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Summary g
The NEONOR project represents a national effort by several national research and mappmg institutions to study
neotectonic phenomena through a multidisciplinary approach. Information on present land uplift, seismicity, rock|
stress and postglacial faults is compiled in a 1: 3 million map of Norway and adjacent areas.

Four new possible neotectonic locations were visited. None are considered to be of neotectonic origin. Two areas in
the northern North Sea were selected for bathymetry surveys. The survey south of Kvetebjorn supports the interpre-
tation that faults offset the sea floor and Quaternary sediments to the west of Bergen. Two of the N-S trending faults
continue through most of the survey area. The survey east of Troll shows no evidence of neotectonic faulting. Con-
siderable work went into evaluating the connection between large-scale slope failures and neotectonics. Large con-
centrations of these failures are found in several areas in Norway. Some of these concentrations are linked with the
increased seismicity that followed the deglaciation of Norway. Others are younger, and more work needs to be done
to evaluate the importance of neotectonics in initiating these failures. A new excavation was made at the Bdsmoen
fault, and the results from previous excavations re-evaluated. New radiocarbon dating indecates that the last signifi-
cant fault activity occurred during the middle Holocene, between about 8700 and 3850 14C-yr BP. A new GPS cam-
paign was carried out on the Rana network. Due to poor quality of previous campaigns, no assesment of deformation
can be made at this time. However, the ground has been laid for future work. Differential GPS levelling of paleo-
shorelined in @sterdalen did not support the claim by Holmsen that there was neotectonic movement in the area. The
seismic network in Rana continued to operate. The seismic network in Bremanger had many technical problems, but
recorded a number of events. A microseismic study of Finnmark was carried out in cooperation with the University of]
Potsdam. The study was succesful in identifying numerous events, but the results are still being processed. Modelling
of current postglacial uplift patterns has identified areas with positive or negative deviations between theoretical and
observed rates. Areas with significant positive deviations are located in the mountainous areas onshore southeastern
Norway and the northern part of western Norway. There is an area with a significant negative deviation along the
northern part of the Baltic Sea. Both of these regions correspond to areas of above average seismicity.
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2.1.1 A) Photograph towards the southwest of one of the gravitational faults on
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2.1.6  Reusch (1901) interpreted two scarps on Grytehorgi to the east of Veringsfossen
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2.1.8  A) The interpretation of a postglacial fault on Grytehorgi by Reusch (1991). B)
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2.1.9 Sketch illustrating the formation of erosional scarps at Austerdalsisen,
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.3.1.2 Postglacial faulting of a soft, silty clay at the foot of the western slope of the
Norwegian Channel to the south of Kvitebjorn (Hovland 1983). A total of nine parallel
boomer profiles have been acquired along a 2 km wide corridor as part of the Statpipe
route survey. The net slip of the vertical fault is in the order 1-2 m (Hovland 1983). The
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1 INTRODUCTION
By John Dehls and Odleiv Olesen, NGU

The initiative for a national neotectonic research project was taken in 1995 by NORSAR and
the Geological Survey of Norway (NGU). The Norwegian Petroleum Directorate (OD) and
NGU did at the same time make plans for compiling a neotectonic map of Norway at the scale
1:3 million. These two initiatives were merged into the 'Neotectonics in Norway’ - NEONOR
Project in 1996. The Norwegian Mapping Authority (SK) has joined the project and is con-
tributing with expertise on geodesy. The Norwegian Research Council (NFR) has financed
three years of a four-year Doctoral fellowship (Dr. Scient for Erik Hicks at NORSAR/UiO and
a two-year Post Doctoral fellowship for John Dehls at NGU, until 1 June, 1999). Mark Shahly
(Amoco), Chris Dart (Norsk Hydro), Robert Hunsdale (Phillips Petroleum) and Ivar Hagensen
(Finnmark Energiverk) are representatives of the four industrial partners in the steering com-
mittee. Mark Shahly replaced Philip J. Goldsmith as chairman after August 1998. NGU,
NORSAR, OD and SK are represented by Odleiv Olesen, Hilmar Bungum, Fridtjof Riis and
Lars Bockmann, respectively. Stein Fanavoll (SINTEF Petroleum Research), Willy Fjeldskaar
(Rogaland Research), Egir Johannsson (SINTEF Civil and Environmental Engineering) and
Terje Skogseth (NTNU, Dept. of Surveying and Mapping) are carrying out substantial parts of
the research project on a contract basis. Conrad Lindholm and Hilmar Bungum (NORSAR)
were instrumental in the planning phase of the project proposal.

The project started in June 1997 and the activities for the first two years were reported in pre-
vious NEONOR Annual Technical Reports (NGU Reports 98.016 and 99.007). The present
report documents the status for the activities that have been carried out by NGU, NORSAR,
NPD, SK, NTNU, Sintef and RF during 1999 (task numbers refer to the project proposal):

1. Classification and quality assessment of reported neotectonic phenomena.

2. Collation and interpretation of marine seismic data (both 2D and 3D) from Sintef Petro-
leum Research (former IKU), Norwegian Petroleum Directorate and the petroleum indus-
try, aimed at mapping recent offshore faulting.

3. Production of a 1:3 million scale map on neotectonic phenomena in Norway.
4. Geological and geophysical investigations.

5-7.Acquisition and interpretation of local and regional high-resolution geodetic data, also by
means of GPS networks.

8. Drilling through faults; In sifu stress measurements.
9. Trenching of postglacial faults.

10. Acquisition of local seismological data by means of new seismic stations (micro-
networks).

11. Joint interpretation of acquired neotectonic data and geodynamic modelling aimed to un-
derstand the recent and present day crustal dynamics.

The NEONOR activities in 1999 have largely been focused on follow-up work, reporting and
integrated interpretation of the compiled neotectonic data sets. Four locations of reported
neotectonic activity were investigated in the field. New bathymetry data was collected in two
areas offshore western Norway to investigate possible neotectonic faults. A new excavation
was made at the Badsmoen fault, and the results from previous excavations re-evaluated. In-
vestigations of large-scale slope failures and avalanches, while only partly financially sup-
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ported by NEONOR, are reported here due to their possible relationship to seismic events.
The GPS network in the Mo i Rana area was remeasured, and the previous vectors recalcu-
lated. Reportedly offset shorelines in @sterdalen were also investigated using GPS levelling.
An opportunity for a microseismic study of Finnmark came with an initiative from the Uni-
versity of Potsdam, Germany. The results of this cooperative study are presented here. Finally,
the results of modelling the relationship between post-glacial uplift, seismicity and neotec-
tonic activity is presented.



2 CLASSIFICATION AND QUALITY ASSESSMENT OF REPORTED
NEOTECTONIC PHENOMENA (TASK 1)

2.1 NEOTECTONIC PHENOMENA IN SOUTHERN NORWAY (PART 2)
By Odleiv Olesen, John Dehls and Alvar Braathen, NGU

2.1.1 Introduction

Dehls and Braathen (1998) reported on the results from studies and evaluations of neotectonic
indications in southern Norway. During their study some locations were not visited in the field
because of poor weather conditions and for other reasons. Four new possible neotectonic lo-
cations are reported herein. The first two, the Rudihg and Gnedden locations, were visited
immediately after an excursion in 1998 on the Caledonian geology of the Sel-Vaga area. The
two other locations, Ytre Byrknes and Grytehorgi, were visited during the summer of 1999.
The results are included in the present account.

2.1.2 Rudihg, Heidal, Sel, Oppland
(Map sheet 1718 IV Otta, UTM 514,000 — 6850,000, Zone 32 )

In this area, Werenskiold (1931) reported up to 1 metre wide, open fractures. He said that one
side seemed to be down-faulted; the turf was hanging down into the fracture; the local popu-
lation had reported rumbling from the mountain.

We visited the location in June 1998. Two 100-200 metres long and one metre wide SE-NW
trending fractures were observed. The southwestern sides seem to be down-faulted up to 1
metre and the fractures are 1-2 metres wide and up to 6 metres deep. The clefts are arc-shaped
with the concave side facing a 500 m high, almost vertical mountain side (Fig. 2.1.1). Rock
avalanches are situated below the steep mountain. The average strike of the fractures is 113°.
The horizontal distance from the fractures to the steep mountainside is between 10 and 40
metres. The bedrock in the area consists of psammite with a foliation striking 070°%/02°. Con-
clusion - the fractures are interpreted to be gravity-induced.
























Spalte, langs hvilken der synes at gaa en postglacial forskydning.
Grytefjeldets ryg.

Fjeldveegge (skraferede) langs Lygrefjord.
L. Gaarden Lygre. K. Kloft parallelt med strandbredden.

Fig. 2.1.8 A) The interpretation of a postglacial fault on Grytehorgi by Reusch (1991). B)
Postglacial fault interpretation from Lygre Hardangerfjord (Reusch 1888). We have attrib-
uted both of these scarps to a plucking effect by the Weichselian inland ice. The latter locality
is described by Dehls and Braathen (1998).

2.1.6 Conclusions

We conclude that there is no evidence for postglacial faulting on any of the four studied lo-
calities. We have graded the Gnedden and Grytehorgi reports as a ‘D - Probably not neotec-
tonics’ and the Rudihg and Byrknes localities with an ’E - Very unlikely to be neotectonics’.
The most likely cause of the proposed neotectonic deformation on Rudihg is gravity-induced
sliding, while the other three are classified as erosional phenomena. The Grytehorgi and
Gnedden localities bear some resemblance to the localities Austerdalsisen and Handnesoya
(Olesen and Dehls 1998) since the scarps are best developed on the crest of the mountain
where the erosion from the moving inland ice was most pronounced. We have also found that
a flat lying foliation (subparallel to the rock surface) is typical for three of the locations (Aus-
terdalsisen, Handnesegya and Grytehorgi). Plucking and removal of blocks can be easily ac-
commodated along these two surfaces: the flat lying foliation and the steeply dipping fractures
zones. This process is shown in Fig. 2.1.9. A photograph (Fig. 2.1.19 in Olesen and Dehls
1998) illustrates this mechanism in the Austerdalsisen area where a boulder is left behind
some 1-2 m from the scarp. The resulting escarpment may appear as a postglacial fault scarp
at a first glance.

11






Olesen, O. and Dehls, J. 1998: Neotectonic phenomena in northern Norway. In: Dehls, J. and
Olesen, O. 1998 (eds.) Neotectonics in Norway, Annual Technical Report 1997, NGU
Report 98.016, 3-30.

Reusch, H. 1888: Bemmeloen og Karmgen med omgivelser. Nor. geol. unders., Oslo, 423 pp.

Reusch, H. 1901: Nogle bidrag til forstaaelsen af hvorledes Norges dale og fjelde er blevne til.
Nor. geol. unders. Bulletin, 32, 125-217.

Simonsen, A. 1963: Kvartergeologiske underspkelser 1 Indre Hardanger, Ulvik hd. Horda-
land. Unpubl. M.Sc. Thesis, University of Bergen. 67 pp.

Werenskiold, W. 1931: Ett sprekkesystem 1 Gudbrandsdalen. Norsk Geologisk Tidsskrift 12,
575-576.

13



3 OFFSHORE FAULTING (TASK 2)

3.1 Multi-beam echo-sounding (swath) surveys in the North Sea

By Odleiv Olesen, John Dehls (NGU) and Fridtjof Riis (NPD)

3.1.1 Introduction

Two areas in the northern North Sea were selected for multi-beam echo-sounding surveying
(Fig. 3.1.1). The northernmost area is located to the east of the Troll area and is 2.5 km x 5
km. Riis (1998) interpreted a potential postglacial fault from high-resolution 2D seismic data
in the area. The other area to the south of the Kvitebjomn petroleum-field, at the foot of the
western slope of the Norwegian Trench, was surveyed to study the postglacial faulting associ-
ated with gas leakage as proposed by Hovland (1983) (Fig. 3.1.2). The surveyed area is 2.5 km
by 6 km.

The Norwegian Hydrographic Survey (part of the Norwegian Mapping Authority) was con-
tracted to carry out the surveys. The data were collected during good weather conditions dur-
ing June 1999 using a multi-beam echo-sounder (Simrad EM-1002) from the vessel M/S
Sjomalaren. The data were processed by the Norwegian Hydrographic Survey. The bathymet-
ric data were of high quality, and the digital model was based on a 2 m x 2 m grid produced
by a minimum curvature gridding method. ER-Mapper software was used to produce artificial
shaded relief image maps (Figs. 3.1.3, .4 and .5).

3.1.2 Kbvitebjorn South survey

The data set supports the interpretation by Hovland (1983) that faults offset the sea floor and
Quatemary sediments to the west of Bergen. Two of the N-S trending faults continue through
most of the survey area and are longer than 3.5 km. The offsets of the faults are 1-2 metres.
The faults are similar to the N-S trending postglacial faults to the north of the Storegga land-
slide scar (Evans et al. 1996). The considerable length of the faults indicates a significant
depth extent. On the other hand, the faults do not coincide with deeper Mesozoic faults.
Similar faults have also been interpreted within the NEONOR project from 3D seismic data in
the northern North Sea (Riis et at. 2000). The faulting may be connected to venting of gas or
fluids in these areas. The faults seem to be related to the formation of the numerous pock-
marks in the area. The elongated depressions associated with the pockmarks are probably
caused by a combination of shallow gas seepage, the geometry of subsurface bedding and the
action of bottom currents (Hovland 1983).

An azimuth map of the sea floor generated from 3D seismic data in the Kvitebjorn area,
slightly to the north of the bathymetry survey, indicates a similar set of structures (Fig. 2.11 in
Riis et al. 2000). In this area, there are spots of high gas saturation at shallow depth. The
shape and orientation of the faults suggest that they were neither formed by gravity sliding, or
by glacial deformation. This supports Hovland's explanation that they are connected to gas
release.

3.1.3 Troll East survey

The bathymetry indicates that pockmarks with an average diameter of 40 m and an average
depth of 5 m are more or less randomly distributed in the surveyed area east of Troll (Fig.
3.1.5). There is no obvious correlation to the deep-seated faults, which trend in a NNW-SSE
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Fig. 3.1.2 Postglacial faulting of a soft, silty clay at the foot of the western slope of the
Norwegian Channel to the south of Kvitebjorn (Hovland 1983). A total of nine parallel
boomer profiles have been acquired along a 2 km wide corridor as part of the Statpipe route
survey. The net slip of the vertical fault is in the order 1-2 m (Hovland 1983). The fault is
trending N-S (parallel to the slope of the Norwegian Trench) and is evident on nearly all

boomer profiles run in the corridor.
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4.1.2 Gravitational faults and fractures in bedrock

Within the NEONOR project, claims of neotectonic activity have been classified into five
grades:

(A) Almost certainly neotectonics,
(B) Probably neotectonics,

(C) Possibly neotectonics,

(D) Probably not neotectonics

(E) Very unlikely to be neotectonics.

Otrefjellet in Haram (grade B)

The site is located midway between the cities Molde and Alesund (Fig. 4.1.1). A two kilome-
tre long, N-S trending mountain ridge, 100-300 m high above the surrounding terrain, is
heavily fractured. Locally there are crushed or collapsed bedrock within a 500 m wide zone
(Fig. 4.1.2). Vertical or subvertical fractures occur in two directions, parallel (E-W) and sub-
perpendicular (SSW-NNE) to the foliation of the gneiss. Large rock avalanches have been
triggered at both sides of the northern and steepest part of the mountain ridge. Earthquakes
might have triggered many of the large rock avalanches in Mgre and Romsdal, but we can not
normally exclude the possibility that they are formed by gravitation alone. The slopes of the
southern part of the mountain Otrefjellet are too gentle to create slope failures based only on
gravitational forces. Earthquake triggering is also a plausible explanation for the collapsed
bedrock zone. An alternative explanation would be frost shattering, with production of exten-
sive boulder fields by in situ bedrock weathering, within nunatak phases during ice ages. But
the mountain surface is situated 200-300 m below a distinct regional “weathering zone” inter-
preted to be formed by such processes (Larsen ef al. 1988) and this fact more or less excludes
the hypothesis.

We do not know the age of the proposed palacoseismic event, except that the failures are gen-
erated after the deglaciation, some 12 000 '*C years BP (Larsen et al. 1988). Possible neo-
tectonic lineaments (grade C) occur outside the central part of the area, towards both the east
and the west. A possible large earthquake that created these deformations may also have trig-
gered a rock slide on a mountain slope of Otraya, 14 km toward NE (Robinson et al. 1997),
and also three nearby rock avalanches on the same island (Blikra and Anda 1997), see also
Fig. 4.1.1.
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the basin (Fig. 4.1.4). The failures developed debris flows, which seems to have transformed
into turbidites and cover the entire sea floor in the deepest part of the fjord. A correlation be-
tween the turbidites in the core with the debris flow deposits seen from the seismic data seems
quite clear, but so far there is a misfit in stratigraphic positions. This may be explained by
compaction of the core during sampling.

The 7000 BP turbidite in Voldafjorden was tentatively interpreted to have been formed by a
tsunami (Flatebe 1998). However, since the geologic setting, as interpreted from the seismic
data, seems to have been the same for both the two upper turbidites and only one tsunami
layer is found in lakes, an alternative explanation would be that the regional failure-events
were caused by strong earthquakes. If this is the case, similar horizons should be found in
other fjords and a challenge would be to relate such horizons to rock avalanches found in the
successions of fjord sediments.

4.1.5 Conclusions and further work

So far the locality on Otrefjellet in Haram is considered to be classified as grade B (probably
neotectonics), while the other localities presented are classified as grade C (possibly neotec-
tonics). The concentrations of rock-avalanche events is so far also classified as grade C (pos-
sibly neotectonics), but a better age control is needed on individual events.

Further studies need to be carried on in order to evaluate possible palaeoseismic causes of
some of the slope failures in the region. Some of the localities need to be studied in more de-
tail, and more focus should also be paid on studies in the fjords. The potential of dating rock-
avalanche events and other sediment failures in fjords are much higher than on land. The re-
gional view of instability features with data of their spatial occurrence and dating of individual
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events is essential for palaeoseismic analysis (Jibson 1994). The effect of future large earth-
quakes should be modelled.

4.1.6 References

Ahlmann, H. W. 1919: Geomorphological studies in Norway. Geografiska Annaler, Stock-
holm I, 193-252.

Anda, E. 1995: Romsdalen og Romsdalsfjorden. Hovedtrekkene i landskapet. In Sanden, J.
(Ed.) Romsdalen, natur og kultur. Romsdalsmuseet, arbok 1995, 14-34.

Berg, S. S., Braathen, A., Blikra, L. H. and Anda, E. in press: Structural analyses of a source
area for large rock avalanches, Bora in Romsdalen, Mere og Romsdal. Abstract Nor-
dic geological winter meeting.

Blikra, L.H. 1998: Rock avalanches, gravitational faulting and its potential palacoseismic
cause. In Dehls, J. and Olesen, O. (Eds.) Neotectonics in Norway, Annual Technical
Report 1998. NGU Report 99.007, 88-92.

Blikra, L. H. and Anda, E. 1997: Large rock avalanches in Mere og Romsdal, western Norway
(Extended abstract). Nor. geol. unders, Bull. 433, 44-45.

Blikra, L. and Longva, O. 1995: Frost-shattered debris facies of Younger Dryas age in the
coastal sedimentary successions in western Norway. Palaeogeography, Palacoclimatol-
ogy, Palaeoecology 118, 89-110.

Bondevik, S., Svendsen, J. 1., Johnson, G., Mangerud, J. and Kaland, P. E. 1997: The Sto-
regga tsunami along the Norwegian coast, its age and runup. Boreas 26, 29 — 53.

Flatebg, T. 1998: Miljovariasjoner i Voldafjorden de siste 11 ka BP belyst ved bentiske fora-
miniferer og stabile isotoper. Cand . scient. Thesis, University of Bergen. 102 pp.

Grosfjeld, K., Larsen, E., Sejrup, H. P., de Veral, A., Flatebg, T., Vestba, M., Haflidason, H.
and Aarseth, I. 1999: Dinoflagellate cysts reflecting surface-water conditions in
Voldafjorden, western Norway during the last 11300 years. Boreas 28, 403-415.

