di!erent p

H.!9
directions, and are plotted in grey. The actual

focal mechanisms are shown on tripartite plots (lower left) where the three principal modes of faulting are connected to di!erent corners in the triangles
using the technique of Frohlich and Apperson (1992). At the bottom is shown a sample real (upper) and synthetic (lower) seismogram from one station,
used in deriving the focal mechanism solution for the December 26, 1997, M

L
1.8 earthquake. The P (compressional wave) and S (shear wave) phase

arrivals are shown. The station was at a distance of 13 km from the earthquake hypocenter.

solutions generally comply well with other observed
stress indicators and measurements, and also that they
tend to be quite consistent on a regional scale (e.g.,
Bungum et al., 1991; Lindholm et al., 1995).

The most signi"cant observation in Figs. 4 and 5 is
that the directions of the largest horizontal compressive
stress component are aligned subparallel to the coastline,
which is close to a 903 rotation with respect to the
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Fig. 5. Horizontal stresses from earthquake focal mechanism solutions and overcoring measurements in the Rana area. Normal faulting focal
mechanism solutions are plotted as arrows in the direction of horizontal tension, while reverse solutions are plotted as arrows in the direction of
horizontal compression. The overcoming measurements have the direction of maximum horizontal compression indicated by the symbol's long axis.
The darker grey-shaded area represents the spatial extent of reported secondary ground e!ects (seiches, rockfalls, landslides, di$culties standing) from
the 1819 M

S
5.8}6.2 earthquake.

regional &ridge push'-dominated trend. To describe
these results in terms of maximum compressive stress
is, however, deceptive since Fig. 4 shows (See also
Table 1) that the solutions are predominantly normal
to oblique normal/strike slip, and therefore are better
described by the tensional stress component, running
perpendicular to the coast. For this reason, the direc-
tion of horizontal tension is shown for the solutions
with this classi"cation in Fig. 5. Another important point
is that the tensional component is much better con-
strained by this type of stress regime (Hicks et al., 2000),
while the compressional axis is properly determined only
in terms of its horizontal direction (as seen from Fig. 4),
since its plunge may rotate more or less randomly,
with a corresponding variation in the signi"cance of
the horizontal component. In conclusion, the data show
a predominance of normal to strike-slip faulting in
this region, with the tension axis oriented normal to the
coast, the same direction as the compression axis in other
areas.

A similar reversal of the main horizontal compres-
sional axis has also been found in parts of the northern
North Sea (Bungum et al., 1991; Lindholm et al., 1995,

2000; Hicks et al., 2000), in a region with very complex
tectonics. In this case, however, the mode of faulting is
more mixed and the reversal is also less prominent. It is
important to note here that a switching of p

H
and p

)
(the

largest and smallest horizontal stress component, respec-
tively) is fairly easy to achieve when the p

H
/p

)
ratio is

close to unity, and it should be understood that this
is therefore not as dramatic as is may at "rst appear. In
this respect it is interesting to check this against in situ
data, although the only available in situ data for this area
are overcoring measurements from two mines (Storfor-
shei mines and Bleikvassli mines, Fig. 5) taken at depths
down to 400 m (Fejerskov et al., 1996). As for all in situ
measurements, in this case especially due to the shallow
depth of the measurements, the relation to the stress "eld
at anything above the most local scale is uncertain. The
horizontal stress anisotropy values of 1.1 for the Storfor-
shei mines and four values between 1.2 and 1.7 for the
Bleikvassli mines are not particularly close to unity,
however, the measured anisotropy values are still low
compared to many other mine overcoring measurements
on the Norwegian mainland, where values above 2 are
common.
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Fig. 6. (Left) Magnitude distribution for local events in the Rana area. Crosses represent the cumulative number of earthquakes. The activity rate
(straight line) is de"ned using magnitude range M

L
1.0}2.8. (Right) Depth distribution of earthquakes within the network. The majority if the events

have hypocenter depths in the 3}7 km range, but with a large number also in the 9}13 km range. Note that the earthquakes with 0 km depths are due
to insu$cient data quality due to low magnitude and/or great distance, and should not be considered real.

A low horizontal stress anisotropy also raises the pos-
sibility that dilation e!ects (Barton, 1986) could have
contributed to the observed stress rotation (Hicks et al.,
2000). Such e!ects are based on the fact that dilation
accompanying rock failure and weakness zone shearing
introduces a component of shear strain that is no longer
parallel to the assumed direction of shearing. The normal
and shear stress changes that accompany dilatant shear-
ing can radically alter the principal stress components
that caused the event to occur, thereby potentially rotat-
ing major principal stresses (Nick Barton, pers. comm.,
1999).