Jibson, R.W. 1994: Using landslides for Paleoseismic analysis. In McCalpin (ed.) Paleoseis-
mology. International geophysics series 62, 397-438. Academic press.

Larsen, E., Klakegg, O. and Longva, O. 1988: Brattvag and Ona. Quaternary geological maps
1220 IT and 1220 IV - scale 1:50,000 with description. Nor. geol. unders, Skrifter 85,
1-41.

NORSAR and NGI 1998: Development of Seismic Zonation for Norway: Final Report. Re-
port for Norwegian Council for Building Standardization (NBR), 162 pp.

Robinson, P., Tveten, E. and Blikra, L. H. 1997: A Post-glacial bedrock failure at Oppstad-
homet, Otergya, More og Romsdal: a potential major rock avalanche (Extended ab-
stract). Nor. geol. unders, Bull. 433, 46-47.

25



4.2 GRAVITATIONAL-SLOPE FEATURES FROM ODDA IN HARDANGER TO
AURLAND IN SOGN, WESTERN NORWAY.

By Lars Harald Blikra, John Dehls and Odleiv Olesen (NGU)

4.2.1 Introduction

Several gravitational-slope failures have been observed earlier in the Hardangerfjorden area,
e.g. a gravitational fracture zone at Geitura east of Granvin (Simonsen 1994) and features pos-
sible related to neotectonic activity in Hardangerfjorden (Hoel 1992, Helle et al. 2000). A re-
connaissance study based on air-photo interpretations has been done along a 20 km wide zone
from Odda in Hardanger to Aurland in Sogn. This shows a series of gravitational-slope fea-
tures lining up between Odda and Aurland (Fig. 4.2.1)

Many gravitational faults and fractures developed in bedrock are found on the western side of
Serfijorden, but occur also northeast of Granvin, northeast of Ulvik and in Flamsdalen-
Aurland area. Large rock avalanches are often formed in connection with these fracture zones
(see Fig. 4.2.1). The failure zone in Flamsdalen-Aurland are characterised by a series of faults
and crevasses on the plateau on the eastern side of valley, cut by distinct slide scars with rock-
avalanche deposits below (Fig. 4.2.2).
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43 GRAVITATIONAL-SLOPE FAILURES IN TROMS: INDICATIONS OF
PALAEOSEISMIC ACTIVITY?

By Lars Harald Blikra and Oddvar Longva, NGU

4.3.1 Introduction

Geological studies on land and in the fjords of Troms county have encountered a large number
of gravitational-induced failures, in bedrock, glacial tills and in the fjord sediments. The
studies are part of a project evaluating the risk for different types of avalanches, and in locat-
ing regional differences in hazard level.

Regional geological mapping performed by NGU in Troms demonstrates concentrations of
large-scale failure events in specific zones (Sveian et al. in prep). Some of these deposits have
been studied earlier by Corner (1972) and Tolgensbakk and Sollid (1988). A high number of
rock avalanches and bedrock fractures are registered in northern Troms, in an area from
Balsfjord to Kafjord (Fig. 4.3.1). A series of gravitational faults and crevasses are found along
mountain plateaux in the same area. Large-scale collapse features of fine-grained fjord sedi-
ments along the fjord margin in Balsfjorden and Ullsfjorden (Longva et al. 1999) have also
been identified. Some scattered rock avalanches are mapped in the southern part of the county,
from Astafjorden to Serreisa and on Gryteya.

We speculate that the triggering mechanisms for the observed failures are tectonic movements
and/or high-magnitude seismic shocks. The present section describes some of the observed
failures and discusses briefly the possible palacoseismic cause. The grading of areas follows
the scheme used within the NEONOR project, with five categories:

(E) Almost certainly neotectonics,
(F) Probably neotectonics,

(G) Possibly neotectonics,

(H) Probably not neotectonics

(E) Very unlikely to be neotectonics.
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via a deformed zone into a zone with massive seismic signature. The unit may contain blocks
of undeformed glaciomarine sediments floating in the chaotic matrix (Fig. 4.3.10).

L

Fig. 4.3.10  Seismic profile from Balsfjord. Unit A;bedrock, Unit B: glaciomarine sedi-
ments — here partly deformed, Unit C: deformed and chaotic glaciomarine sediments, Unit D:
Holocene, marine sediments. Note the block of undeformed glaciomarine sediments floating
in unit C.

Along the margins of the fjord many “old” slide depressions are found (Fig. 4.3.11). These
depressions are partly covered by Holocene sediments. They are interpreted to have been
formed shortly after the deglaciation of the area. Unit C (Fig. 4.3.10) can be traced backwards
to these depressions and it seems obvious that the unit is formed by a collapse of the fine-
grained glaciomarine sediments along the fjord margins.

A high number of failures also occur along the margins of Serfjorden and Ullsfjorden. Seis-
mic studies demonstrate that both rock avalanches and submarine debris flows were triggered
shortly after the deglaciation (before 9600 BP).
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An even more systematic work on mapping large-scale gravitational-slope features onshore
Norway, including fjords, are still needed in order of getting a realistic spatial distribution
pattern of such features. A dating program on such features in order of see if there are any age
grouping will be of fundamental importance. Detailed studies in fjords are important to test a
potential link of onshore features to the large-scale slides on the continental slope. It is our
opinion that a better understanding of the evolution and history of large-scale gravitational-
slope events since the last ice age is fundamental in order of evaluating possible palaeoseismic
activity. Such data will be essential for the estimation of possible future seismic activity, in-
cluding the possibility of getting high-magnitude earthquakes.
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4.5 QUATERNARY GEOLOGY AND TRENCHING OF THE BASMOEN FAULT
By Lars Olsen, NGU

4.5.1 Introduction

The Quaternary in Fennoscandia was characterised by repeated periods of ice growth followed
by ice retreat. The glacial isostasy during these alternations had a considerable influence on
ground stability. This was particularly well expressed during deglaciation periods, which were
characterised by the frequent occurrence earthquakes and faulting in many areas (Kujansuu
1964, Lundqvist and Lagerbick 1976, Olesen 1988). It is not known whether the Basmoen
Fault (Olesen et al. 1994, 1995) was active during the last deglaciation, but some liquefaction
structures in sand along the fault zone suggest that earthquake-induced disruptions may have
occurred during late-/postglacial time (Olesen et al. 1994, Olsen 1998).

The last deglaciation is dated to 9200 — 9500 '*C-yr BP in the area around Mo i Rana (Fig.
4.5.1) (Blake and Olsen 1999). Excavations with trenching of the Bismoen Fault at Bés-
mofjellet in 1995 revealed structures which indicate a reverse fault, where the hanging-wall
block of the faulted rock has penetrated up to some 40-50 cm vertically through the till and
sand cover of the lowermost part of the fault slope (Fig. 4.5.2). Observations of glacial striae
on the hanging-wall block wall some 40 ¢cm above ground surface along the fault some kilo-
metres west of Badsmofjellet, led us to conclude that the postglacial vertical movement along
the fault was no more than 30-40 cm.

In 1995 it was suggested that the colluvial sand complex both on the up-slope and down-slope
sides of the exposed hanging-wall block might have been produced by postglacial slope proc-
esses (gravity mass movements) during severe climatic conditions (heavy rain storms, rapid
and repeated freezing-thawing cycles, etc.). A re-evaluation of the deformation structures ob-
served in 1995, followed by additional data from a new excavation in 1999 (Fig. 4.5.3), has
lead to the conclusion that at least the oldest part of the colluvium, which is characterised by
rip-up clasts of till matrix, was most likely induced by the last significant tectonic vertical
movement of the fault.
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4.6 REPORT ON FIELD ACTIVITIES, SUMMER 1999
By David Roberts, NGU

4.6.1 Introduction

Field support this year for the undersigned, in the NEONOR project, was restricted to 2'2
days. This involved follow-up work in the Roan district of the Fosen Peninsula, Ser-
Trendelag, i.e., examining road-cuts for possible drillhole (borehole) offsets or axial fractures
in drillholes which may provide evidence of neotectonic movements. A few additional exam-
ples of offsets were found, though in more or less the same area/locality as last year. In an-
other district of Trondelag, a brief examination of new road-cuts in the Snasa Limestone re-
vealed yet another rather fine example of offset (reverse-faulted) drillholes. Comparatively
new, long road-cuts along the E6 in the Storen district were also examined late in the autumn.
Although no offsets were found, many of the drillholes revealed axial fractures of quite con-
sistent orientation. These various new or additional observations are described briefly below.

4.6.2 Roan district

Examples of drillholes that are clearly offset in a reverse-fault sense are to be found in road-
cuts along the county road to Roan, south of Beskelandsfjorden, in the western part of the Fo-
sen Peninsula. The bedrock is a comparatively massive, quartz-monzonitic granulite gneiss of
Proterozoic age. One such offset drillhole was illustrated in the 1998 NEONOR report, and in
a paper in press (Roberts in press). This showed a reverse-slip displacement of c. 3.5-4 cm on
an east-dipping (008°/28°) master joint (fault) surface, the offset directed towards c. 295°.

Along a ¢.150 m stretch of nearly continuous road-cut at this same locality, four other reverse-
slip offsets were recorded in separate drillholes. The road-cut is up to 8 metres in height and
all the displaced drillholes measured occur in the lower, accessible part of the road-cut. De-
tails of the measurements are as follows:-

(1) Offset of c. 2.5 cm towards 292° along a 026°/16° joint (slip) surface (Fig.4.6.1).
(2) Offset of 1-1.5 cm towards 288° along a 033°/25° joint (slip) surface.

(3) Offset of 1.5 cm towards 283° along a 038°/41° joint (slip) surface.

(4) Offset of c. 2.5 cm towards 268° along a 031°/22° joint (slip) surface.

The direction of displacement of these separate reverse-faulted drillholes is reasonably con-
sistent. Indeed, the average displacement vector of the 5 recorded offset drillholes (i.e., the
four recorded this year and the one from last year) is 285°. This would seem to indicate that
the Symax (maximum principal horizontal stress) in this particular area trends c. WNW-ESE.
This orientation does, in fact, accord extremely well with contemporary, in situ, stress meas-
urements reported from this district of Central Norway (Myrvang 1988) (Fig. 4.6.2).
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Many other road-cuts were examined in the Roan district, but no other indisputable reverse-
slip features were found. Two or three minor examples of normal dip-slip were encountered,
but these drillhole displacements were clearly due to gravitational slippage of large blocks
loosened by the blasting of the road-cuts. Drillholes were also examined for indications of
near-vertical axial fracturing, and especially for signs of any consistency in trend of such
fractures. Unfortunately, the granulite-facies rocks of the Roan district were not too helpful in
this regard. Even road-cuts aligned normal to the WNW-ESE Spnax, Where axial fracturing in
boreholes might be expected to occur, did not disclose any regularity in occurrence of axial
fractures. A reason for this might be that the massive granulitic rocks in this district are too
coarse grained and isotropic; and that axial fractures may develop preferentially in finer
grained, thinly bedded or laminated rocks carrying a penetrative continuous cleavage, as for
example in the roofing slates of the Friarfjord area, Finnmark (see the 1998 NEONOR report;
also Roberts, in press).

4.6.3 Snasavatnet district

Stretches of the main E6 road on the northwest side of Snasavatnet, Nord-Trendelag, have
been reconstructed in recent years, and this has provided several new road-cuts. One such new
road-cut was examined briefly in the autumn while driving back to Trondheim from NGU
fieldwork in Nordland, and reverse-faulted drillholes were observed in one locality. The pre-
cise locality is unfortunately uncertain, as I did not have the 1:50,000 topographic maps of this
area in the car at that time. However, the road-cut is almost certainly in the eastern part of
1.50,000 map-sheet Steinkjer 1723 III, somewhere near the farms Haugan and Flekkstad,
northwest of Veines.

The drillhole offsets can be seen along the north side of the E6, in a c. 5 m-high road-cut in
the Middle Ordovician Snasa Limestone. Displacement occurs along a 10-13 cm-thick shear
(fault) zone with a strike/dip of 204°/13° (Fig. 4.6.3). Within this narrow shear zone, com-
posed of crushed and gouged limestone, there are internal shear bands dipping northwest at
20° (strike 223°). The drillhole offsets are < 7.5 c¢m, and the thrust direction is towards 105°.
This is virtually the same trend for Symax as in the case of the offset boreholes in the Roan
district (Fig. 4.6.2). In the map of all horizontal stresses recorded in Central Norway (Fig.
4.6.2), taking the area north and south of Trondheimsfjorden it does appear as if the More-
Trendelag Fault Complex (MTFC) marks some sort of major divide in contemporary stress
orientations; N-S/E-W to the northwest of the MTFC, and NE-SW/NW-SE to the southeast.
More data are required, however, before we can say for sure if this changeover is truly signifi-
cant.

If there are still funds available in the project, then a more detailed examination of all the new
road-cuts in the Snéasavatnet district should provide more data on these comparatively rare
stress relief features.
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side of the new tunnel just southeast of Voll. These drillholes were of no particular value for
our studies.

The ¢. 400 m-long road-cut in pillowed greenstones immediately to the north of Haga Bridge
(3 km north of Steren) did, however, provide some interesting features. This road-cut is
aligned roughly NW-SE. Although no drillhole displacements were seen, some 20-30% of the
vertical or subvertical drillholes in the 6-10 m-high road-cuts displayed reasonably continu-
ous, but partly irregular axial fractures. Measurements were made of the trends of these frac-
tures — which are considered to be extensional, stress-relief fractures — only in cases where
they exceeded 1 m in length, i.e., the fractures could be judged to be fairly continuous through
the rock body from one lava ’pillow’ to another. Twenty-two such measurements were re-
corded from separate drillholes over this 400 m-long stretch of road-cut; and they showed a
reasonable consistency of trend from c. 030/210° to 060/240°, with an average value of
051/231°.

This average trend of the axial fractures occurring in vertical/subvertical drillholes at Steren,
i.e., quite close to NE-SW, thus corresponds extremely well with the Sym.x recorded in the
region south of Trondheim by Myrvang (1988) (Fig. 4.6.2).

4.6.5 References

Myrvang, A. 1988. Rock stress measurements in Norway: recent results and interpretations.
Report, Workshop on Nordic Rock Stress Data. SINTEF, Trondheim, 10 October
1988, 5 pp.

Roberts, D. in press. Reverse-slip offsets and axial fractures in road-cut boreholes in the Cale-
donides in Finnmark, northern Norway: neotectonic stress orientation indicators. Qua-
ternary Science Reviews.

51



5 GEODESY (TASKS 5,6 AND 7)

5.1 NORWEGIAN MAPPING AUTHORITY: REPORT FOR 1999

By Lars Bockmann and Leif Grimstveit, Statens Kartverk

5.1.1 General

Within the NEONOR project, repeated GPS campaigns were planned to be carried out in three
areas, namely in Masi, Bremanger and Mo i Rana, where active faults are suspected. It was
hoped that these campaigns would allow to detect particularly vertical movements or at least
to give an upper limit for the deformation across the suspected faults. In addition to the GPS
campaigns, precise levelling was carried out across the fault in Masi.

GPS measurements at Masi and Bremanger have so far been completed only once, and there-
fore no information is yet available concerning significant deformation. Indications of defor-
mation will only begin to emerge once additional observations and computations are com-
pleted. The planned reobservations of these nets in 1999 were dropped due to higher priority
of measurements in the GPS network of Mo i Rana. This net had been measured both in 1994
and 1997, thus providing more data sets covering a longer time span. Therefore, it could be
expected that a new campaign on this net would allow detecting deformation in the area.
However, after discussing the methodology lying behind the 94 and 97 campaigns and the
quality of the available data, we are forced to reconsider these arguments. More details about
this are given at the end of this section. To achieve the original goal, all the GPS-nets in-
volved in the project have to be remeasured in a new future project or as a prolongation of
NEONOR.

The data and a list of point descriptions as well as picture documentation are kept at the Nor-
wegian Mapping Authority, Geodetic Institute.

5.1.2 Masi: Levellings across the Stuoragurra fault 1987-1999

At Stuoragurra, the elevation difference (DH) between benchmarks on both sides of the fault
has been measured by precise levelling. Sundsby (1996, in Norwegian) reports the results of
levellings at the Stuoragurra fault carried out in 1987, 1990, 1991, and 1996. All these level-
lings were done using Wild N3 precision spirit levels. On July 9, 1999 another relevelling was
done, using two digital levels Zeiss DiNil1 simultaneously. The weather was very favourable
for precise measuring work. 40 series of observations were performed, from 9.30 am to 4.30
pm. Each instrument was used on both sides of the fault. The precision of this series of meas-
urements is expected to be roughly 0.1 mm. After having analysed the observations, no sig-
nificant change of elevation difference across the Stuoragurra Fault in Masi can be detected
since 1996. Earlier conclusions about a vertical displacement of 2.3 mm between 1987 and
1991 have to be reconsidered due to scepticism concerning the quality of the data from 1987.
These questions are discussed below.
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The statistical analysis may be performed in several different ways. We prefer the general lin-
ear hypothesis test for normally distributed observations. The original measurements are then
used. Examining the reports from Holsen’s work, we have, until now, found this material for
spring 1984, only. Therefore, we have here analysed the apparent network changes from
spring 1984 to autumn 1997, without regarding the other surveying campaigns.

The general linear hypothesis test is used to estimate the consequences of making conditions
for the unknown parameters, when adjusting measurements according to method of least
squares. The observations are then considered statistically independent and normally distrib-
uted. This assumption is commonly considered valid for surveying measurements.

We use the test, trying to answer the following three questions:
1) Have horizontal displacements occurred?

A null hypothesis HO is made, that the pillars are not displaced, relatively to each other. The
test may give a statistically justified reason for refusing HO. Two different common adjust-
ments of the measurements spring 1984 + autumn 1997 are made: initially without demanding
HO, then with HO as conditions. From the results of these two adjustments, a test value is
computed. Its value indicates acceptance or rejection of HO. In the Yrkjevagen case, the test
value is much bigger than may be expected if the three above-mentioned conditions (inde-
pendent observations, normally distributed observations, HO) are simultaneously met. There-
fore, we conclude that the pillars have been internally displaced during the period spring 1984
— autumn 1997. The test is made with a 5% significance level, giving a probability of at least
0.95 for the conclusion being correct or at the most 0.05 for being wrong.

2) Which points have been disturbed?

This investigation is much more time consuming than 1). We have to make many adjustments,
testing different hypotheses for the pillars’ movements. The conclusion is that pillars 1 and 5
seem to have moved significantly, relatively to the others. Again, we use the 5% significance
level.

3) Do we find a regularity for the displacements, and possibly which?

The network has 3 pillars on each side of the potential geological fault, and we initially test if
these two groups of points also seem to move as groups. One may guess from conclusion 2)
that such a regularity will be difficult to find. We have had lots of work testing different hy-
potheses, without being able to conclude at the 5% level that a grouped movement has oc-
curred.