3.3. Magnitudes and depth distributions

The magnitude distribution as shown in Fig. 6 indi-
cates that the detection threshold is about M

L
0.9. The

detection threshold in the active areas near the Sjona
fjord was most likely unchanged by the removal of two
stations in October 1998 (see Fig. 2), due to the fact
that the two closest stations were retained. The e!ect
on location precision should be small, for the same
reason.

The Gutenberg}Richter scaling relationship for earth-
quakes says that for a given region over a given period of
time, the relation between number of earthquakes N of
magnitude equal to or greater than M is given by

log N"a!bM, (1)

where the parameters a and b describe the activity level
and the ratio between smaller and larger events, respec-
tively. This has been applied to the local earthquake data
to quantify the activity and magnitude scaling. The a and
b values have been estimated as shown in Fig. 6, giving
annual values of a"3.12 and b"1.08 (the latter being

close to the commonly observed value of 1.0). This cor-
responds to a return period of 16 yr for earthquakes of
magnitude M

L
4 or larger, 190 yr for M

L
5 and just under

2300 yr for M
L
6. Even though this is an excessive extra-

polation, and M
L

is not properly de"ned at the level of
magnitude 6, it still provides a rough indication of the
activity in this area. These values could be compared to
the regional activity levels as taken from a major seismic
zonation study (NORSAR and NGI, 1998) developed for
earthquake design purposes, which shows, albeit based
on moment magnitudes, activity rate values a"3.0 and
b"1.05 for a larger zone covering onshore Norway
66}683N. This zone has return periods for magnitudes 4,
5 and 6 of 16, 180 and 2000 yr, respectively. This implies
that the microearthquake activity in the Rana area, re-
corded only over 18 months, is quite consistent with the
long-term (&100 yr) average. If taken literally (that is,
extrapolated linearly), these results indicate that the
Rana area has a signi"cant amount of the total seismic
activity in onshore northern Norway.

The distribution of focal depths within the network is
shown both in Figs. 3 and 6. The activity observed to the
north of the Sjona fjord appears to have somewhat
deeper hypocenter locations, with depths of about
8}12 km. The 51 earthquakes comprising the group by
Handnes+ya were located with hypocenter depths of
about 6}8 km, but the witness reports of loud cracking
and banging noises in conjunction with the earthquakes
may indicate even shallower depths. As a consequence of
the macroseismic reports, these events have been placed
in the 3}5 km bin in Fig. 6, a depth range that is consis-
tent with what has been found further north, in the Mel+y
region (Bungum et al., 1979).

It should be noted that most of the depths observed
(2}6 km) are shallow compared to what is generally the
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case in Norway with o!shore regions, and the slightly
deeper earthquakes to the west and north of the Sjona
fjord (8}12 km) are still considered shallow. Shallow seis-
mic activity appear to be common for coastal areas in
northern Norway where earthquake swarms (albeit with
fairly normal b-values around 1.0) have also been ob-
served earlier, notably in Mel+y (Bungum et al., 1979,
1982a, b) and in Steigen (Atakan et al., 1994), as further
discussed below. However, such swarms are not known
from coastal areas further south.

It is interesting to note that similar swarms have also
been documented in NW Scotland (Assumpc7 a8 o, 1981),
on the Greenland margin (Gregersen, 1979, 1989; Chung
and Gao, 1997), at Svalbard (Bungum et al., 1992;
Mitchell et al., 1990), and at many locations in the Cana-
dian Arctic, in particular the Sverdrup Basin (Smith et al.,
1968; Basham et al., 1977; Wetmiller and Forsyth, 1978;
Adams and Basham, 1991).

4. Discussion and conclusions

The local NEONOR network used in this study rep-
resents a signi"cant improvement in terms of earthquake
surveillance capability for this part of northern Norway.
Even though a regional network has been in operation
since 1987, with one station actually in the Rana region
(MOR8 in Fig. 3), around 20% of the 267 local earth-
quakes analyzed here have been reported by the regional
network. That network needs three stations to be detect-
ing in order to report an event (Havskov et al., 1992), and
has a detection threshold around M

L
2.0 in the Rana

area. Even then, the results found during these 18 months
of operation are consistent with the more long-term
seismicity models available, as suggested by the simple
activity rate comparisons above.