Additional thoughts:

e May the pillars 1 and 5 have moved relatively to the bedrock, locally? Professor Holsen
monitored the pillars 3 and 5 individually, to check their stability. He found an apparent
position change of 0.24 mm, maximally.

e Could there be a seasonal variation? Holsen found this being a tendency for his monitoring
1984-1993.

e Could it have some importance that the types of measurement were quite different in 1997
and 1984 (distances and directions, respectively)? For experiments, we routinely prefer the
outer conditions being unchanged.
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Table 5.1.1 ITRF96 cartesian coordinates with uncertainties for the stations.
x £ % @ Y% @ zt % m
NROT | 54913427615 T 0.0050 633121,6159 ¥ 0.0030 5817812,9502 Tt 0.0082
NRO3 | 4902623216 F 0.0030 626192.4172 £ 0.0017 5818880,6830 T 0.0047
NRO4 1 5489451 4722 T 0.0040 625993,8789 ¥ 0.0014 5819275,6307 £ 0.0087
NROS | 2488214.8292 T 0.0052 622778,0724 £ 0.0016 58202422642 £ 0.0059
NRO6 | 5486880,8759 T 0.0031 620175,6931 £ 0.0024 5821019,3968 £ 0.0024
NRO® | 55102263356 & 0.0035 611137.1683 £ 0.0025 5811952,5484 T 0.0069
NRO9 | 5506257,1993 £ 0.0062 606361.4347 £ 0.0012 5814159,1652 & 0.0062
NRIO | 5502377,1946 £ 0.0051 604513,1491 T 0.0016 58159942717 £ 0.0075
NR11 2499753,3575 £ 0.0038 606039,2776 T 0.0029 5816957.2466 T 0.0067
NRIZ | 94956177186 T 0.0040 606407.8807 L 0.0035 5818974,8973 T 0.0085
NRI3 | 5518844,5659 T 0.0037 585176,6711 T 0.0008 5810903,5102 T 0.0051
NRI4 1 55158896133 T 0.0044 581476,6571 £ 0.0001 58125383348 T 0.0090
NRI5S | 5515302,9070 T 0.0055 5791359476 T 0.0015 5813020,9678 Tt 0.0102
NRI6 | 55126334302 T 0.0035 578059,8381 £ 0.0011 5814275,1880 T 0.0047
NRI7 | 55089217419 X 0.0052 574315,1941 £ 0.0020 5816240,0759 T 0.0099
NRI8 | 25012063133 £ 0.0042 577402.7573 £ 0.0010 5819239,0416 T 0.0049
NRI9 | 9482498 0161 £ 0.0051 582886,0303 T 0.0008 5826659,4997 T 0.0085
NR20 | 9493593,0197 % 0.0037 5823199390 £ 0.0014 5821989,4063 £ 0.0059
NRMO | 5491540,4938 £ 0.0012 627261,0979 £ 0.0012 5818227.6621 T 0.0057
Table 5.1.2  Cartesian baseline vectors between the stations.
AX (m) A (m) Az (m) Al (my
NRO3NRO4 810,8496 198,5382 394.9481 923.5142
NRO3NRO5 2047,4924 34143446 1361,5819 4207.5978
NRO3NRO6 3381,4463 6016,7239 2138.7139 7225.5963
NRO3NRO7 21080,4395 ~6929,1993 1067,7324 7093,7441
NRO3NRO3 -19964,0146 150552474 6928,1346 25946,5105
NRO3NRO09 215994 8772 19830,9817 4721,5174 25911.323
NRO3NRIO | -12114,8709 21679,2678 2886,4107 25001,8422
NRO3NRI11 ~9491,0357 20153,1394 1923,4359 22359,0785
NRO3NR12 53553962 19784,5334 942191 20496,7536
NRO3NRMO | -1278.1721 -1068,6809 653,0203 1789,4799
NRO4NRO5 1236,6428 3215,3065 966,6337 3578 4183
NRO4NRO06 2570.5967 5818.1857 21743,7658 65954508
NRO4NRO7 ~1891,289 7127.1375 1462.6805 7518,0483
NRO4NROS 20774.8642 14856,7093 7323,0827 26569.613
NRO4NR09 -16805.7268 19632,4435 5116,4655 26344,7055
NRO4NR10 212925.7204 21480,7296 3281,3588 25283,6569
NRO4NRI1 -10301,8853 19954.6012 23183841 225763118
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AX (m) AY (m) Az (m) Al (m)
NRO4NR12 -6166,2458 19585,9953 300,729 20535,9255
NRO4NRMO -2089,0217 -1267,2191 1047,9684 2658,5886
NROSNRO6 1333,9539 2602,3792 -777,1321 3025,8461
NROSNRO7 -3127,9319 -10343,5439 2429,3143 11075,8488
NRO5SNRO8 -22011,507 11640,9028 8289,7165 26243,7889
NROSNRO9 -18042,3696 16416,6371 6083,0993 25140,3494
NRO5SNR10 -14162,3632 18264,9232 42479926 23499.,4764
NROSNR11 -11538,5281 16738,7947 3285,0178 20594,0822
NRO5SNR12 -7402,8886 16370,1888 1267,3628 18010,887
NROSNRMO -3325,6645 -4483,0255 2014,6021 5934,3226
NRO6NRO7 -4461,8857 -12945,9232 3206,4463 14063,6641
NRO6NRO8 -23345,4609 9038,5236 9066,8485 26625,4239
NRO6NR0O9 -19376,3235 13814,2578 6860,2313 24765,6699
NRO6NR10 -15496,3171 15662,5439 5025,1246 22598,739
NRO6NRI11 -12872,482 14136,4155 4062,1499 19545,846
NRO6NR12 -8736,8425 13767,8096 2044,4948 16433,6532
NRO6NRMO -4659,6184 -7085,4048 2791,7342 8927,9776
NRO7NRO8 -18883,5752 21984,4468 5860,4022 29567,7125
NRO7NR09 -14914,4378 26760,181 3653,785 30852,8424
NRO7NR10 -11034,4314 28608,4671 1818,6783 30716,6186
NRO7NRI11 -8410,5962 27082,3387 855,7036 28371,1724
NRO7NR12 -4274,9568 26713,7328 -1161,9515 27078,5691
NRO7NRMO -197,7326 5860,5184 -414,7121 5878,4998
NROSNRO09 3969,1374 4775,7342 -2206,6172 6590,2086
NROSNRIO 7849,1411 6624,0195 -4041,7232 11037,3084
NROSNRI1 10472,9789 5097,8919 -5004,6986 12677,4918
NROSNRI12 14608,6169 4729,2874 -7022,3492 16884,645
NRO8NRI13 -8618,2311 25960,4965 1049,0387 27373,7423
NRO8NR14 -5663,2793 29660,5095 -585,7865 30202,0149
NRO8NRI15 -5076,5725 32001,2197 -1068,4192 32418,9939
NRO8NRI16 -2407,0956 33077,3291 -2322,6394 33246,0293
NRO8NR17 1304,5925 36821,9737 -4287,5273 37093,7002
NRO8NRI18 9020,0211 33734,4106 -7286,493 35671,6164
NRO&NRI19 27728,3186 28251,1374 -14706,9509 42228,9098
NRO8NR20 16633,3147 28817,2287 -10036,8576 34753,9687
NROSNRMO 18685,8425 -16123,9283 -6275,1143 25466,033
NROINR10 3880,0064 1848,2861 -1835,1067 4673,1389
NRO9NRI11 6503,8415 322,1577 -2798,0814 7087,5242
NRO9NR12 10639,481 -46,4482 -4815,7365 11678,6999
NROINRMO 14716,7051 -20899,6626 -4068,4971 25883,0055
NRI1ONR11 2623,8352 -1526,1284 -962,9748 3184,4779
NR10ONR12 6759,4759 -1894,7321 -2980,626 7626,5756
NRIONRI13 -16467,3695 19336,4778 5090,7613 25903,4646
NRI1ONRI14 -13512,4178 23036,4912 34559376 26929,7023
NRIONRIS -12925,7109 25377,201 2973,3033 28634,1905
NRIONRI16 -10256,234 26453,3105 1719,0832 28423,9902
NRIONRI17 -6544,5459 30197,955 -245,8048 30899,9674
NRI1ONRIS 1170,8827 27110,3919 -3244,7704 27328,9746
NRI1ONRI9 19879,1802 21627,1187 -10665,2283 31251,5786
NR10ONR20 8784,1763 22193,21 -5995,135 24609,7942
NR1ONRMO 10836,6987 -22747,9487 -2233,3904 25296,0717
NR1INRI12 4135,6395 -368,6059 -2017,655 4616,3098
NR1INRMO 8212,8636 -21221,8203 -1270,4157 22791,0232
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NRI12NR13 -23226,8466 21231,2076 8071,3834 32486,8867
NRI2NR14 -20271,8953 24931,2204 6436,5596 32771,0968
NRI2NR15 -19685,188 27271,9308 5953,9254 34157,1964
NR12NR16 -17015,7111 28348,0403 4699,7053 33395,1051
NR12NR17 -13304,023 32092,6848 2734,8173 34848,4816
NRI12NR18 -5588,5944 29005,1218 -264,1483 29539,791
NRI12NR19 13119,7031 23521,8485 -7684,6062 28008,162
NR12NR20 2024,6992 24087,9399 -3014,5129 24360,122
NR12NRMO 4077,2241 -20853,2143 747,2394 21261,2011
NRI3NR14 2954,9519 3700,0136 -1634,824 5009,4402
NRI3NR15 3541,6586 6040,7232 -2117,4579 7315,5526
NRI3NR16 6211,1354 7116,8327 -3371,6781 10029,742
NRI3NR17 9922,8236 10861,4772 -5336,566 15649,6981
NRI13NR18 17638,2521 7773,9141 -8335,5317 21000,5421
NR13NR19 36346,5497 2290,6409 -15755,9896 39680,8508
NR13NR20 25251,5458 2856,7322 -11085,8963 27725,414
NRI14NR15 586,7078 2340,7101 -482,6306 2460,9109
NRI14NR16 3256,1836 3416,8192 -1736,8534 5029,3185
NRI14NR17 6967,8727 7161,4644 -3701,74 10655,5479
NRI14NR18 14683,301 4073,9006 -6700,7067 16646,1846
NR14NR19 33391,5983 -1409,3728 -14121,1649 36282,1232
NR14NR20 22296,594 -843,281 -9451,0699 24231,6312
NRISNRI16 2669,4769 1076,1095 -1254,2201 3139,6157
NR15NR17 6381,1651 4820,754 -3219,1081 8620,9972
NRISNR18 14096,5936 1733,1909 -6218,0737 15504,2685
NRISNR19 32804,8911 -3750,0823 -13638,5316 35724411
NRI15NR20 21709,8872 -3183,991 -8968,4383 23704,2167
NRI6NR17 3711,6882 3744,6445 -1964,888 5626,7021
NRI6NR18 11427,1167 657,0815 -4963,8536 12476,0007
NRI6NR19 30135,4143 -4826,1918 -12384,3115 32936,4007
NR16NR20 19040,4104 -4260,1004 -7714,2182 20980,8209
NR17NR18 7715,4285 -3087,5631 -2998,9656 8834,8558
NR17NR19 26423,7261 -8570,8363 -10419,4235 29668,787
NR17NR20 15328,7222 -8004,745 -5749,3302 18223,6238
NRISNRI19 18708,2976 -5483,2732 -7420,4579 20859,767
NR18NR20 7613,2937 -4917,1819 -2750,3646 9471,2947
NRI19NR20 -11095,0039 566,0913 4670,0933 12051,1137
All  combinations Ax=x,-x,, Ax=y, -y,

Ax=z,.—zj

and

Al = \/sz +Ay® + Az* . Station i is the first station and j is the second. NRI9NR20 means
thatNR19 is 1 and NR20 is ;.
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By processing the 1999 data as vectors, in a similar way as in 1994 and 1997, it is again con-
firmed that results from short sessions depend on the time of the day as well as on the length
of the sessions.

Consequently, it seems useless to compare the 1999 results for Mo i Rana with results from
earlier campaigns. The risk of drawing wrong conclusions about geological strain is high. It
would be, in fact, a waste of time and resources.

As reported in the technical report for 1998, in the MASI computations, the standard Ashtech
reduction software was used for computing vectors for non-overlapping 4-hour sessions span-
ning at least three full days. The final vectors were means of these short session vectors and
subsequently adjusted in a horizontal network by means of the Norwegian Mapping Author-
ity's program “GUNDA”. Based on the statistics from this adjustment, it could be concluded
that the GPS observations can reveal horizontal and vertical deformations of 3 mm and 9 mm
respectively, assuming again that systematic errors can be avoided, so that there is consistency
from campaign to campaign.

Most likely the data from 1999 in Mo i Rana as well as the Bremanger and Masi measure-
ments from 1997 have such a high precision that comparing these with future measurements
may reveal significant information about the deformation going on. However, to achieve this,
future field measurements have to be carried out in a similar way as the earlier ones, and the
processing has to be realized in the same reference frame with use of the same programs.

Finally, it should be mentioned, that by use of more advanced analysis methods, as for exam-
ple the computation of the full strain tensor, a more reliable detection of the three-dimensional
deformation field from repeated GPS campaigns may be possible.

5.1.6 References

Holsen, 1986: Rapport om maling av jordskorpeforskyvelser i Yrkje, Rogaland. NTH,
24.11.86.

Sundsby, J., 1996: Nivellement over Stuoragurra-forkastninga 1 Finnmark 1996. Statens kart-
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5.2 NEOTECTONICS IN THE RANAFJORDEN AREA, NORTHERN NORWAY:
REPORT ON THE GPS CAMPAIGN IN 1997

By Terje Skogseth, NTNU
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Fig. 5.2.1 GPS net with 18 control points (numbered 9401-9418)

5.2.1 Introduction

In summer and autumn 1999 the final calculations of the 1997 campaign, were carried out as a
student project (MSc final thesis) by our student Amgrim Utskarpen. In the thesis the meas-
ured GPS baseline vectors were processed and the GPS network with 18 control points was
adjusted.

A slightly shortened version of his thesis is included as Appendix 1 (in Norwegian). Results
and figures in this report are mainly copied from the thesis of Utskarpen (1999).

The thesis is carried out at the Department of surveying and mapping, NTNU. It describes
how GPS can be used in high precision tasks, such as detection of neotectonic movements. As
a case study he used the measurements from 1997 in Ranafjorden in different computer pro-
grams. Fjellanger Wideree AS (Morten Strand) helped us with the calculations using the Ber-
nese software.

We have the complete set of all observations (raw data, baseline vectors and vari-
ances/covariances of the vectors) and the adjustments of the network stored at our department.
A CD contains all the data files from 1997 as mentioned above.
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5.2.2 About the network

A summary from last year’s report describes the project and the measurements:

In 1994 a GPS network with 18 control points, numbered from 9401 to 9418, was established.
The network was designed to measure the geological strain in the Ranafjord area.

The points in the network are situated in three profiles across the fjord. There are 7 points in
the 22 km long eastern profile at Mo, 5 points in the 19 km long profile at Utskarpen and 6
points in the 25 km long western profile at Nesna. The distances between the profiles are ap-
proximately 25-30 km. See figure.

In 1997, the GPS network was measured for the second time. The fieldwork was carried out
by staff from Department of surveying and mapping, NTNU. We used 4 GPS receivers: Leica
SR9500 sensors with Leica CR344 controllers. Approximately 28 baseline vectors were
measured. The network is built up by triangles and quadrangles, as the lines in the figure
above shows. The measuring time for the short vectors within the three profiles were at least 1
hour (vectors shorter than 10 km), and the longer vectors between the profiles were measured
for about 3-4 hours (vectors up to 30 km long.). We also connected our GPS network to the
official national Norwegian network (SK network), established by Statens kartverk (the Nor-
wegian Mapping Authority) by measuring between 4 points in the SK network and 4 points in
our network at Mo and Utskarpen. One of the SK points we used, is a national point of first
order. We therefore have exact absolute coordinates for the calculations of our GPS network.
This is an important advantage when calculating the measured baseline vectors, as the accu-
racy of a vector is also dependent upon good absolute coordinates.

The 1999 campaign was carried out by Norwegian Mapping Authority.

5.2.3 Results of the calculations of the baseline vectors from 1997

The calculations indicate standard deviations (rms) of approximately 10 mm for the distance
between the profiles and 4-5 mm between control points in the same profile. The correspond-
ing standard deviations of the heights are about 50 % higher.

We carried out the final calculations with good coordinates of the orbits of the GPS satellites,
they were loaded from Internet (Utskarpen 1999).

The GPS vectors were calculated by use of two different methods or computer programs.

¢ Bernese from the University of Bern in Switzerland. This is a program which gives the
user wide possibilities of choosing the strategy and the parameters of the calculations.
Bernese will therefore usually give better results than the more commercial software.

e Leica SKl is a standard computer program that is used in transferring field data, computing
baseline vectors and adjust GPS network.

For the 1997 measurements we have used Bernese for the long GPS baseline vectors between
the profiles, and we used SKI for the short GPS vectors within the three profiles, as the obser-
vation time for the short vectors were not long enough to take full advantage of the Bernese
program.

Long vectors between the profiles

For the 1997 measurements we have used Bernese software for the long GPS baseline vectors
between the profiles. Several of the long vectors between the profiles are also calculated in
SKI. A comparison of the results is given in chapter 6 in (Utskarpen 1999).
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The baseline vectors listed in the table are those which were chosen to be part of the adjust-

ment of the whole GPS network.

Unit:

Coordinate type:

meter

Reference ellipsoid: WGS 1984

Cartesian (geosentric coordinate system)

From - to AX AY AZ
9410-9418 | -1170.9234 -27110.4058  3244.6861
9412-9403 | -5355.3779 19784.5366  -94.1948
9412-9406 | -8736.8370 13767.8218  2044.4804
9412-9407 | -12185.0040  7788.8262  4162.6165
9418-9412 | -5588.5949 29005.1260 -264.1145
9410-9418 | -1170.8840 -27110.3922  3244.7504
9410-9414 | 135124160 -23036.4917 -3455.9785
9410-9415 | 12925.7155 -25377.1912  -2973.3067
9410-9418 | -1170.8935 -27110.3997  3244.7246
9414-9418 | -14683.3037 -4073.9051 6700.7120
9415-9418 | -14096.6018 -1733.2064  6218.0358
9403-9409 | 15994.9248 -19830.9617 -4721.4633
9401-9408 | 18883.5735 -21984.4470 -5860.3825
9401-9409 | 14914.4844 -26760.1704 -3653.7315
9408-9414 | 5663.2729 -29660.5256  585.7942
9408-9413 | 8618.2361 -25960.5433 -1049.0173
9405-9409 | 18042.3984 -16416.6714 -6083.0956
9405-9410 | 14162.3639 -18264.9307 -4247.9994
9405-9408 | 22011.5084 -11640.9016 -8289.7116
9403-9410 | 12114.8563 -21679.2649 -2886.4173
9403-9411 | 9491.0151 -20153.1344 -1923.4434
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Short vectors between the control points in a profile

The GPS vectors between the control points within the three profiles are calculated by use of
the SKI computer program. The baseline vectors listed in the table are those which were cho-
sen to be part of the adjustment of the whole GPS network.

Unit: meter

Coordinate type: Cartesian (geocentric coordinate system)

Reference ellipsoid: WGS 1984

From - to AX AY AZ Remarks
9402-9401 | -640.4573  5925.9263  -226.9583
9403-9402 | 17209061  1003.2896  -840.7705
225-9402 442.7257  -65.3970  -187.7752
225-9403 -1278.1805 -1068.6869  652.9973
225-9403 -1278.1813  -1068.6858  652.9901
9403-9404 | -810.8478  -198.5216  394.9492
9403-9404 | -810.8452  -198.5236  394.9634
9405-9404 | 1236.6438 3215.8130 -966.6447
9403-9405 | -2047.4886 -3414.3374  1361.5930
9405-9406 | -1333.9502 -2602.3812  777.1287
9407-9406 | 3448.1935  5979.0127 -2118.1210
9409-9408 | 3969.1170  4775.7306 -2206.6105
9409-9408 | 3969.1235  4775.7336 -2206.6044
9410-9409 | 3880.0189  1848.2903 -1835.1287
9410-9411 | -2623.8455 1526.1241  962.9535
9411-9412 | -4135.6273  368.6018 2017.6693
9410-9412 | -6759.4748 1894.7287  2980.6258
9413-9414 | -2954.9611 -3700.0181 1634.8117
9414-9415| -586.7219 -2340.7034  482.6240
0515-9416 | -2669.4482 -1076.1121  1254.2244
9418-9417 | 77154257 -3087.5649 -2998.9778
9416-9417 | -3711.6534 -3744.8004 1964.8448 |Problems
9415-9418 | -14096.6092 -1733.2223  6218.0075
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5.2.4 Results of the adjustments of the GPS network from 1997

The calculations indicate half axis of the 95% error ellipse (2D) of approximate 5-10 mm in a
free net adjustment. The corresponding standard deviations of the heights (1D) are as expected
higher.

See Appendix 1 for more details. As there were used different methods when measuring and
in the calculations, the comparison of different campaigns (1997 and 1999) can be done by
comparing the vectors between the control points. This adjustment is also a tool to mark out-
liers (gross errors) and test the quality of the GPS observations.