The Rana area is the site of the largest historical
earthquake known in Fennoscandia (and most likely also
in northwestern Europe), namely the August 31, 1819
M

S
5.8}6.2 earthquake (Muir-Wood, 1989a). This event

created widespread ground e!ects in the Rana area,
shown by the shaded area in Fig, 5, including standing
waves (seiches) in fjords, numerous rockfalls and land-
slides, and reports of people having di$culties standing.
It is notable that a large number of these e!ects were
reported from the western parts of the present network
(even though the villages were distributed fairly evenly
along the Rana fjord), which is also where most of the
present day seismic activity takes place. The exact loca-
tion of the 1819 earthquake is, in spite of this, fairly
poorly known, with estimates varying from the coastal
region in the west to the Swedish border in the east.
These locations are, however, mostly estimated from the
isoseismal contours which extend throughout Fennos-
candia (Muir-Wood and Woo, 1987). The problem with
using the local secondary ground e!ects as indicated in

Fig. 5 (as compared to the more distant isoseismal con-
tours) in locating the event is that the population density
is more dispersed east of Mo i Rana than farther west.
Nevertheless, we believe that the local ground e!ects is
strong evidence that the epicenter was in the area covered
by the present study.

So, is the Rana region a persistent zone of enhanced
seismic activity? Fig. 7 shows the spatial pattern of the
instrumental earthquake locations from 1980 to 1997,
and the new locations made using data from the
NEONOR network. The instrumental locations between
1980 and 1997 are concentrated mainly in the western
parts of the network, consistent with the new data. In
contrast, a number of larger historic earthquakes (pre
1980) shown in Fig. 1 (a mix of macroseismic and instru-
mental locations) have locations further east, in an area
just north of Mo i Rana. However, the location uncer-
tainty for most of these earthquakes are of the order of
30}50 km (NORSAR and NGI, 1998), and some of these
errors could also be systematic. In spite of these quality
problems, however, the new data con"rms that the Rana
region as a whole is an area of continuos elevated seismic
activity.

4.1. Geodynamic implications

Given the fact that the Rana area at large is seismically
active, in relative terms, it is apparently surprising that
none of this activity at present is directly connected to the
Ba> smoen fault itself (Dehls et al., 1998). However, this
does not exclude the possibility that the fault has been
active on a Holocene or historical time scale, even though
the latter possibility now is less likely than earlier as-
sumed. It is also uncertain if the large 1819 earthquake
can be linked to any of the more NS-oriented structures
that today's activity seems to de"ne (cf. Fig. 3), even
though a location in the same general area is likely, as
discussed above. In this respect it is worth noting that
magnitude 6 earthquake should normally be expected to
nucleate deeper than the presently located shallow
microearthquakes.

Local stress sources appear to play an important role
in controlling the seismic activity in the Rana area, as
evidenced by the apparent 903 rotation of the principal
horizontal compression stress direction from the regional
stress direction, which is commonly accepted to be plate
tectonics related (Zoback, 1992; Hicks, 1996; Hicks et al.,
2000). In general, the orientation of the maximum hori-
zontal compressive stress as derived from earlier avail-
able onshore earthquake focal mechanism solutions in
this region is more or less parallel to the coast (Byrkje-
land et al., 2000). The focal mechanisms further west on
the margin, however, have a NW}SE p

H
orientation

which is in compliance with the &ridge push' direction.
The majority of the earthquakes used to determine the
regional stress "eld in mid Norway are located on the
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Fig. 7. New (August 1997}January 1999* red) and instrumental (1980}1997* yellow) earthquakes in northern central Norway. Contour lines for
present-day uplift rates (mm yr~1) are included, showing a clear anomaly in the western parts of the Rana fjord area. Data points and values used in the
uplift grid are shown. The location of the Mel+y earthquake swarm (Bungum et al., 1979) is given by the blue star. The 1819 earthquake has been
located to the northwest northwest of Mo i Rana (Muir-Wood, 1989a), based on the large scale isoseismal intensity contours. However, due to the
results presented in this paper, the epicenter is most likely located somewhat further west.
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margin, so it may be inferred that such earthquakes are
to a large degree, re#ecting local second- and third-order
sources of stress (density inhomogeneities, #exural stres-
ses, topographic loads, geological features, etc.) rather
than "rst-order (plate motion related) e!ects. This local
control is also indicated by studies of the Mel+y (Bungum
et al., 1979) and the Steigen earthquake sequences
(Atakan et al., 1994).

Several of these second-order sources of stress should
be expected to generate stress perpendicular to the
margin, to the coastline, and to the uplift trend,
with potentials for both constructive and destructive
interference. The fact that sediment #exure may create
stresses one order of magnitude above those from ridge
push, continental margin spreading and deglaciation
#exure (Stein et al., 1989) means that this e!ect may
dominate completely for o!shore areas, as also con-
cluded by Byrkjeland et al. (2000). Onshore this situation
is di!erent, however, and the point here is that what
looks like a 903 rotation of the p

H
direction in reality

re#ects normal-faulting mechanisms where the main
tectonic signi"cance is tied to the tensional axes, as
discussed above and as plotted in Fig. 5. A tendency
for more shallow normal-faulting earthquakes is also
found onshore in southwestern Norway (Hicks et al.,
2000).

As already noted, continental-side extension can result
from both sediment #exure, density di!erence and
spreading across continental margins, and from deglci-
ation #exure. The two former sources of stress should,
however, be expected to be of less importance in coastal
areas, well into crystalline basement. This is also exactly
where the post-glacial uplift gradients are at their highest
(Fig. 1), pointing to that e!ect as more likely in this case
than the other two. The two other well-documented
coastal earthquake swarms in northern Norway (Mel+y
in 1978 and Steigen in 1992) also show similar patterns of
shallow normal faulting with coast-normal extension.
The geologic and tectonic setting for these swarms is
similar to the Rana area. The main Mel+y swarm (cf.
Figs. 1 and 7) in 1978 consisted of around 10.000 earth-
quakes up to a magnitude of M

L
3.2 during 10-week

period (Bungum et al., 1979), based on temporary sta-
tions. The observed e!ect of the earthquakes by the local
populace are also similar to those observed from the
Handnes+ya swarm in Rana, indicating similarly shallow
depths. The Steigen swarm (cf. Fig. 1) consisted of 207
earthquakes in 1992 (Atakan et al., 1994) in several
pulses. Hypocenter depths in this swarm are on the order
of 8}11 km, again similar to some of the groups in the
Rana area.

The two composite focal mechanism solutions avail-
able from the Mel+y swarm show normal (Bungum et al.,
1979) and strike-slip faulting (Vaage, 1980), the normal
mechanism with coast-normal extension, and the strike-
slip solution with the direction of horizontal compression

around 453 to the coast. The focal mechanism solution
(composite) available from the Steigen swarm is normal
with coast-normal extension. The similarities between
these two swarms and the seismic activity in the Rana
area are striking, in terms of geologic setting, hypocenter
depths, modes of faulting and post-glacial uplift gradi-
ents. There is also a single-event focal mechanism solu-
tion from an earthquake under the Lofoten Islands to the
northwest (Hicks, 1996), indicating normal faulting with
extension in the same direction as the Rana, Mel+y and
Steigen swarms. This argues that the stress sources re-
sponsible for the continuous high levels of seismic activ-
ity along the coast of northern Norway are e!ective on
a scale of several hundred km, with post-glacial uplift
being the most likely candidate. It is important to note in
this context that the maximum post-glacial uplift gradi-
ents follow the coast quite closely (Fig. 1), adding further
credibility to this hypothesis. Nevertheless, some in#u-
ence of shorter-wavelength e!ects, such as topography
and crustal inhomogeneities should also be considered
due to the spatial concentration of the seismic activity.
However, given the scarce nature and variable quality of
the available seismic data in northern Norway, and also
since many of the in situ stress orientations (albeit mostly
from mines) show a NW}SE p

H
axis, these problems call

for further and strengthened investigations based on fu-
ture acquisition and analysis of seismicity and stress data
from the whole coastal region.

5. Conclusions

Given that the seismicity along the continental margin
and in oceanic crust o!shore Norway seems to be related
to a combination of ridge push forces, sedimentation
#exure and density di!erences and spreading across the
margin, and region along the coast of northern Norway
seems to behave di!erently seismically, as shown by the
following conclusions that we can draw from the present
study:

The Rana area has long been known as one of the
more seismically active regions in Norway. The study
con"rms the continuous high level of seismic activity in
this area, as the local seismic network has identi"ed of the
order of several hundred earthquakes within a limited
area, with magnitudes up to M

L
2.8. This is high for

onshore Baltic shield areas.
The E}W-oriented Ba> smoen fault did not reveal any

seismic activity during the 18 month study period, which
weakens but certainly does not exclude the possibility
that this fault has been active during or after the last
deglaciation. The consistency of the NNW}SSE linea-
tions in the swarm-like activity in the "ve main groups of
earthquakes in the western parts of the network, includ-
ing a systematic change of depth, is signi"cant, although
the geological connection here is at present uncertain.
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The tensional stress orientation perpendicular to the
coastline combined with shallow foci leaves post-glacial
uplift as a viable explanation for this seismicity, further
supported by other earthquake source mechanisms far-
ther north. Nevertheless, the very concentrated zones of
activity are among the reasons why local sources of stress
also could be in#uencing the occurrence of earthquakes
in this region.
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