5.2.5 Eccentricity between bolt and antenna

<«4—— Antenna

<4— Bar

ST

P Bolt

Fig. 5.2.2 The control points numbered 9401 to 9418 are permanently marked with alu-
minium bolts in rock. The antenna is mounted on a loose brass bar (each bar exactly of the
same length), and the bar is mounted in a centric hole in the bolt when the measurements are
carried out.

Eccentricity in height

The phase centre of the antenna type used in 1997, is (0,175 + 0,039 =) 0,214 m above the top
of the bolt. In the calculations we entered 0,214 m as height of the antennas for the control
points. The top of the bolt is therefore the reference for the heights of the control points in the
calculations.

Eccentricity in the 2D-plane (ground plane)

The originally GPS base line vector is between the phase centres of the antennas, see figure.
We usually want to define the baseline vector to be between the top centre of the two (perma-
nently marked) bolts. If the bolt is not mounted exactly vertical, the phase centre will not be
exactly vertical above the centre of the top of the bolt. This skew line must be corrected, if we
want the final baseline vector to be defined between top centres of the bolts. We have meas-
ured this eccentricity for the bolts, thus we are able to correct the measured vector from the
distance between antenna centres to the distance between the bolts.
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Fig. 5.2.3 Skew bolts showing phase centres, bolts and coordinate difference.

The eccentricities are measured by use of the optical plump of a theodolite. The optical plumb
was centred at the top of the brass bar that is placed centric in the hole of the bolt of the con-
trol point. The bar was removed, and the bearing and the distance from centre of the hole of
the bolt to the optical plumb, were measured by use of a compass and a tape.

The table shows the eccentricities (measured in 1994) measured from the bolt to the eccentric
point. The eccentricity refers to a point 144 mm higher than (above) the top of the bolt.

Point Bearing | Distance |Remarks
(gon/grads) | (mm)

9401 150 7

9402 270 5

9403 250 6

9404 80 4

9405 165 4

9406 140 4

9407 20 4

9408 200 1

9409 210 13

9410 320 3

9411 40 2

9412 360 3

9413 300 1

9414 300 1

9415 80 12

9416 180 6

9417 320 8 The brass bar is permanently mounted

9418 230 7
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5.2.6 Conclusions

When we compare results from different campaigns, we must be aware of:
o Different types of antennas have different heights from the top bolt to the phase centre

o The eccentricity in coordinates (2D) is also dependent of the height of the antenna

The calculations in Appendix 1 are not corrected for the eccentricity in the ground plane (2D).
The main (and the most difficult) calculations are to decide the base line vector. The correc-
tions because of the eccentricities in height and in ground plane must be carried out in such a
way that two campaigns with different measuring equipment can be compared.

Comparisons between campaigns

1994 campaign

The control network was established in 1994 and the first measurements were carried out at
the same time. Due to some serious problems (at the field work carrying out both the setting
out and the measurements within the planned time limit, and later disc crashes and other
problems at the office), we have not been able to, and we considered it too difficult and time
consuming to, restore the data and do any further calculations.

1997 and 1999 campaigns

As reported by Mr Lars Bockmann, Norwegian Mapping Authority (Statens kartverk), a new
method was introduced in the 1999 campaign; three or six days of observations in each control
point, combined with advanced software (GIPSY) when calculating. This approach gives ab-
solute coordinates and heights of the control points with a very high precision. The 1999 cam-
paign uses methods that are significant better than the methods available (within the cost and
time limits) for the 1997 measurements, where we only are able to calculate relative values.

The change of methods makes it more difficult to compare the 1997 and the 1999 measure-
ments, but the great advantage of changing to a more precise method, makes it easier to detect
smaller size of neotectonic movements in the future. Methods:

e 1997: Baseline vectors and adjusted network
e 1999: Absolute coordinates and heights

One way of comparing the results of the 1997 and the 1999 campaigns, is to compare the
measured baseline vectors from 1997 with vectors calculated from the coordinates and heights
of the control points in the 1999 campaign.

There are some points to take into consideration when doing this comparing:

e Different GPs receivers and antennas are used

e Different measuring techniques are used (absolute vs relative positions)

e The standard deviations of the vectors will be much better for the 1999 vectors

e Different heights of the antennas. See chapter 5 about eccentricity between bolt and an-
tenna.

Suggested method of comparing 1997 and 1999 is to use hypothesis tests, where we test the
baseline vectors and use their standard deviations to find out if there are any significant differ-
ence for one vector at 95% level between two control points.
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An assumed standard deviation of a short GPS vector of approximately 5 mm in 1997 and 1
mm in 1999 means we have an uncertainty of £ 10 mm for a vector from 1997 and £ 2 mm for
a vector from 1999. These uncertainties indicate that we must have a movement of about 15-
20 mm at least, before we can state that there is a significant difference of the lengths between
two control points.

Compared to the assumed values of neotectonic movements in the Rana area, we assume we
cannot detect any movements so far, the uncertainties of the baseline vectors considered.
Partly for this reason a detailed comparison between 1997 and 1999 has not yet been carried
out.

The 1997, and especially the 1999 campaign, will give a very good foundation for further sur-
veying of the movements in the GPS network. The time horizon to detect movements for this
neotectonic area is considered to be longer than the time limit of the NEONOR project.
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5.3 LEVELLING OF SHORELINES IN NORTH-OSTERDALEN
By Morten Thoresen, NGU

5.3.1 Background and purpose of the study

Based on detailed levelling of shoreline features from glacial dammed lakes in North-
@sterdalen, Holmsen (1916b) postulated that the presence of gabbro massifs could have influ-
enced the isostatic uplift in the region. The mountain of Tron in Alvdal is one of the areas
where Holmsen, according to his measurements, recorded irregular isobase orientation (Fig.
5.3.1). The purpose of this study has been to investigate Holmsen’s postulates and look at pos-
sible neotectonic movements in this area.
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Fig. 5.3.1 Original figure from Holmsen (1916b).
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5.3.3 Registrations

The measurements are recorded in three periods in autumn 1999 and 33 sites are measured
(Table 5.3.1).

Table 5.3.1

GPS measurements in the Alvdal region. corr. level is based on correction for

measure equipment height. Geological deposition: S — lateral terrace, V — beach ridge, T —
glaciofluvial terrace.

Fieldnr | Geological North East Height m|Std. [Corr. |Geological
evaluation a.s. L Devia- | m a. s.|deposit
tion |L
10045002 | Less good 6888494.23910 586193.36519 [657,95149 |0,150 |656,17 |S — lateral
level
1004s005 | OK, innerlevel | 6888169,71526 586192,95576 | 656,96751 [0,043 656,12 |S
1004s006 | Good 6887920,97009 586220,64066 |658,93826 0,380 [658,09 |S
1004s009 {Less good 6891001,08386 585327,66614 |656,51968 ]0,408 |656,52 |S
10045011 | Good 6890692,22051 585461,44623 [ 657,43656 0,796 |656,84 |S
10045014 | Good 6890644,83255 585518,97824 |657,51875 0,265 |656,82 |S
1004s015 | Very good 6890552,07170 585676,58172 [ 658,40784 10,205 }657,95 S
1004s017 | Good 6896934,98007 574778,36876 | 662,00033 {0,808 |661,70 |T - terrace
1004s018 | Good 6885456,40545 580254,11162 |661,60918 0.081 [660,90 [V - beach
ridge
10055002 | OK 6885454,97891 58026,29518 661,40575 (0,161 |660,70 |V
1005s003 |OK 6889820,03101 579985,85088 [ 654,62687 0,078 |653,93 |S
10055004 | Less good? 6889635,84702 579700,39279 |713,86963 0,096 |713,37 |S
10055005 | Good 6890372,26111 586020,91403 | 657,80611 |0,516 {65781 |S
1005s006 | Very good 6899252,38773 587951,49276 [662,75624 ]0,240 166196 |V
10055007 | OK 6899271,34492 587949,29094 | 661,80464 ]0,195 1661,00 |V
10055008 | OK ? innerlevel | 6898799,50987 587319,94772 | 662,56541 10,542 1662,56 |T/S
10055009 |OK ? 6899207,42932 587745,64986 | 656,65422 10,302 |655,85 | T/S
10055010 | Good 6899119,95324 588791,75769 1720,02408 10,603 (719,22 |T
10055011 |OK ? 6900007,94946 589761,67509 | 658,80626 ]0,686 |658,06 |T
10055012 | Less good 6900137,40449 589829,10260 | 669,11295 0,346 |66831 |T
10055013 | Very good 6902079,42276 589509,63420 [ 666,63420 0,451 | 66583 |V
10055014 | Good 6902094,16577 589506,22502 [ 665,22502 0,291 | 664,53 |V
10055015 | Good 6902101,67089 589507,54593 [ 664,54593 10,458 }663,75 |V
1007s001 | Very good 6886955,64629 583546,05026 [ 656,80113 0,088 |656,05 |S
10075002 | Less good 6898092,72929 587265,50382 [712,97330 0,086 |712,97 |S
10075003 | Good 6899529,49902 580474,04767 [654,30485 |1,674 |653,50 }S/T
10075004 | Good 6911406,48423 598149,59956 [671,19476 ]0,789 }670,69 [S(B)
10075005 | Good 6911414,76882 598148,81292 |671,05946 (0,827 |670,26 |S
10075006 | Good 6905862,82095 602070,89227 |671,88755 0,215 | 671,28 [V
10075007 | OK 6905857,42069 602092,08487 1670,98818 |0,814 |670,19 [V
10075009 | OK, small rem- | 6893423,98293 591949,31344 | 666,09641 |0,231 | 665,45 |S(T)
nant
10075010 | Good 6888816,38141 592906,43918 1661,25938 ]0,098 660,66 |S
10075011 |OK ? 6876689,47822 599237,16629 |665,34134 |0,160 | 664,64 |S
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5.3.4 Results and discussion

Based on the geological evaluation and the results from the measurements the recorded values
give a picture of the isostatic uplift (after 9200 BP), but they also point out that the geological
explanation of the phenomena is complicated.

The erosional levels (lateral terraces) give a picture of an uplift centre in the east (Norwe-
gian/Swedish border?), with the lowest values west of Alvdal. The measurements also point
out that these landforms were deposited during the same time interval. They do not indicate a
special situation around the mountain of Tron (see 1004 2-15, 1005 9).

If we on the other hand look upon the terraces and the beach ridges, they both show a different
picture and they do not coincide with the lateral forms. This is clearly justified if we compare
1005 3 with 1004 18 and 1005 2. The two latter ones are from a beach ridge on
Brennbakkmoen west of Alvdal, a ridge 4-10 m wide on the edge of the glaciofluvial terrace
behind it. Point 1005 3 is from a very distinct level on a lateral terrace at Lian, 4-5 km north of
Brennbakkmoen. According to both Holmsen’s and my measurement, these localities should
lie on the same isobase curve with a similar uplift, but the difference is about 7 meters (653,93
and 660,90). This is also the same for other localities where measurement are done on both
beach ridges and lateral terraces, e.g. at Auma 1005 6-7, Ripan 1005 13-15 and also in Gam-
meldalen (1007 6-7). At Auma the landforms support this interpretation, and the ridges (1005
6-7) lie higher than the lateral level (1005 9). The phenomena at Brennbakkmoen/Lian is not
due to different uplift, but clearly demonstrates that the ridge is deposited in another environ-
ment and during another time period than the lateral level. The critical factor for this kind of
study seems to be to measure the right localities with regard to both type of and time of depo-
sition. This has to be looked upon in the light of new Quaternary hypotheses of the deglacia-
tion history of this area.

Some points of interest:

e Are the lateral levels subglacial rather than lateral deposits (this hypothesis is supported by
other Quaternary investigations (B.A. Follestad pers. com)

¢ Do the lateral levels represent the exact level of the glacial dammed lake, or could they
represent a level formed some meters below the lake level?

e How far above the lake level are the beach ridges formed?
e What could be explained by fluctuations in lake level during the deglaciation?

These questions have to be considered during a more detailed Quaternary study of the area.
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6 SEISMICITY (TASK 10)

6.1 SEISMIC INSTALLATIONS IN RANA AND BREMANGER
By Erik Hicks, NORSAR

6.1.1 Summary

The seismic network installed in June 1997 in the Rana area was originally planned to be de-
mobilized during 1998, but a continued presence was considered beneficial in light of the ex-
cellent results from the first year of operation. It was possible to maintain a network of four
stations at minimal cost by installing a remote data acquisition system at the central station.

A six-station network was installed in the Bremanger area in September/October 1998 by
NORSAR, using a similar remote data acquisition system to Rana. This has reduced the sub-
stantial transmission costs of the first year to next to nothing. There has been several hardware
problems with the equipment in Bremanger, which has required several field trips in order to
carry out repairs. This has unfortunately reduced the effective operating time of the Bremanger
network.

6.1.2 Technical installations

Rana and Bremanger seismic networks

There are currently two networks operated under the NEONOR project, the reduced network
in the Ranafjord area, now consisting of four stations (Fig. 6.1.1), and a six-station network in
the Bremanger/Nordfjord area in Western Norway (Fig. 6.1.2). Both networks are based on
the Seislog remote data acquisition system from the Institute of Solid Earth Physics (IFJF) at
the University of Bergen (available free of charge). This is the same system used to operate the
national Norwegian seismic network.

The systems run on standard Intel PC’s, using the QNX UNIX operating system. The PCs
used by NEONOR are old 486 machines that were donated by NORSAR and upgraded with
AMD K6-2 processors and 2.5 GB hard disks. Data transmission to NORSAR is via modem
(Rana) or ISDN (Bremanger),

The PCs have a diskloop containing approximately 10 days of continuous data, in addition to
space for a minimum of around 5,000 events.

The Bremanger network has experienced numerous problems over the last 15 months, with
various parts of the equipment comprising the network malfunctioning. Among others there
has been problems with amplifiers, radio transmitters and receivers, modem/ISDN router,
power supplies and the Telenor ISDN line. This is strange considering the equipment is iden-
tical to the Mo i1 Rana network, which has been operating without major problems for close to
two and a half years.
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Fig. 6.1.3 System displacement response for the NEONOR seismic stations.
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6.2 SEISMIC ACTIVITY IN THE RANA AND BREMANGER AREAS
By Erik Hicks, Hilmar Bungum and Conrad Lindholm, NORSAR

6.2.1 Introduction

During a total of 29 months operation (July 1997 — November 1999), the seismic network in
the Ranafjord area has been used to detect and locate a total of almost 450 seismic events, of
which around 350 are local earthquakes. The activity in 1999 has been somewhat lower than
in 1997 and 1998, with only around 70 local quakes located. Almost all were within the previ-
ously defined area of high activity in the western parts of the network. One new focal mecha-
nism has been determined, which shows the same inversion of the stress field as the earlier
solutions.

The Bremanger network has experienced a number of technical problems since its installation
in October 1998, which have reduced the effective time of operation. However, the data that
are available from November 1998 to November 1999 have been analysed, the locations of the
approximately 100 local earthquakes do not show any clear pattern of distribution in space and
time. A number of quite large earthquakes have been located, the largest having a magnitude
of ML 3.9, the largest is this area for over 10 years. Five other earthquakes with magnitudes
larger than M| 2.0 have also been located. Earthquake focal mechanism solutions have been
determined for a total of five of the largest earthquakes.

6.2.2 Results, Rana

As of December 1, 1999, 62 new local earthquakes have been located in 1999, bringing the
total to 317. An additional 65 seismic events in total have been located by the network at
greater distances (50 to 200 km from the network), and are outside the main area of interest. A
total of 71 events have been classified as probable local explosions, and therefore removed
from the maps. These explosions mainly originate from a talc mine a few km northwest of Mo
i Rana, and from Storforshei Gruber around 40 km east of Mo i Rana.

The level of seismic activity has been significantly lower in 1999 than 1998 and the last half
of 1997, probably a reflection of the cyclic nature of the seismic activity.

Event locations

The majority of the 1999 earthquakes are located within the active areas surrounding the Sjona
fjord in the western part of the network. Fig. 6.2.1 shows the earthquakes from 1999 plus the
older quakes. It is readily apparent that it is the same areas that are active, with a large number
of the earthquakes occurring within the groups defined by earlier activity.

Focal mechanisms and derived crustal stress

One new focal mechanism solution has been determined in the Rana area using waveform
modelling, bringing the total to ten. All solutions are listed in Table 6.2.1 (one composite- and
eight individual solutions).
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1994). Byrkjeland et al. (in press) point in this respect to a possible correlation between topog-
raphy and earthquakes on a larger scale along the Trondelag and Nordland coastal areas, as the
coastal areas adjacent to the most elevated provinces also have the highest levels of seismic
activity. However, using the data from the current NEONOR network, it seems likely that
postglacial rebound plays an important role in controlling the seismicity along the Nordland
coast, although some more local stress sources should also be considered, given the concen-
trated areas of seismic activity (Hicks et al. in press).

The consistency of the NNW-SSE lineations observed in the five main groups of earthquakes
on the local scale in the western parts of the network is remarkable, although the geological
connection is at present uncertain, and should receive further attention both from a seismol-
ogical and geological viewpoint.

Bremanger

Although the Bremanger network has been plagued by technical problems, the data obtained
provide some insight into the seismic activity in the area. The onshore earthquakes tend to be
somewhat shallower (<15 km) than the earthquakes offshore (>15 km). There does not appear
to be any systematic distribution of activity as observed in the Rana area, but the volume of
data is also much smaller due to the technical problems.

The stress tensor in this area appears to be quite stable and controlled by the ridge push force
from the Mid-Atlantic spreading ridge, although there are a few previous earthquake focal
mechanism solutions offshore that show a 90° rotation of the direction of horizontal compres-
sion. This indicates that some significant local stress source(s) could be in effect.
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6.3 THE 1999 FINNMARK SEISMIC FIELD EXPERIMENT
By J. Schweitzer, F. Kriiger, G. Richter, E. Hicks, C. Lindholm and H. Bungum

6.3.1 Introduction

As is well known and documented, the seismicity of Finnmark is relatively low at present
(Bungum et al., 1991; Bungum and Lindholm, 1997). It is also well known, however, that a
series of large reverse faults have ruptured the bedrock near the center of the former Fen-
noscandian icecap in response to the last glacial unloading (Lundquist and Lagerback, 1976;
Olesen, 1988; Muir Wood, 1989). If single earthquakes have been responsible for the disloca-
tions, as proposed by Bickbom and Stanfors (1989) and Dehls and Olesen (1998; 1999), these
earthquakes should have been in the range M 7.4-8.2 (Arvidsson, 1996; Bungum and Lind-
holm, 1997). If the seismicity was largely suppressed when the icecap was in place (Johnston,
1987), then the buildup of elastic strain from the entire last ice age would have been released
over a relatively short time period since the onset of deglaciation (Muir Wood, 1989, Johnston
et al., 1998).

In fact, these faults may still be active, including the Stuoragurra fault in Finnmark. Based on
existing data from the national networks, Bungum and Lindholm (1997) showed that a num-
ber of small reverse faulting earthquakes lined up along a relatively wide zone parallel to the
fault, and at a variety of depths. However, the relatively poor station coverage did not allow
any precise locations.

The original NEONOR plans included the Masi region as a place for a third microearthquake
network in addition to Rana and Bremanger. This could not be realised as planned because of
limited resources. The solution then came with an initiative from the University of Potsdam,
Germany, who informed us that they had a set of 13 mobile seismic stations that would be
available for such an experiment during the summer of 1999. By mobilising additional fund-
ing, NORSAR then joined in the planning of the field experiment MASI-1999, as a coopera-
tive effort between the two institutions.

Besides the local seismicity, additional motivation for this experiment came from the need to
calibrate the ARCES array in Finnmark, which is an important station in the IMS (Inter-
national Monitoring Station) network for monitoring of the Comprehensive Test Ban Treaty
(CTBT). There are two main purposes here, to use the new data in investigations of the crustal
and upper mantle structure of this area, and to study the wave field from local and regional
events using many stations distributed over the whole area, giving a better understanding of
the characteristics of local and regional wave propagation. In addition the University of
Potsdam wants to use the new data in further studies of sources of microseismic disturbances,
as originating in oceanic and coastal areas (Kriiger, 1998).

6.3.2 Field experiment and recorded data

During the time period May 18-27, 1999, 13 Lennartz MARSlite data loggers equipped with
three-component LE-3D/5s seismometers were installed in Finnmark. These instruments have
an eigenperiod of 5 seconds. The station locations are shown in Fig. 6.3.1 and the coordinates
of the seismometer sites are given in Table 6.3.1.
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Fig. 6.3.1

Table 6.3.1
in Finnmark.

Map of all 13 MASI-1999 stations in Finnmark (triangles). The dots show the
positions of the permanent stations ARCES, KEV, KTK, and TRO in the same area. The sta-
tion MAOO was located at ARCES.

Coordinates and recording times of the MASI-1999 mobile station experiment
Station Lat [°] Lon [°] Elev [m] Start Stop
MA0O 69 5346 D5.5056 403 18-05 01-10
MAOT 69 3752 04.2122 315 18-05 30-09
MAOZ 69,1875 05.7033 160 19-05 09-09
MAO3  170.0210  [27.3962 05 19-05 01-10
MAO4 69,7127 29.5059 b0 19-05 01-10
MAOS 169 4533 30.0391 30 b0-05 16-08
MAO6  (70.4813 05.0610 50 D1-05 D8-09
MAO7 1697050  [23.8203 D65 D1-05 p9-09
MAO8  70.1278  [23.3736 15 D2-05 b9-09
MA09 604566  [1.5334 |90 D2-05 D7-09
MAIO 605875  p3.5274 P75 03-05 30-09
MAI1L 68 6595 03.3219 390 D4-05 30-09
MAI2 1698349  |5.0824 75 D4-05 09-09
MA13 1703161 55156 jo D5-09 D9-09
GPO3 69 99 p4.94 b0 18-05 D4-05

During the installation phase, one station (MAQ0) was running in parallel at the ARCES array
site ARAO to check the compatibility of data from the mobile stations and the ARCES array.
At all sites, continuous data were recorded and written on hard disks. With the chosen sam-
pling rate of 125 samples per second, these hard disks were filled up after about two months.
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Therefore, two maintenance visits including disk changes were necessary during the deploy-
ment time of the mobile stations. In the middle of August, during the last disk change visit, the
station MAOS5 was moved to the ARCES array site ARAOQ, to have a continuous data stream
available also during a subsequent ARCES refurbishment and upgrading in September, 1999.

The field experiment was finished during the last days of September, when all stations were
dismantled and sent back to Germany. The last available data records from the mobile stations
were from October 1, 1999. The performance of the 13 stations was very good, as only three
stations had recording outages due to technical problems.

All data from the mobile stations were stored continuously on recordable CDs together with
all available data from the permanent stations in and around Finnmark: ARCES, KEV, KTK,
and TRO (see Fig. 6.3.1). The data from the Kevo station (KEV) are, except for some minor
outages, continuously available. We included in our database the output of the broadband 80
Hz sampled Guralp CMG-3T instrument at KEV. The short period data from the stations
Kautokeino (KTK) and Tromse (TRO) are unfortunately triggered data, so that these stations
contribute little to the database. All data from the ARCES array (i.e. all short period array
channels and the channels from the ARCES broadband site AREO) were copied into the data
base. However, due to the ARCES upgrading work, the ARCES array was out of operation for
about three weeks. The data from both the mobile MARSIite stations and the other stations
were reformatted into a common GSE2.0 format (double differences, 6-bit compression).

The whole database as described above has been copied to CDs, to have all data easily avail-
able by direct access. One CD usually contains the data for a half day. In addition, all available
bulletins were copied to the CDs, i.e. the automatically produced listings of NORSAR’s data
processing for ARCES and Apatity (detection lists, location lists, and bulletins), the prelimi-
nary Scandinavian bulletin produced at the University of Helsinki, and bulletins from the
(prototype) International Data Center (pIDC) for the CTBT. For backup, the contents of all
CDs were copied in addition onto EXA-BYTE tapes.

This very extensive data handling work was finished in mid November, 1999, and as soon as
possible, the data base will be copied to a second set of CDs at the University in Potsdam such
that both partners can work with the data in their research programs.

6.3.3 Data examples

Because the field experiment and the production process of the recordable CDs ended very
recently, only some preliminary data examples of this campaign can be shown. Because one
main topic of this experiment was the detection and analysis of possible neotectonic move-
ments in northern Scandinavia, a first screening of the data concentrates on local and regional
events which cannot be associated with known sources of man-made seismic sources like the
northern Swedish (Kiruna) iron mines or the mines and the many quarries on the Kola penin-
sula, Russia.

Unfortunately, a felt earthquake in the north-east of the Stuoragurra fault system (March 30,
1999) occurred just before the mobile stations were installed, and the largest earthquake in
recent years offshore of Tromse (October 17, 1999) occurred two weeks after demobilization
of the stations. Even though we missed these two very interesting events in this way, we did
still record some local seismicity.

Up to now, the data until the end of June, 1999, have been preliminarily searched. During this
time at least three smaller, non-felt events could be found and located, two on the Stuoragurra
fault and one at the end of the Porsanger Fjord. In addition, on August 22, 1999, an My 2.6
event occurred near Masi on the Stuoragurra fault, large enough to be felt locally.
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Fig. 6.3.2 shows vertical-component seismograms of the small event at the end of the Por-
sanger Fjord on May 24, 1999. All seismograms shown were recorded in a 1° to 2° epicentral
distance range. This event with My 1.9 was not observable at all stations and shows a rela-
tively low signal-to-noise ratio. However, with the MASI-1999 stations the epicenter could be
well located (see Table 6.3.3). For estimating the depth of this event, which presumably oc-
curred relatively close to the surface, a better S velocity model of the region is needed.
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Fig. 6.3.2 Vertical component seismograms of the My 1.9 event on May 24, 1999 (see Ta-
ble 3). The seismograms were band-pass filtered between 3 and 9 Hz, the epicentral distances
to the stations are between 1 °and 2 °.

Table 6.3.2  Epicentral parameters of local events, which were observed with the MASI-
1999 stations For the events on May 24, 1999 and August 22, 1999, data are shown in Figs.
6.3.2-5.

Date Time Lat. Long. | Depth (km)
May 24,1999 105:00:12.8 70.91 26.53 0 (fixed)
June 04, 1999 12:22:38.9 70.26 22.73 0 (fixed)
June 08, 1999 01:22:19.6 69.12 23.70 8
June 10, 1999 02:50:55.7 69.43 23.98 15
August 22, 1999 197.08:47.9 69.27 23.70 11

Fig. 6.3.3 shows a map with unfiltered records at all temporary seismic stations (vertical com-
ponents) of the felt event from August 22, 1999, south of Masi on the Stuoragurra Fault.

Fig. 6.3.4 shows the same records as single seismograms, while Fig. 6.3.5 shows the same
data highpass filtered above 40 Hz. Note the low attenuation for the high frequently energy in
this region. A preliminary location of the event is listed in Table 6.3.3.
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Hz. Note the high-frequency scattered energy, which is an indication for a relative high Q
structure in the Finnmark area.

On August 17, 1999, a mining induced event occurred near Lovozero on the Kola peninsula.
The event was the strongest earthquake observed during the last years in this area and was
well recorded with the MASI-1999 stations. Fig. 6.3.6 shows the raw data and Fig. 6.3.7 the
broadband filtered (8-20 s) data, where a dominant Rayleigh wave is visible. Using these
Rayleigh observations we have obtained a surface wave magnitude estimate of Mg 4.3. The
traditional IASPEI Mg formula was applied by measuring amplitudes at shorter dominant pe-
riods for the 2° to 5° distance range (e.g. see Willmore, 1979). The measured magnitude is
consistent with Kvaerma et al. (1999), who used NOA and ESDC broadband data to derive an
Mg of 4.2 for this event.

442202
MA1Z A2

T4 D00
MA13.82

¥

414820
Mac1.B82

Z/DTN0
MA11.8Z

200469
MaoE LT

-y

i

%%

aoai Zd
MADT ST

435124
MATOSZ

1283008
MAGE =Z

2B/OEIN B -
MAGS A2

40 HaD el L ] “Am e KO v 44 “am  an A

1999-229:04_44.69.9
Fig. 6.3.6 The raw seismograms of the Lovozero event August 17, 1999 as observed at
some of the MASI-1999 stations.
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Fig. 6.3.7 Seismograms of the Lovozero event August 17, 1999, filtered with a band-pass
filter at 8-20 seconds. The amplitude scale was normalised to the maximum amplitude. From
these data the Ms value 4.3 was determined.

A focal mechanism has been determined for the 22. August My 2.6 earthquake, showing an
oblique reverse/strike-slip movement. The focal mechanism is included in Fig. 8, which also
shows the background seismic activity from Bungum and Lindholm (1996) as open circles.
The new local earthquakes are shown as red filled circles, with no magnitude scaling. Al-
though the new focal mechanism solution does not appear to have any direct connection with
the Stourragurra fault, it is important to bear in mind that the magnitude for this event is sig-
nificantly lower than the M; 4.0 earthquake in January 1996, which had one nodal plane
closely following the fault strike, and one should expect more variance in the mode of fault-
ing. The direction of compressive stress is consistent with the other focal mechanism solutions
on Finnmarksvidda (NW-SE).
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s Source studies of the ocean generated microseisms.

e Relative locations of seismic events in the different mining areas.
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6.4 STRESS INVERSION OF EARTHQUAKE FOCAL MECHANISM SOLUTIONS
FROM ONSHORE AND OFFSHORE NORWAY

By Erik C. Hicks, Hilmar Bungum and Conrad D. Lindholm, NORSAR

6.4.1 Introduction

Earthquakes contribute essentially in two different ways to the understanding of the seismo-
tectonic conditions in any particular region, firstly through analysis of individual earthquakes
(single sources), such as location, size, mode of faulting, rupture characteristics, etc., and the
way the event may fit into the seismic cycle, and secondly through various ensemble analyses,
essentially spatio-temporal characteristics as expressed through recurrence behaviour, seismic
lineations, etc. Both types of analyses are important when the goal is to improve our under-
standing of lithospheric seismo-dynamics, provided that such information is properly tied in to
structural geologic and geodetic observations.

The earthquake activity in and around Norway has been documented through a number of de-
tailed studies, and for comprehensive analyses and reviews we refer to Bungum et al. (1991)
and to Byrkjeland et al. (in press). It is concluded there that while the stress field along the
margin is generally consistent with the ridge push force, regional (such as sedimentary load-
ing) and local (such as topography) stress enhancement factors are also essential for explain-
ing the earthquake activity along and near the Norwegian continental margin. The potentials
for earthquakes, including structural reactivation, is therefore most likely tied to a mixture of
platewide, regional and local stress, in combination with existing weakness zones and faults,
without any single factor being dominant.

The purpose of the present paper is twofold, firstly to provide a comprehensive and consistent
overview of all (112) available earthquake focal mechanism solutions for both onshore and
offshore Norway, including some (7) new and unpublished solutions, and secondly to analyse
these solutions in search for regionally consistent stress patterns, using the stress inversion
method of Gephart and Forsyth (1984). Six regions are covered in this way (Northern North
Sea, Offshore Mid Norway, Onshore Mid Norway, Onshore West Norway, Oslo Rift Zone
and Finnmark) and in addition we have covered two more regions using in situ stress data
(Western Barents Sea and Southern North Sea).
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6.4.2 Focal mechanism determination

First motion polarities

The classical and most widely used method for determining an earthquake focal mechanism
solution is to use P-wave first-motion polarities in sampling sense of motion in different ray
directions from the source, thereby defining the two nodal planes, delineated in a (usually
lower hemisphere) stereographic plot. To do this with a sufficient precision, a good station
coverage of azimuths and distances is needed, a condition which quite often is not met when
analysing the seismicity in and around Norway. However, some earthquakes are located close
to or within denser local networks, and many of the larger earthquakes also have an adequate
signal-to-noise ratio to allow first-motion determination at a sufficient number of stations for a
solution to be determined in this manner. Two of the seven new earthquake focal mechanism
solutions published for the first time in this paper were determined using first motion polari-
ties only, as both of these are located close to a six-station local seismic network in western
Norway, operated under the Neotectonics of Norway (NEONOR) project (Dehls at al. 1998;
1999). In addition, these earthquakes were of sufficiently large magnitude to also have read-
able first-motion polarities at several of the permanent stations within the Norwegian seismic
network, giving a coverage sufficient to allow for reasonably reliable focal mechanism solu-
tions. The actual solutions are developed by performing a simple grid search, allowing for a
systematic comparison between data and model.

Waveform modelling

For earthquakes that do not have a large enough number of available first-motion polarities, it
is possible to use full waveform modelling to select a focal mechanism solution, or at least to
support indications from first-motion data. This is the case for the other five of the seven new
mechanisms, one of which is located close to a local network in mid Norway. The permanent
Norwegian network has few stations in this area, so the available first motions were only able
to provide a rough constraint on the focal mechanism solution. One earthquake, although large
enough (M, 3.1) to normally provide a useful station coverage, was located in an area with
low station coverage. The final three earthquakes were located close to the network in western
Norway, but first motions alone were insufficient to determine a solution with sufficient preci-
sion in these cases.

After reading all available first-motion polarities for these five earthquakes, possible focal
mechanism solutions were determined using the same grid search method as used in the first-
motion only determinations. Subsequently, synthetic seismograms for the possible focal mech-
anism solutions were generated for selected stations with good data quality, using the
Herrmann code (e.g. Herrmann 1978; 1979; Wang and Herrmann 1980). The algorithm uses
discrete wavenumber integration to consider the complete wave field of a point source, this
requires a large amount of computational power and is thus quite computer-time consuming.
However, once this step has been performed for an earthquake location and defined stations,
the actual synthetic seismogram for various source focal mechanisms can be generated much
more quickly. In comparing synthetic seismograms for the possible focal mechanism solutions
with observed data the main emphasis is on the relative amplitudes for the P and S phases,
whereupon the solution giving the best correlation for the modelled stations is selected.

6.4.3 Data

The list of earthquake focal mechanism solutions is compiled from a number of published
sources, and updated with the new solutions determined under the NEONOR project. A com-
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prehensive list of all solutions is given in Table 6.4.1. Solutions outside the inversion regions
are also included, mainly comprising seven solutions in the oceanic crust of the Norwegian
Sea and the Mohns ridge, and six solutions in and around Svalbard. The date, location, depth
and magnitude are given (composite solutions have magnitudes of -1.0), while the focal
mechanism solution is given by trend (trn) and plunge (plg) of the T (tension) and P (compres-
sion) axes. An ‘m’ in the comment (Com.) field implies that a waveform modelling approach
has been utilized in determining the solution. The quality (Qual.), maximum horizontal com-
pressive stress (Opymax) and stress regime (Reg.) are according to criteria defined in the World
Stress Map project (e.g. Zoback, 1992). The maximum horizontal compressive stress direc-
tions from all available stress data (earthquake focal mechanism solutions and in situ data) are
plotted in Fig. 6.4.2, with colour code differentiating on stress regime. In Fig. 6.4.2 we have
also indicated the eight regions (boxes) within which we have been inverting for a common
(dominating) stress region, where the ones farthest south (southern North Sea) and north
(western Barents Sea) contain only in situ data (borehole breakouts).

The seven new earthquake focal mechanism solutions are shown in Fig. 6.4.3, with derived
directions of maximum horizontal compressive stress (Gumax) indicated by black bars. Two of
the new solutions are located close to the coast in mid Norway (99.04.09 and 99.08.23). They
both show a normal fault movement, have an approximately N-S orientation of Gpmax. The
other five solutions are from western Norway, the solution from the 99.08.02 earthquake is
located in the Northern North Sea inversion box, the other four fall into the Onshore West
Norway box. The five solutions comprise one normal fault, two reverse and one strike-slip
and one oblique reverse/strike-slip. The Gumax directions range from E-W to NW-SE.

Table 6.4.1  Complete list of earthquake focal mechanism solutions in Norway. T-trn,

T-plg, P-trn and P-plg are trend and plunge for the T (tension) and P (compression) axes,
respectively. An ‘m’ in the comment field refers to a waveform modelling approach used in
determining the solution. Quality ratings, cHmax direction and stress regime are determined
according to the criteria defined in the World Stress Map project (e.g. Zoback 1992). Refer-
ences: 1 - Lazareva and Misharina (1965), 2 - Savostin and Karasik (1981), 3 - Bungum and
Fyen (1979), 4 - Bungum and Kristoffersen (1980), 5 - Bungum et al. (1979), 6 - Vaage
(1980), 7 - Kibsgaard (1985), 8 - Mitchell et al. (1990), 9 - Chan and Mitchell (1985), 10 -
Havskov and Bungum (1987), 11 - Hansen et al. (1989), 12 - Lindholm and Havskov (1989),
13 - Bungum et al. (1991), 14 - Bungum and Lindholm (1996), 15 - Engell-Sorensen (pers.
comm. 1994), 16 - Lindholm et al. (1995), 17 - Fejerskov et al. (1996), 18 - Hicks (1996), 19 -
Atakan et al. (1994), 20 - Inst. of Solid Earth Phys., Univ. of Bergen, 21 - Hicks et al. (in
press), 22 - This paper.

Date Lat Lon Depth  Mag  T-trn  T-plg P-trn P-plgz Ref. Com. Qual  Hmax Reg.
Com.-78 66.80 13.65 9 -1.0 258 11 164 18 6 C 164 SS
Com.-78 66.80 13.80 6 -1.0 132 15 255 64 5 C 36 NF
Com.-81 71.70 17.00 4 -1.0 315 90 270 0 8 ? 270 TF
Com.-82 80.20 21.70 4 -1.0 15 0 285 0 9 B 285 SS
Com.-82 80.10 20.00 4 -1.0 187 45 298 20 9 B 298 U
Com.-82 80.30 20.00 4 -1.0 180 0 270 0 9 B 270 SS
Com.-86 61.00 2.50 19 -1.0 270 65 90 25 12 ? 90 TF
Com.-92 67.77 14.88 10 -1.0 337 6 77 55 19 B 243 NF
Com.-97 66.31 13.25 5 -1.0 270 11 167 48 22 C 0 NS
1959.01.29 70.50 7.30 33 5.8 310 20 220 10 1 ? 220 SS
1959.03.01 74.80 8.10 33 5.4 120 0 25 30 1 ? 210 SS
1968.01.03 7222 1.55 33 5.2 86 1 354 46 2 C 176 NS

101



Date Lat Lon Depth  Mag T-trn  T-plz  P-trn P-plz _ Rel. Com. Hmax _ Reg.
1970.10.21 74.62 8.56 33 5.5 82 3 349 39 2 D 172 SS
1971.05.31 7221 1.09 20 5.5 264 1 356 49 2 C 354 NS
1971.07.19 60.72 10.73 31 14 227 11 127 42 3 B 317 NS
1973.11.23 60.55 11.47 23 1.7 229 3 137 26 3 D 319 SS
1975.01.20 7170 14.20 24 5.0 59 14 156 25 2 C 149 SS
1976.01.18 71.79 18.34 4 5.5 333 9 243 2 4 ? 243 SS
1977.12.11 60.94 10.89 22 20 95 25 259 64 3 D 2 NF
1979.03.29 60.79 10.99 11 22 86 13 320 69 13 A 180 NF
1979.06.14 60.38 11.32 17 27 204 9 113 12 7 B 113 SS
1980.11.18 60.96 11.34 30 22 37 53 185 32 7 B 185 TF
1981.06.22 65.70 0.20 15 4.0 161 55 309 31 13 D 309 TF
1981.06.07 60.54 11.16 19 1.3 227 10 125 49 7 B 317 NS
1981.09.03 69.62 13.68 12 4.7 49 38 301 22 13 m C 301 U
1982.07.29 60.40 2.00 17 43 55 12 320 25 10 C 145 SS
1982.10.18 60.96 11.58 20 2.1 218 80 102 4 13 A 102 TF
1983.03.08 59.70 5.40 15 4.6 6 46 267 9 10 B 267 TS
1983.03.08 60.53 10.69 15 14 246 4 340 44 7 B 336 NS
1984.03.01 60.55 10.73 17 0.7 46 12 313 15 7 B 313. SS
1985.01.25 61.22 3.65 33 3.1 295 45 46 20 15 C 46 U
1985.05.16 60.94 341 33 25 104 3 205 74 15 C 13 NF
1985.09.08 61.30 3.40 19 3.1 319 8 227 14 10 D 227 SS
1985.10.27 61.30 4.30 15 28 293 12 30 32 10 D 203 SS
1985.10.01 61.30 4.20 15 3.0 109 8 200 9 10 D 200. SS
1985.11.30 61.60 4.60 6 3.0 99 28 212 36 10 D 212 U
1986.02.05 62.71 4.69 20 49 198 55 303 10 11 m B 303 TF
1986.10.26 61.83 3.20 14 45 305 78 112 12 13 m B 112 TF
1986.12.16 60.61 11.02 11 1.9 69 30 281 56 13 B 168 NF
1987.04.04 67.25 8.03 15 3.6 17 75 118 3 13 D 118 TF
1987.09.04 61.45 295 33 3.0 213 69 326 9 15 C 326 TF
1987.10.31 61.13 4.14 20 34 345 12 248 32 13 A 255 SS
1987.12.26 59.81 6.55 12 24 21 4 286 47 13 m B 111 NS
1988.01.31 68.03 9.58 20 43 92 24 329 51 13 C 329 U
1988.06.30 61.12 9.97 20 1.9 36 21 176 64 13 B 300 NF
1988.06.02 62.09 220 29 31 37 64 306 1 13 B 306 TF
1988.08.08 63.68 2.44 25 53 31 77 277 5 11 B 277 TF
1988.10.27 66.89 8.88 25 39 191 83 300 2 13 D 300 TF
1988.10.20 59.91 6.36 11 35 166 14 273 49 13 A 256 NS
1989.01.20 57.93 8.46 29 31 216 28 96 43 13 C 96 U
1989.01.23 61.97 442 26 5.1 239 72 124 8 11 m A 124 TF
1989.01.29 59.64 6.02 7 42 201 15 90 54 13 A 301 NF
1989.01.09 69.56 24.30 12 14 182 71 329 16 14 m C 329 TF
1989.02.14 61.17 3.87 11 29 348 4 81 31 13 m A 258 SS
1989.04.10 60.61 11.40 22 1.9 35 42 303 3 13 A 303 TS
1989.07.13 69.74 24.87 8 21 245 52 351 12 14 m C 351 U
1989.09.01 61.34 420 33 2.6 340 63 103 16 16 C 103 TF
1989.09.02 61.36 349 33 22 16 35 109 5 16 D 109 SS
1989.09.02 61.36 3.49 33 25 359 48 92 3 16 C 92 TS
1989.09.20 59.11 6.01 10 27 210 24 97 41 13 A 97 U
1989.11.02 60.68 11.54 33 13 20 35 281 12 13 B 281 SS
1989.11.16 68.83 23.67 12.5 1.6 45 0 135 0 14 D 135 SS
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Date Lat Lon Depth  Mag T-trn __ T-plg P-trn P-plg Ref. Hmax  Resg.
1990.02.26 57.67 6.91 6.4 34 252 39 139 26 18 C 139 U
1990.05.16 66.04 6.26 30 34 225 1 135 10 18 C 135 SS
1991.04.13 69.33 24.02 9.7 1.8 19 69 279 4 14 m C 279 TF
1991.09.01 79.02 3.59 10 5.0 84 (] 174 0 17 C 174 SS
1991.12.31 61.98 423 15 33 210 5 30 85 17 C 120 NF
1991.12.16 67.91 9.97 10 24 193 5 291 60 18 C 100 NF
1992.02.19 59.27 10.88 10 3.6 258 9 160 39 18 C 348 SS
1992.04.14 59.50 5.66 12 30 202 30 292 0 18 B 292 SS
1992.06.30 60.88 11.53 12 28 299 5 182 78 18 B 30 NF
1992.08.14 67.89 12.85 17 37 159 23 293 58 18 m B 60 NF
1993.01.20 64.75 4.81 15 35 175 90 285 (] 17 C 285 TF
1993.06.26 62.61 4.14 17 39 280 37 180 12 18 B 180 SS
1993.09.13 66.37 5.72 20 39 7 9 246 72 18 B 99 NF
1993.10.18 64.99 5.19 10 33 49 10 299 62 18 D 144 NF
1993.12.27 61.25 2.84 20 33 0 58 121 18 18 ? 121 TF
1994.07.27 62.63 3.90 10 3.7 66 2 334 30 17 C 156 SS
1994.08.01 60.38 9.89 5 21 6 57 117 13 18 C 117 TF
1994.11.19 60.17 11.06 13 3.5 185 18 68 54 18 B 286 NF
1995.02.06 59.84 6.51 10 3.0 6 19 115 44 18 ? 96 NS
1995.06.20 61.71 3.98 10 29 31 0 300 40 18 C 300 1))
1995.11.13 60.02 11.06 18 3.4 239 12 343 47 18 m B 329 NS
1996.01.21 69.42 24.04 10 42 25 70 281 5 18 B 281 TF
1996.02.08 61.05 29 24 2.7 271 52 37 21 20 C 37 1))
1996.03.03 60.74 11.64 32 1.9 62 58 299 19 18 B 299 TF
1996.03.17 60.23 5.18 7 24 26 16 281 42 20 C 116 NS
1996.04.16 61.94 5.52 13 2.8 105 24 312 63 20 B 15 NF
1996.06.07 59.84 5.13 12 1.9 172 79 289 5 20 D 289 TF
1996.06.25 61.64 3.39 17 32 192 12 288 27 20 B 288 SS
1996.10.31 61.80 3.51 15 39 184 3 276 40 20 B 94 U
1996.10.31 61.82 3.51 15 3.9 157 19 266 44 20 B 67 NS
1996.10.31 61.80 3.52 15 37 6 3 273 40 20 B 96 1))
1996.12.16 61.02 3.79 20 3.0 180 0 270 60 20 C 90 NF
1997.05.13 60.97 3.72 19 3.1 346 2 254 30 20 C 76 SS
1997.11.21 66.41 13.22 7 23 302 7 208 29 21 m B 212 SS
1997.11.25 66.50 12.40 11 27 343 7 77 29 21 m B 73 SS
1997.11.28 66.32 13.14 11 1.7 299 23 74 58 21 m C 200 NF
1997.11.28 66.32 13.15 11 1.8 299 23 74 58 21 m C 200 NF
1997.12.08 59.82 6.65 12 2.7 43 29 137 7 20 C 137 SS
1997.12.26 66.32 13.11 11 1.8 268 67 176 1 21 m C 176 TF
1998.01.08 66.37 13.13 13 22 284 19 27 33 21 m B 14 SS
1998.02.03 66.39 13.09 11 28 257 1 351 22 21 m B 347 SS
1998.03.09 65.85 13.53 7 28 225 57 115 13 21 m B 115 TF
1998.11.28 60.35 5.867 10 28 358 57 248 13 20 C 248 TF
1999.04.09 66.39 13.35 8 2 258 6 357 58 22 m C 164 NF
1999.05.29 62.19 4.74 9 39 144 46 262 15 22 m B 262 TS
1999.06.15 61.95 4.62 13 24 35 14 272 65 22 B 130 NF
1999.08.02 61.55 4.29 24 25 67 72 283 15 22 B 282 TF
1999.08.07 62.05 6.17 10 22 10 16 111 36 22 B 100 SS
1999.08.23 65.10 11.75 15 31 257 9 143 68 22 m B 350 NF
1999.09.02 61.89 4.68 21 2.3 45 74 296 5 22 m C 296 TF
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Fig 6.4.3 The seven previously unpublished earthquake focal mechanism solution used in
this study. The direction of maximum horizontal compressive stress (Oymq) is shown by black
bars behind the focal mechanisms. Two of the solutions, 1999.04.09 and 1999.08.23, are from
mid-Norway, both showing a clear rotation of the Oy, direction compared to the solutions
Jfrom western Norway, which comply fairly well with the expected WNW-ESE direction of the
'ridge push’ force.

6.4.4 Stress inversion of focal mechanism solutions

Principles of analysis

The P and T axes as derived from focal mechanism solutions are normally assumed also to
represent the orientations of the primary stress axes that result in the highest shear stress on
the two nodal planes. However, this will rarely be the case in practice, with rupture occurring
at varying angles to o), thus introducing a large uncertainty in the principle stress orientation
for single focal mechanism solutions. Inversion is one method of reducing this uncertainty, by
considering groups of focal mechanisms assumed to derive from a common stress tensor.

Stress inversion of the available focal mechanisms was done using the FMSI (Focal Mecha-
nism Stress Inversion) package by John Gephart (Gephart 1990a), based on procedures de-
scribed by Gephart and Forsyth (1984) and Gephart (1990b). The principle involved defines
the misfit of a given mechanism with regard to a stress model as the minimum rotation axes
required to bring each nodal plane into compliance with the stress model (Fig. 6.4.4). The
plane with the smallest angle is regarded as the fault plane, unless one plane has been uniquely
identified as the fault plane. The nodal plane best corresponding with a given model is thus
selected. This procedure allows for errors both in fault plane orientation and slip direction.
The stress models and confidence limits are determined through a simple grid search, which is
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a reliable, albeit computation intensive, approach to achieve convergence for nonlinear prob-
lems.

For each stress model tested, the rotation magnitudes are summed for all data, resulting in a
single measure of misfit for each model. The model with the smallest misfit value has the best
fit to the combined data for that inversion.

Fig. 6.4.4 The two Cartesian coordinate systems used, where x; are principal stress axes.
Fault geometry axes (x;) are fault pole, B axis and slip direction. Solid great circle is fault

plane, dashed is auxiliary plane. Transformation matrix ij = cos(xii ™ xj). After Gephart
(1990a)

Method of analysis

The available earthquake focal mechanism solutions were separated within the inversion
boxes shown in Fig. 6.4.2, and the P and T axes checked for orthogonality as a quality check
against possible data input or conversion errors. As the solutions have quality designations
from A (best) to D (worst) according to the World Stress Map (e.g. Zoback, 1992), these
quality designations were used. The A, B, C and D quality data have been assigned weights of
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2.0, 1.66, 1.33 and 1.0, respectively. The inversion was performed on the solutions from each
area using FMSI (Gephart 1990a), calculating the misfit value for a total of 2880 stress models
with o, directions covering the entire hemisphere at intervals of approximately 10°. The low-
est misfit values (representing the best model for each inversion) for each o, direction were
extracted from the result tables, gridded, and plotted stereographically. Since the misfit values
have a non-uniform distribution, it is non-trivial to calculate meaningful statistical confidence
values. However, to indicate the stability of the selected model within each zone, the area cov-
ered by the best 5%, 10% and 30% of the misfit values for each inversion are plotted. A small,
well defined 5% area indicates a stable solution, while a large 5% area implies that there is a
relatively large number of models with misfit values almost identical to the best solution. This
is typically seen in regions with little data, as a large number of stress models then will give
similar misfit values.

6.4.5 Crustal Stresses inferred from earthquake data

The crustal stresses for each of the eight regions are discussed based on available data. The re-
gions have been selected based on data availability, seismic activity and crustal regime, and
are of sufficient size that the first and second order stresses (continental and regional scale, cf.
Table 6.4.2) should be reflected in the inversion results, while the third order (local) stresses
should be reduced as they are of a more random nature. Table 6.4.2 lists some stress generat-
ing mechanisms for the different scale stresses (Fejerskov and Lindholm in press; see also
Byrkjeland et al. in press).

For each of the six regions a) to f) in Figs. 6.4.1-2, all containing a sufficient number of earth-
quakes, the individual observations are shown in three different ways. In Fig. 6.4.5 the indi-
vidual P and T axes are plotted stereographically with different symbols, in Fig. 6.4.6 the di-
rections of the P axes are shown in terms of rose diagrams, properly weighted with respect to
quality, and in Fig. 6.4.7 the actual focal mechanisms are shown on tripartite plots where the
three principal modes of faulting are connected to different corners in the triangles using the
technique of Frolich and Apperson (1992). The last type of presentation is particularly useful
in that the degree of obliqueness is so well facilitated.

Table 6.4.2  Overview of stress generating mechanisms (after Fejerskov and Lindholm in
press).

Stress field Lateral endurance Stress generating mechanisms
1. order >1000 km Plate tectonic forces
Continental * Ridge push
* Basaldrag
»  Slab pull
2. order 100-1000 km Large-scale density inhomogeneities
Regional *  Continent-ocean boundary

Flexural stresses
*  Deglaciation
*  Sediment loading
Wide topographic loads
3. order <100 km Topography
Local « Fjords
*  Mountain ranges
Geological features
*  Faults
»  Hard and soft inclusions
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a) Northern North Sea b) Offshore Mid Norway  ¢) Onshore Mid Norway

e

d) Onshore West Norway  e) Oslo Rift area f) Finnmark

b

Fig. 6.4.6 Directions of maximum horizontal compressive stress as derived from the
earthquake focal mechanism solutions for each inversion area (defined in Fig. 6.4.1). Each
concentric circle represents one WSM 'A’ quality solution (weight 2.0) or two 'D' quality solu-
tions (weight 1.0). 'B' and 'C' quality solutions have weights of 1.66 and 1.33, respectively.

a) Northern North Sea b) Offshore Mid Norway ¢) Onshore Mid Norway
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Fig. 6.4.7 Triangle plots (Frolich and Apperson, 1992) of fault regime distribution of the
earthquake focal mechanism solutions for the six areas. The corners represent mechanisms
where the B axis is oriented vertically (P and T axes horizontal), corresponding to pure nor-
mal, reverse and strike-slip mechanisms, respectively. The arcs represent 60° dips of the B
axis, defining within each triangle the area that for practical purposes could be considered to
contain "pure” solutions. The solutions located elsewhere, i.e. within the central parts of the
triangles, would thereby be considered to represent oblique faulting.
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a) Northern North Sea (68)  b) Offshore Mid Norway (22) c¢) Onshore Mid Norway (36) d) Onshore West Norway (35)

e) Oslo Rift Area (7)

f} Finnmark (1

Fig. 6.4.9

Directions of maximum horizontal compressive stress from in situ measure-

ments for each of the six earthquake inversion areas, in addition to data from the western
Barents Sea and the southern parts of the North Sea. The measurements consist of borehole
breakouts offshore and overcoring measurements onshore. The weighting is the same as for

Fig. 6.4.6.

Table 6.4.3  Earthquake focal mechanism stress inversion results for the six areas. For each
geographical area (Figs. 6.4.1 and 6.4.9) the table gives number of focal mechanisms, rela-
tive misfit number (see main text), and trend and plunge of the three orthogonal stress axes of

the stress tensor.

Area No.of FMSI ol o2 o3
F.M.s  misfit
trend plunge trend plunge trend plunge

a) Northern North Sea 29 9.997 261 10 357 30 155 58
b) Offshore Mid Norway 13 5.251 327 14 225 37 74 49
c¢) Onshore Mid Norway 15 6.397 16 26 143 52 272 26
d) Onshore West Norway 15 6.676 284 26 165 45 32 34
e) Oslo Rift area 20 7.519 138 50 274 31 19 23
f) Finnmark 5 0.517 200 10 296 32 95 56

111



Table 6.4.4  Summary of the eight areas within which stress inversions are performed. The
seismic activity levels used in the table are relative for Fennoscandia. Focal depths are de-
noted ‘deep’ when the bulk of earthquakes occur below 15 km, and ‘shallow’ when most of the
earthquakes have depths less than 15 km. Similar principles are applied for stress regimes
and stress directions.

Area Tectonic regime Seismic activity level Focal depths Modes of faulting OHmax direc-
tion

Northern North Sea Triassic-Cretaceous rifted  Very high Deep Reverse to oblique-reverse E-W
margin Normal to strike-slip

Offshore Mid Norway  Cretaceous-Paleocene vol- High Deep Reverse to oblique-reverse  NW-SE
canic rifted margin Normal to strike-slip

Onshore Mid Norway Caledonian thrust belts High in northern parts. Shallow Normal to strike-slip NNE-SSW

Earthquake swarms

Onshore West Norway  Precambrian shield, thrust  High Shallow Oblique at the normal to ESE-WNW
belts to the north strike-slip side

Oslo Rift Zone Permian rift Intermediate All Normal (shallow) E-W

Reverse to s-s (deeper)

Finnmark Precambrian basement, Low Shallow Reverse NW-SE
thrust belts near coast

Western Barents Sea Jurassic-Tertiary rift with ~ Very low N-S
later uplift

Southern North Sea Triassic-Cretaceous rifted  Low Deep Unknown ESE-WNW
margin

Northern North Sea (area a)

The northern part of the North Sea is one of the most seismically active areas in Norway, and
a large number of earthquake focal mechanism solutions exist for this area (29). As can be
seen in Fig. 6.4.5a, there is a quite large scatter in the distribution of the P and T axes, al-
though a trend is visible in an WNW-ESE direction for the P axes, with five outliers having an
almost 90° rotation of P axis trend. This WNW-ESE trend is more visible in the rose diagram
(Fig. 6.4.6a) for the maximum horizontal compressive stress (Gumax) directions as derived
from the individual earthquake focal mechanism solutions. The faulting mechanisms in this
area (Fig. 6.4.7a) seem to be organized in two groups, reverse to oblique-reverse and normal
to strike-slip.

The inversion results for this area (Fig. 6.4.8a) show a ¢, axis with a fairly shallow plunge,
and a trend close to E-W (see also Table 6.4.3), which is comparable to the main trend of in-
dividual Gymax directions visible in Fig. 6.4.6a. The in situ Opmax data from borehole breakouts
shown in Fig. 6.4.9a is more scattered, however, but also there with a weak trend in the E-W
to NW-SE direction. An WNW-ESE direction of maximum compressive stress is compatible
with the expected direction of the ridge-push force in this area (Bungum et al. 1991).

The are a number of earthquake focal mechanism solutions from the Sogn Graben area that
show a 90° rotation of Gpmax to a NNW-SSE direction, compared to the stress tensor de-
termined by the FMSI program, and also compared to the rose diagrams of the individual
Ghmax directions. The in situ data also has a number of measurements with a similar orienta-
tion, but these are not confined to the Sogn Graben area. This implies that a more local source
of stress is active in this area, in addition to the regional scale stress sources.
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Offshore Mid Norway (area b)

As seen from Fig. 6.4.1, the mid-Norwegian margin has a band of relatively high seismic ac-
tivity running roughly parallel to the shelf edge through the East Voring Basin, where evi-
dence suggests that the prominent Plio-Pleistocene glacial wedge may be one of the main
factors influencing the stress field responsible for this activity (Byrkjeland et al., in press). The
offshore activity here is separated from the coastal activity by the more or less aseismic
Treondelag Platform. The depth estimates for these earthquakes are uncertain due to the large
hypocentral distances, but available evidence, based in part on waveform modelling
(NORSAR and NGI, 1998) suggests that most of the earthquakes occur deeper than 15 km.
There are 13 available earthquake focal mechanism solutions in this area. The trend of the P
axes shown in Fig. 6.4.5b is quite consistent, as all but one of the focal mechanism solutions
lie in a NW-SE trending band. This is also seen in the rose diagram in Fig. 6.4.6b, with all the
OHmax directions but one being confined to a 60° segment with a E-W to NW-SE trend. Fig.
6.4.7b shows that the modes of faulting in this area are organized more or less in the same way
as in area a) further south in the northern North Sea, with a balance between reverse and nor-
mal.

The FMSI inversion (Fig. 6.4.8b) shows a best fitting stress tensor with a shallow plunging &,
axis in the NW direction. There a fewer in situ measurements in this area (Fig. 6.4.9b), but
they also have a quite clear NW-SE trend. It would appear that the offshore areas of mid Nor-
way have a fairly stable stress field, given the consistency of the data in this area, also between
different data types. While the direction of maximum horizontal compressive stress is com-
patible with the expected direction of the ridge-push force in this area also, it also happens to
be perpendicular to the orientation of the glacial wedge and to the continental margin itself,
with significant lateral crustal inhomogeneities (cf. Byrkjeland et al. in press).

Onshore Mid Norway (area c)

The onshore parts of mid Norway have a noticeable pattern of seismic activity in that the
southern parts are almost completely aseismic while the northern parts have significantly
higher levels of seismic activity, having experienced several shallow (depth less than 12 km)
earthquake swarms in recent years (Bungum et al. 1979; Atakan et al. 1994, Hicks ef al. In
press). The largest onshore earthquake know from historical times in Norway, the 31 August
1819 Rana earthquake with a magnitude of Ms5.8-6.2 (Muir Wood 1989), also occurred in
this area.

The P and T axes for the 15 available earthquake focal mechanism solutions in this area are
quite scattered (Fig. 6.4.5¢c), although there does appear to be a weak trend for the P axes to
have azimuths in an approximately N-S band. Similarly, the tension axes have a weak ten-
dency towards a NW-SE orientation. This is the exact opposite of the offshore areas to the
west (Fig. 6.4.5b). This trend is not readily apparent in the Gumax rose diagram (Fig. 6.4.6¢c),
but his is due the single WSW-ENE bin containing three solutions. The five bins from NNW-
SSE to NE-SW contain a total of 11 solutions, so there is a very real trend of compressional
stress centred around a N-S orientation visible in the earthquake focal mechanism solution
data. Fig. 6.4.7c shows that the faulting is predominantly in the normal to strike-slip range, as
reflected also in the noted differences in T axis orientations.

This FMSI inversion results (Fig. 6.4.8c) show a similar picture to the individual solutions,
with the o) axis is dipping around 25° in a northerly direction. The 63 axis has an approximate
E-W orientation, so the stress tensor for the seismically active parts of onshore mid Norway
appears to be rotated nearly 90° with respect to the expected direction of the ridge push force
from the Mohns ridge in the North Atlantic. Recent compilations of postglacial uplift data
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(Olesen et al. 2000; Hicks, in press) indicate that the contemporary uplift in this area is not
necessarily as uniform as previously thought to be the case. There appear to be fairly large
variations (on the order of several mm/yr) over relatively short wavelengths of less than 100
km, which certainly is a possible local stress source in the affected areas.

The in situ data (Fig. 6.4.9c), which consists of overcoring measurements mainly taken in or
near mines are more scattered. There appears to be two trends, one sub-parallel to the coast
(NE- SW) and the other roughly normal to the coast (WNW-ESE), but there does not appear
to be any systematic distribution of the two main Gumax trends with location. If the rotation just
seen in the earthquake P axis directions was due to a systematic regional crustal source of
stress, we should have expected to see a Oumax rotation also in the in situ data in the seismi-
cally active northern areas, but this does not appear to be the case. However, one would al-
ways expect more scatter in in situ data, and from overcoring measurements in particular, in
particular the shallow measurements are influenced by local effects (Table 6.4.2) to a much
higher degree than the earthquake focal mechanism solutions.

Onshore West Norway (area d)

The onshore areas of western Norway are located in close proximity to the high seismicity lev-
els in the northern North Sea, revealing a similarly high seismic activity (Fig. 6.4.1). The 15
earthquake focal mechanism solutions available in this area appear to be quite consistent in
terms of P and T axis distribution (Fig. 6.4.5d), with the P axes aligning in an WNW-ESE di-
rection and with the T axes oriented at 90°. This is reflected by the Gymax directions in the rose
diagram in Fig. 6.4.6d, and with a consistency that is quite striking. Almost all of the available
focal mechanism solutions here are oblique (Fig. 6.4.7d), but clustered in the normal to strike-
slip region.

The stress inversion results do not contradict this, as the ¢, axis has an azimuth of 284° and
with a 26° plunge (Fig. 6.4.8d). Compared to the northern North Sea to the west, this repre-
sents a small (~20°) rotation of the o, axis, however the 6, and o3 axis have exchanged
places, i.e. the stress tensor is rotated ~90° around the ) axis compared to the offshore areas
to the west. This implies a different dominant faulting regime, which is observable in the raw
data. The onshore focal mechanism solutions tend to be normal faulting, while strike-slip and
reverse faulting is more predominant offshore. There is a quite distinct hypocenter depth dif-
ference as well, with the onshore earthquakes generally having shallower hypocenter depths
(<15 km) as compared to the greater depths (>15 km) encountered offshore.

The in situ data, consisting of overcoring measurements, appear to have a near random distri-
bution, again implying that the shallow measurements are strongly influenced by local (third
order) stress generating mechanisms (Table 6.4.2).

Oslo Rift area (area e)

The Permian Oslo rift has intermediate levels of seismic activity, somewhat higher than the
surrounding basement areas. Due to the location of the NORSAR seismic array in this area,
the number of available earthquake focal mechanism solutions is quite high (20), while the
magnitudes for the solutions are generally somewhat lower.

The hypocenter depths range through the entire crust, from shallow (<5km) to more than 30
km. The P and T axes for the individual focal mechanism solutions appear to be quite sys-
tematic (Fig. 6.4.5¢), with the P axes aligned in a NW-SE trending band. The rose diagram of
the focal mechanism Gymax directions (Fig. 6.4.6¢) also shows a similar trend, although some-
what more scattered than for the data from western Norway. The faulting mechanisms here
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(Fig. 6.4.7¢) seem to be organized mostly as for onshore Mid-Norway, mostly normal to
strike-slip, but some also towards the reverse side. There does, however, appear to be some
variation of faulting regime with depth in the Oslo Rift zone, with the shallow (<13 km)
earthquakes being of predominantly normal faulting while the deeper earthquakes are domi-
nated by strike-slip and reverse faulting (Hicks 1996).

The FMSI inversion gives a best fitting stress model with a fairly steeply plunging &, axis
(50°), trending towards the SE (Fig. 6.4.8¢; Table 6.4.3). This is a significant rotation com-
pared to the adjacent area in western Norway, probably related to a second order stress gener-
ating mechanism, possibly the rift structure itself. Only seven in situ measurements are avail-
able for this area, so no significant information can be inferred from this. However, based on
the generally large scatter in overcoring measurements in western and mid Norway, it does not
appear as if overcoring measurements can offer much meaningful data on regional or conti-
nental scale stresses in any case.

Finnmark (area f)

Finnmarksvidda is an area that is, in general, considered to have low levels of seismic activity.
A relatively large earthquake occurred in 1996, with a magnitude of My, 4.0, the largest in this
region in 60 years (Bungum and Lindholm 1996; Hicks 1996). This earthquake, and five oth-
ers with magnitudes ranging from My, 1.4 to 3.3 all have shallow hypocenter locations within
10 km southeast of a large, postglacial fault striking NE-SW (Olesen 1988; Bungum and
Lindholm 1996).

With only five focal mechanism solutions available in this area, one can not normally expect
to be able to infer a stress model with any significant certainty, however it is apparent from
Fig. 6.4.5f that all five solutions have near-horizontal P axes in an approximately NW-SE di-
rection. The rose diagram (Fig. 6.4.6f) of the Gymax directions is similar, although the data is to
scarce for any more detailed trends to be apparent. The mechanisms (Fig. 6.4.7f) are almost all
purely reverse in this case, fully consistent with the strong neotectonic observations from this
area (Olesen, 1988).

Due to the low number of data points, the inversion results seem to be quite unstable
(Fig. 6.4.8f; Table 6.4.3). The best fitting stress model has an orientation in a NNE-SSW di-
rection, but with the best 5% of the misfit values covering a large area ranging from E-W to
NNE-SSW. However, based on the individual data the ¢; axis has a most likely azimuth
around NW-SE, with a shallow plunge. This is a direction that is compatible with the expected
direction of horizontal compression from the mid-Atlantic spreading ridge.

6.4.6 Crustal stresses inferred from in situ data

Western Barents Sea (area g)

The western Barents Sea has very low levels of seismic activity, which combined with the fact
that the distance to any seismic station is large, means that there are no earthquake focal mech-
anism solutions available. However, the 17 available borehole breakouts are surprisingly con-
sistent in Opmayx directions (Fig. 6.4.9g), with nearly 2/3 of the data lying within the same 15°
bin with a N-S trend. The boreholes are scattered over a large area in the southern parts of the
western Barents Sea, so it would appear that this is a real trend.
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Southern North Sea (area h)

The southern parts of the North Sea have, in contrast to the regions to the north, low to inter-
mediate levels of seismic activity. This means that there are currently no earthquake focal
mechanism solutions available. However, due to extensive hydrocarbon exploration in this
area, a large number of borehole breakouts area available (111). Although the Gymax directions
are quite scattered, there is a fairly consistent trend in the WNW-ESE direction (Fig. 6.4.9h).
The low seismic activity of this area suggests that there are no dominant stress generating
mechanisms capable of inducing the differential stresses required for higher levels of seismic
activity, but the in situ data suggests that there is a compressive force in the WNW- ESE di-
rection, quite possible originating from the mid-Atlantic ridge.

These results from the southern North Sea are in a clear contrast to similar in situ results re-
ported from further south in the Central Graben (Ask 1998), where the stress data are much
more scattered, essentially random. The difference here is expected to be somehow related to a
difference in the ability of the sedimentary rocks in the two regions to support regional stress
propagation (Bjerlykke 1995; Bjorlykke and Heeg 1997).
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6.4.7 Concluding remarks

The results as obtained through the earthquake stress inversions for the six regions in south-
ern, central and northern Norway are summarized in Table 6.4.4 and Fig. 6.4.10, comple-
mented with two regions (southern North Sea and western Barents Sea) from where only in
situ stress measurements are available. The regional differentiation in terms of modes of
faulting as shown in Fig. 6.4.7 reflects a considerable scatter, but at the same time interesting
systematic differences, and the main observation here is a (albeit weak) tendency for reverse
to strike-slip faulting in offshore areas (a-b) and normal to strike-slip in onshore areas (c-¢), as
discussed in more detail elsewhere (e.g., Stein et al., 1979; Byrkjeland et al., in press). The
quality and resolution of these observations are, however, considerably improved in the pres-
ent study as compared to what has been documented earlier.

The inversion results basically show stress directions which comply quite well with the direc-
tions expected from the plate-wide, first-order gravitational force from the mid-Atlantic
spreading ridge (Fejerskov and Lindholm in press). This is the so-called ridge push, which by
definition should be perpendicular to the spreading ridge (and not necessarily following the
flow lines for the spreading, which is often assumed). The different direction in the western
Barents Sea is not really an exception here since the ridge push force there should be expected
to be different both in direction and strength, reflecting the change both in direction, morphol-
ogy and rheology as one moves from the Mohns Ridge and into the Knipovich Ridge.

This coincidence between observed and predicted stress directions, also clearly seen globally
(Zoback et al. 1992), is a strong indication of an acceptable physical mechanism. However, it
is not necessarily enough to unequivocally conclude that what we see is a ridge push dom-
ination within all sub-regions in our study. The reason for this is that for some of these sub-re-
gions we have second order sources of stress (cf. Table 6.4.2) which should be expected to be
oriented in the same direction, first of all large-scale density inhomogeneities across the conti-
nental margin and farther into the Fennoscandian shield. Even more locally, third order
sources of stress are expected to come into play. In an extensive review of this problem
Byrkjeland et al. (in press) have concluded, from a combined study of seismicity distribution,
inferred stress and stress modelling, that such higher order sources of stress are in fact needed
in order to explain the seismicity in our study region. Another support for a reflection of more
local effects in our focal mechanisms is the difference in mode of faulting between onshore
and offshore areas, showing a tendency for normal (and also more shallow) faulting onshore
and strike-slip and reverse faulting offshore, as also expected theoretically (Stein et al. 1979).

One of the most interesting observations in the available focal mechanism data base presented
here is the 90° rotation of Gumax in the Sogn Graben/Tampen Spur area and in the coastal parts
of Nordland (Rana), demonstrating significant local stress variations as well as the importance
of local stress sources. Such a rotation was noted for the first time by Bungum et al. (1991)
and has been commented on often since then (Lindholm et al. 1995; 1999; Hicks et al. In
press; Byrkjeland et al. in press), but explained generally only as an interchange of oy and oy,
(the largest and smallest horizontal stress components) which more easily can been achieved
when the oy/ oy ratio is not far from unity. This would most easily be feasible in thrust-
faulting regimes where o3 is vertical and in normal-faulting regimes when o, is vertical, al-
lowing oy and o}, to be close to each other. An example here is an in situ measurement from
100 m depth in Bidjovarre, Finnmark (Dehls et al. 1999), where 6, and o, both were of the
order of 15-17 MPa and o3 was 12-13 MPa.

Another possible explanation for stress axis rotation as seen in our data has been suggested
recently by Nick Barton (pers. comm. 1999), based on the fact that dilation accompanying
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rock failure and weakness zone shearing introduces a component of shear strain that is no
longer parallel to the assumed direction of shearing. Principal stresses are transformed to their
shear and normal stress components along the wrong surface, following Mohr theory, and re-
sult in incorrect magnitudes of both the shear and normal components due to ignorance of the
mobilized dilatation angle (Barton, 1986). The dilation angle in turn is dependent on fault
roughness and compression strength, and it is easily seen that this effect also may significantly
affect the balance between the stress components. The normal and shear stress changes that
accompany dilatant shearing can radically alter the principal stress components that caused the
event to occur, thereby potentially rotating major principal stresses, as apparently observed.
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6.5 SEISMIC ACTIVITY, INFERRED CRUSTAL STRESSES AND
SEISMOTECTONICS IN THE RANA REGION, NORTHERN NORWAY

By Erik C. Hicks, Hilmar Bungum and Conrad D. Lindholm, NORSAR

6.5.1 Introduction

The Fennoscandian Shield has long been recognized as an ideal natural laboratory for studies
of lithospheric and asthenospheric response to glacial loading and unloading, on the basis of
its history of glaciations and deglaciations, including an uplift rate today of 7mm/year in the
Bothnian Bay region (e.g., Ekman, 1996; Fjeldskaar, 1994; 1997). The last deglaciation,
which occurred approximately 8-10,000 years 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 1970’s (Lun-
dquist and Lagerbick, 1976), strong manifestations of sudden crustal response to this deglaci-
ation (Johnston, 1987) were found as prominent Lappland neotectonic faults indicating the
early Holocene occurrence of several M7+ earthquakes in this region (Muir Wood, 1989; Bun-
gum and Lindholm, 1997). While a broad range of research efforts on these topics were initi-
ated in Sweden in the 1980’s (e.g., Bickblom and Stanfors, 1988), more recent neotectonic
research on the Norwegian side has further contributed to our understanding of this phenome-
non (e.g., Dehls and Olesen 1998; 1999; Dehls et al., 1999).

The seismicity and seismotectonics along the continental margin and the coastal region of mid
and northern Norway (Fig. 6.5.1) is well documented. Byrkjeland et al. (in press) and Fejer-
skov and Lindholm (in press) have recently studied the seismotectonics of this region in rela-
tion to possible stress generating mechanisms, and have concluded that even though the first-
order regional compressive stress field most likely is connected to plate boundary related ridge
push forces, the ridge push stress effects in themselves are not considered sufficient for re-
leasing earthquakes. These authors therefore claim that other regional and local stress factors,
such as flexural stresses from sedimentary loading, together with favorably oriented and suffi-
ciently weak faults, have to be invoked in order to explain the occurrence and distribution of
earthquakes in this region.

It is the 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 net-
work of six short-period vertical-component stations which were installed in the Rana region
in July 1997, extending about 40 km E-W and 25 km N-S (Fig. 6.5.2), and reduced to a four-
station configuration in September, 1998. The purpose of this paper is to report the main re-
sults and to analyze and discuss them in a wider neo- and seismo-tectonic context.
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6.5.2 Seismo-geological setting

Regional and local seismicity

The seismicity distribution as shown in Fig. 6.5.1 has been established using a combination of
field-based historical data (Muir Wood and Woo, 1987) and more recent instrumental data
from the country-wide network of seismic stations. In going westward towards the coast,
Byrkjeland et al. (in press) have concluded that the oceanic crust is mostly aseismic apart from
areas that have experienced rapid glacial loading since 2.6 Ma, notably in the East Lofoten and
East Norway basin provinces. Here, thick sediment loads and high deposition rates are consid-
ered to be responsible for local flexures and corresponding earthquake activity. The Vering
marginal high and the adjacent basins that experienced rifting and crustal thinning prior to the
Early Tertiary continental breakup are almost entirely aseismic, suggesting that the crustal
thickening and underplating resulting from the igneous breakup event have strengthened the
crust in these regions.

Along the shelf edge (shown on Fig. 6.5.1), the seismicity is significant again, revealing a
spatial correlation with a late Pliocene-Pleistocene glacial wedge that 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 postglacial rebound gradients, which implies high
strains and increased seismicity.

NEONOR, a 1997-1999 neotectonics research project (Dehls and Olesen, 1998; 1999; Olesen
et al. 2000) selected the Rana area for an in-depth study of a smaller region. Among the rea-
sons for this was the fact that for a long time this region has revealed a relatively high, con-
stant level of seismic activity, including the largest known historical earthquake in northwest-
ern Europe, an M 5.8- 6.2 earthquake in 1819 (Muir Wood, 1989a), and that this region con-
tains the prominent EW trending Basmoen fault, which has been considered to be likely neo-
tectonic (Olesen et al., 1994; Dehls and Olesen, 1998).

The seismicity map in Fig. 6.5.1 shows, besides the seismicity 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 68° N. It is also
seen from Fig. 6.5.1. that also the postglacial uplift gradients are highest along the coast.

Local geological setting

The geology of the Rana area is dominated by the exotic terranes of the upper parts of the Cal-
edonian thrust belts, emplaced towards the end of the Caledonian orogeny around 400 Ma,
with smaller windows of Precambrian basement (Fig. 6.5.2). The nappes consist mainly of
fairly high-grade mica schist/gneiss and marble, and large, mostly granitic intrusions. The
lower units (lower and upper Radingfjell nappes) occur to the north and west of the Rana area,
and contain large marble bodies and moderately large granitic intrusions. The uppermost unit
(Helgeland nappe) is found to the southwest of the Rana fjord, and is dominated by batholitic
scale granitic intrusives. The visible Precambrian basement areas northwest of the Rana and
Sjona fjords are mostly composed 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 offshore on islands west of the mainland, while
the moraines associated with the Tjetta glacial event (11200-10400 BP) can be followed
across the mainland north of the Sjona fjord, across the Handnesoya and Hugla islands, and
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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 Tjotta moraines (Andersen
et al., 1982). The Preboreal moraines are quite poorly constrained between the Rana fjord and
the Svartisen 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 (Berg-
strom 1994, Olsen et al., 1996). The outer Preboreal moraine group consists of Narvik II
(9600+200 BP) south of the Svartisen glacier, (Andersen, 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 ap-
pears to pass quite close to Mo 1 Rana (Andersen, 1975, Andersen et al., 1995).

The Basmoen fault is a southward dipping reverse structure, from which the surface trace can
be followed as a marked topographic lineament for approximately 50 km on the north side of
the Rana fjord (Olesen et al., 1994). Studies performed as part of the NEONOR project con-
cluded that the fault most likely has experienced postglacial movement on the order of 30-40
cm, confined by C14 dating from layers directly above and below the tectonic indicators to
between 8780 (+£80) and 3880 (+75) years BP.

Sources of stress

For the region under study there are three main sources of stress to be considered, namely the
ridge push effect, density differences (including topography) and flexural stresses (loading/
unloading). In oceanic lithosphere, the ridge push force is considered capable of giving rise to
stresses of the order of 20-30 MPa, dependent 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, in press), albeit dependent on possible subcrustal density dif-
ferences. However, it is generally accepted (e.g., Byrkjeland ez al., in press) that the ridge push
force in itself is not sufficient to explain the seismicity along the continental margin. This
follows from the observation that the seismic activity is unevenly distributed, and follows
tectonic features (including the margin itself, sedimentary depocenters, failed continental rifts,
and the coast line). This identifies these structures as important. In addition, the inferred stress
directions (Lindholm ef al., 1995; Hicks et al., submitted) reveal significant deviation from
the expected ridge push direction in the vicinity of the margin (shelf edge) and the coast, sta-
bilizing again to that direction farther into the continent (Bungum ef al., 1991; Gregersen,
1992; Zoback et al., 1992).

Among second-order sources of stress (Fejerskov and Lindholm, in press) are lateral density
contrasts, topography and its possible compensation at depth, changes in crustal thickness, and
flexural loading and unloading. Loading effects may induce large flexural stresses (>100
MPa), perturbing the regional stress field at wavelengths that 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 litho-
sphere, and margin-normal compression in the oceanic lithosphere (Bott and Dean, 1972; Fe-
jerskov and Lindholm, in press), which is difficult to separate from the ridge push effect. 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 effects of these
kinds are therefore quite complicated and sensitive to local geological conditions.
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(such as density differences, topography and weakness zones), as suggested by recent seismo-
tectonic research concerned with this region (Fejerskov and Lindholm, in press; Byrkjeland et
al., in press). Even though the passive continental margin in itself is important, as evidenced
by global comparisons (Johnston and Kanter, 1990), the seismicity variation both along and
across the margin is such that regional and local factors must have significant importance, in-
cluding but not limited to the regional postglacial uplift. Other factors of great importance are
zones of weakness, including shear zones and preexisting faults with favorable orientations
with respect to the stress field, a situation which in tum is complicated by a poorly known
distribution of crustal fluids (Sibson, 1985).

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. This is discussed in more
detail below.

6.5.3 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 to 200 km from the network, and are thus outside the
main study area. A total of 64 events have been classified as probable explosions, essentially
on the basis of their time-of-day distribution and/or their occurrence in known areas of indus-
trial 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. 6.5.5). This leaves 267
probable local earthquakes as a basis for this analysis. Fig. 6.5.3 shows the distribution of
these earthquakes in and around the Rana fjord area.
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The fifth group consists of 51 earthquakes that occurred close to Handnesgya in October and
December, 1998. The largest earthquake in this group had a magnitude of ML 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 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 rela-
tively large events further west, and a number of events are moreover located near the Svar-
tisen glaciers north of Mo i Rana. There was also a single ‘large’ (ML 2.8) earthquake about
30 km south of the network, in an otherwise quiet area.

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 net-
work. In addition, one composite solution using first motion polarities from 10 earthquakes in
the eastern Sjona fjord group has been determined. The other eight solutions were determined
using waveform modeling (Herrmann and Wang, 1985; Herrmann, 1987), which was essen-
tially used to select a final solution after constraining the solution using available first motion
polarities. All nine solutions are listed in Table 6.5.1 and shown in Fig. 6.5.4, where all solu-
tions are also plotted together in terms of P and T axes, and as a rose diagram for the direc-
tions of the P axes, trending NNE-SSW, and in terms of their faulting 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. 6.5.4 finally shows an example of a real and the matching
synthetic waveform for one of the focal mechanism solution (97.12.26, ML 1.8).

Table 6.5.1 Earthquake focal mechanism solutions. The composite solution is based on
first- motion polarities from ten earthquakes (ML 0.9 - 1.6). All eight single-event solutions
are determined from waveform modelling constrained by first motion polarities. P-trnd P-
ping, T-trnd and T-plng are trend and plunge of P (compression) and T (tension) axes respec-
tively. 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, S5=
strike-slip) correspond to the locations of the solutions in the triangle plot in Fig. 6.5.4, where
pure normal, reverse and strike-slip (indicated circle sectors) requires a plunge of at least 60°
of the P, T and B (null) axes, respectively.

Date Lat. | Lon. | Depth | Mag. | P P T T | Mode of
(km) { Mp) | trnd | plng | trnd | plng | faulting
Comp.1 | 66.31 | 13.32 5 N/A [ 167 | 48 | 270 | 11 | NtoSS
97.11.21 | 66.41 | 13.22 7 23 1208 29 [302] 7 SS
97.11.25 1 66.50 1 1240 | 11 2.7 77 1 29 1343 | 7 SS
97.11.28 | 66.32 | 13.14 11 1.7 74 | 58 1299 | 23 NO
97.11.28 | 66.32 | 13.15 11 1.8 74 | 58 1299 | 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 1284 ] 19 | SStoN
98.02.09 | 66.39 | 13.09 11 2.8 351 [ 22 |257 | 11 SS

98.03.09 | 65.85 | 13.53 7 28 1115 | 13 [ 225} 57 RO
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Fig 6.5.4 The nine new earthquake focal mechanism solutions determined using data
Jfrom the network. The composite solution uses first-motion polarities from 10 earthquakes,
the other eight solutions were determined using waveform modelling constrained by available
first-motion polarities. The P (compression) and T (tension) axis for all solutions are plotted
stereographically (upper left), showing that the T axes (equivalent to s3; the minimum princi-
pal stress direction) are more consistent than the P axes (corresponding to sl; the maximum
principle stress). The directions of maximum horizontal compressive stresses are plotted in
the rose diagram (central left), showing a consistent NNE- SSW direction of horizontal com-
pression. The two solutions outside the network (97.11.25 and 98.03.09) have clearly different
sHmax directions, and are plotted in grey. The actual focal mechanisms are shown on tripar-
tite plots (lower left) where the three principal modes of faulting are connected to different
corners in the triangle 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 de-
riving the focal mechanism solution for the December 26, 1997, ML 1.8 earthquake. The P
(compressional wave) and S (shear wave) phase arrivals are shown. The station was at a dis-
tance of 13 km from the earthquake hypocenter.

The maximum horizontal compressive stress directions (6Hmax) inferred from the focal
mechanisms are plotted in Fig. 6.5.5, 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 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).
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The most significant observation in Figs. 6.5.4 and 6.5.5 is that the directions of the largest
horizontal compressive stress component are aligned subparallel to the coastline, which is
close to a 90° rotation with respect to the regional ‘ridge push’ dominated trend. However, to
describe these results in terms of maximum compressive stress is deceptive since Fig. 6.5.4
shows (see also Table 6.5.1) that the solutions are predominantly normal to oblique nor-
mal/strike slip, and therefore are better described by the tensional stress component, running
perpendicular to the coast. For this reason, the direction of horizontal tension is shown for the
solutions with this classification in Fig. 6.5.5. Another important point is that the tensional
component is much better constrained by this type of stress regime (Hicks et al., submitted),
while the compressional axis is properly determined only in terms of its horizontal direction
(as seen from Fig. 6.5.4), since its plunge may rotate more or less randomly, with a corre-
sponding variation in the significance of the horizontal component. In conclusion, the data
show a predominance of normal to strike-slip faulting in this region, with the tension axis ori-
ented normal to the coast, the same direction as the compression axis in other areas.

12 17 140 15°
| . ., . . |
66° 30 £6° 30
—r
Storforshei
mines
66°00 | i . o - 66°00
o Bleikvassli | o
- s mines ‘ Horizontad st
@ N\ el A Reversetm: Compression
4\: l:',, /\/ 0 g C :
i - - : i
120 17 140 15
Fig. 6.5.5 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 overcoring 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 effects (seiches,
rockfalls, landslides, difficulties standing) from the 1819 Ms 5.8-6.2 earthquake.

A similar reversal of the main horizontal compressional axis has also been found in parts of
the northern North Sea (Bungum et al., 1991; Lindholm et al., 1995; in press; Hicks et al.,
submitted), in a region with very complex tectonics. In this case, however, the mode of fault-
ing 1s more mixed and the reversal is also less prominent. It is important to note here that a
switching of sH and sh (the largest and smallest horizontal stress component, respectively) is
fairly easy to achieve when the sH/sh ratio is close to unity, and it should be understood that
this is therefore not as dramatic as is may appear at first. In this respect it is interesting to
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where the parameters a and b describe the activity level and the ratio between smaller and
larger events, respectively. 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. 6.5.6,
giving annual values of a=3.12 and b=1.08 (the latter being close to the commonly observed
value of 1.0). This corresponds to a return period of 16 years for earthquakes of magnitude
ML 4 or larger, 190 years for ML 5 and just under 2300 years for ML 6. Even though this is an
excessive extrapolation, and ML is not properly defined at the level of magnitude 6, it still
provides a gives a rough indication of the activity level 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°N to 68°N. This zone has return periods for magnitudes 4, 5 and 6 of 16,
180 and 2000 years, respectively. This implies that the microearthquake activity in the Rana
area, recorded only over 18 months, is quite consistent with the long term (~100 years) aver-
age. If taken literally (that is, extrapolated linearly), these results indicate that the Rana area
has a significant amount of the total seismic activity in onshore northern Norway.

The distribution of focal depths within the network is shown both in Fig. 6.5.3 and in Fig.
6.5.6. 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 Handnespya 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. 6.5.6, a depth range that is consistent with what has been
found further north, in the Melgy 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 case in Norway with offshore regions, and the slightly deeper earthquakes to the
west and north of the Sjona fjord (8-12 km) are still considered shallow. Shallow seismic ac-
tivity 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 observed earlier, notably in
Meley (Bungum et al., 1979; 1982) 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 (As-
sumpgao, 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 Canadian
Arctic, in particular the Sverdrup Basin (Smith et al., 1968, Basham ef al., 1977; Wetmiller
and Forsyth, 1978; Adams and Basham, 1991).

6.5.4 Discussion and conclusions

The local NEONOR network used in this study represents a significant 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 (MORS
in Fig. 6.5.3), around 20% of the 267 local earthquakes analyzed here have been reported by
the regional network. That network needs three stations to be detecting in order to report an
event (Havskov ef al., 1992), and has a detection threshold around ML 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.
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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 MS 5.8-6.2 earthquake (Muir
Wood, 1989a). This event created widespread ground effects in the Rana area, shown by the
shaded area in Fig. 6.5.5, including standing waves (seiches) in the fjords, numerous rockfalls
and landslides, and reports of people having difficulties standing. It is notable that a large
number of these effects 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 location 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 that extend throughout Fennoscandia (Muir Wood and Woo, 1987).
The problem with using the local secondary ground effects as indicated in Fig. 6.5.5 (as com-
pared to the more distant isoseismal contours) in locating the event, is that the population den-
sity is more dispersed east of Mo i1 Rana than farther west. Nevertheless, we believe that the
local ground effects are strong evidence that the epicenter was in the area covered by the pres-
ent study.

Is the Rana region a persistent zone of enhanced seismic activity? Fig. 6.5.7 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. 6.5.1 (a mix
of macroseismic and instrumental locations) have locations further east, in an area just north
of Mo i Rana. However, the location uncertainty 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 confirms that the Rana region as a
whole is an area of continuosly elevated seismic activity.
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Geodynamic implications

Given the relatively large seismic activity in the Rana area, it is surprising that none of this
activity at present is directly connected to the Basmoen fault itself (Dehls et al., 1998). How-
ever, this does not exclude the possibility that the fault has been active on a Holocene or his-
torical time scale, even though the latter possibility is less likely than earlier assumed. It is
also uncertain if the large 1819 earthquake can be linked to any of the more N S oriented
structures that today’s activity seems to define (cf. Fig. 6.5.3). In this respect it is worth noting
that a magnitude 6 earthquake should normally be expected to nucleate deeper than the pres-
ently located shallow microearthquakes.

Local stress sources appear to play an important role in controlling the seismic activity in the
Rana area, as shown by the apparent 90° rotation of the principal horizontal compression
stress direction from the regional stress direction, which is commonly accepted to be related to
plate tectonics (Zoback, 1992; Hicks, 1996; submitted). In this region, the orientation of the
maximum horizontal compressive stress, as derived from earlier available onshore earthquake
focal mechanism solutions, is more or less parallel to the coast (Byrkjeland et al., in press).
The focal mechanisms further west on the margin, however, have a NW-SE sH orientation
which is in compliance with the ‘ridge push’ direction. The majority of the earthquakes used
to determine the regional stress field in mid Norway are located on the margin. It may be in-
ferred that such earthquakes are, to a large degree, reflecting local second and third order
sources of stress (density inhomogeneities, flexural stresses, topographic loads, geological fea-
tures, etc.) rather than first order (plate-motion related) effects. This local control is also indi-
cated by studies of the Melgy (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 perpen-
dicular to the margin, to the coastline, and to the uplift trend, with potentials for both con-
structive and destructive interference. The fact that sediment flexure may create stresses one
order of magnitude above those from ridge push, continental margin spreading and deglacia-
tion flexure (Stein ef al., 1989) means that this effect may dominate completely for offshore
areas, as also concluded by Byrkjeland et al. (in press). Onshore this situation is different,
however. What looks like a 90° rotation of the sH direction in reality reflects normal-faulting
mechanisms where the main tectonic significance is tied to the tensional axes, as discussed
above and as plotted in Fig. 6.5.5. A tendency for more shallow normal-faulting earthquakes is
also found onshore in southwestern Norway (Hicks et al., submitted).

As already noted, continental-side extension can result from sediment flexure, density differ-
ence and spreading across continental margins, and from deglaciation flexure. 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 postglacial uplift gradients are at their
highest (Fig. 6.5.1), suggesting that the former source is more important than the latter two.
The two other well-documented coastal earthquake swarms in northern Norway (Meloy 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 Meloy swarm (cf. Figs. 6.5.1 and 6.5.7) in 1978 consisted of around 10,000
earthquakes up to a magnitude of ML 3.2 during a ten-week period (Bungum et al., 1979),
based on temporary stations. The observed effect of the earthquakes by the local populace are
also similar to those observed from the Handnesgya swarm in Rana, indicating similarly shal-
low depths. The Steigen swarm (cf. Fig. 6.5.1) 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.
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The two composite focal mechanism solutions available from the Melgy 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 compres-
sion around 45° 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, hy-
pocenter depths, modes of faulting and postglacial uplift gradients. There is also a single-
event focal mechanism solution from an earthquake under the Lofoten Islands to the northwest
(Hicks et al., 1996), indicating normal faulting with extension in the same direction as the
Rana, Meloy and Steigen swarms. This argues that the stress sources responsible for the con-
tinuous high levels of seismic activity along the coast of northern Norway are effective on a
scale of several hundred km, with postglacial uplift being the most likely candidate. It is im-
portant to note in this context that the maximum postglacial uplift gradients follow the coast
quite closely (Fig 1), adding further credibility to this hypothesis. Nevertheless, some influ-
ence of shorter wavelength effects, 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 sH
axis, these problems call for further and strengthened investigations based on future acquisi-
tion and analysis of seismicity and stress data from the whole coastal region.

Conclusions

Given that the seismicity along the continental margin and in oceanic crust offshore Norway
seems to be related to a combination of ridge push forces, sedimentation flexure and density
differences and spreading across the margin, the region along the coast of northern Norway
seems to behave differently seismically. This is 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 confirms the continuous high level of seismic activity in this area, as the local seis-
mic network has identified of the order of several hundred earthquakes within a limited area,
with magnitudes up to ML 2.8. This is high for onshore Baltic shield areas.

The E-W oriented Basmoen 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 lineations
in the swarm-like activity in the five main groups of earthquakes in the western parts of the
network, including a systematic change of depth, is significant, although the geological con-
nection here is at present uncertain.

The tensional stress orientation perpendicular to the coastline combined with shallow foci
leaves postglacial uplift as a viable explanation for this seismicity, further supported by other
earthquake source mechanisms farther north. Nevertheless, the very concentrated zones of
activity are among the reasons why local sources of stress also could be influencing the occur-
rence of earthquakes in this region.
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7 MODELLING (TASK 11)

7.1 POST-GLACIAL UPLIFT, NEOTECTONICS AND SEISMICITY IN
FENNOSCANDIA

By Willy Fjeldskaar, RF, Conrad Lindholm, NORSAR, John F. Dehls, NGU and Ingrid Fjeld-
skaar, UiB

7.1.1 Introduction

In historic time the rate of uplift along the coasts of Fennoscandia has been so high that its
effects were easily observed within one generation. Since the 18th century the cause and the
rate of displacement have been intensively discussed. At first the phenomenon was variously
explained in terms of global changes in sea level, changes in the earth's rotation or elevation of
the crust. It was not until the middle of the 19th century that the theory of an Ice Age was pre-
sented, and Jamieson (1865) was the first to see the Fennoscandian uplift as an evidence for a
deformation of a non-rigid earth by an ice cap - glacial isostasy.

The seismicity in Fennoscandia is remarkably high for an interior plate region, with high
seismicity concentrated in regional areas. The mechanism for the seismic activity has been
debated for many years. Kolderup (1930) presumed that the seismicity, to a large extent, was
due to the post-glacial uplift, Kvale (1960) on the other hand, argued against this explanation.
Muir-Wood (in press) found that the observed seismicity favours a model with alternating
quadrants of seismicity and aseismicity around the former forebulge and rebound dome. Gud-
mundsson (1999) has modelled the doming to improve our understanding of the associated
stress field, with relation to Fennoscandia in particular. He found that one might expect strike-
slip or reverse faulting in the marginal parts, as a consequence of the postglacial uplift. Rohr-
Torp (1994) substantiated the dome uplift and the predicted stresses of Fennoscandia with
ground water flow measurements. Wu et al. (1999) find that the post-glacial rebound is
probably the cause of the large post-glacial thrust faults observed in Fennoscandia, and that
the ice load history has large effects on the onset time of earthquakes and the magnitude of
fault instability.

The aim of this paper is to search for a possible neotectonic component in the post-glacial up-
lift, to locate it and quantify it by means of movement direction.

7.1.2 Earthquake activity

The earliest historical records of large ground shaking were written in documents intended for
other purposes (parish records etc.) and are of limited scientific value. The felt earthquakes
were first recorded in a more systematic way at the end of the 19 century and in the 1980s
Norway installed the first sensitive electromagnetic seismographs focussed on the detection of
microearthquakes (earthquakes not felt by people). Sweden, Finland and Denmark made in-
stallations around the same years. With the low seismic activity of Scandinavia this means that
our mapping of the microseismicity (and thereby our understanding of the Fennoscandian
earthquake activity) is largely based on 20 years of microseismic data. Fig. 7.1.1 shows how
the Fennoscandian earthquake activity is clearly concentrated in certain regions:

¢ Western Fennoscandia, offshore Norway.
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flecting their lateral extension (following Fejerskov and Lindholm, in press). The first order
stresses in Fennoscandia are generally attributed to forces at the plate margins under the as-
sumption of an elastic lithosphere in which stresses can propagate. The nearest plate margin is
the mid Atlantic ridge, and the dominance of NW - SE compression sub-normal to the mid
Atlantic ridge is found throughout Scandinavia (e.g. Stephansson, 1988). The second order
stresses are more limited in extent (covering Scandinavia as a maximum), whereas the third
order stresses relate to local features and rarely extend beyond ~100 km.

Fejerskov and Lindholm (in press) modelled the ridge push force based on elevation of the
ridge and age of the crust, and compared stress magnitudes from this source with stress mag-
nitudes originating from glacial rebound, crustal flexures and topographic effects. The results
indicated the first order plate margin stresses (ridge push) to be of major importance. How-
ever, sediment loading (offshore) and topography may also be important secondary stresses.
The modelling did not indicate high stress magnitudes from deglaciation flexures. However,
the lateral extent of this mechanism combined with the Zatsepin and Crampin (1997) model,
which allow deformations at very small deviatoric stress levels, may again increase the recog-
nition of this stress source.

Fig. 7.1.3 synthesises the main trends of Figs. 7.1.1 and 7.1.2 in terms of seismic activity, type
of faulting and direction of horizontal compression. Where the amount of data is large, as off-
shore western Norway the synthesis in Fig. 7.1.3 is quite reliable, however, in areas of lower
seismic activity or offshore far from the seismic stations, the synthesis drawn in Fig. 7.1.3 is
more tentative. From Fig. 7.1.3 some remarkable trends can be seen:

¢ The deep earthquakes occur mainly offshore. They are dominated by reverse faulting and
reflect stress directions that can be attributed to the mid Atlantic ridge push (NW - SE).

¢ The shallow earthquakes occur predominantly onshore. Normal faulting (extentional de-
formation) is dominant and the direction of horizontal tension is largely coast perpendicu-
lar (for Norway).
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The dome-like present rate of uplift in Fennoscandia is now generally explained in terms of
glacial isostasy. In previous papers Fjeldskaar (1994; 1997) modelled the isostatic response to
deglaciation in Fennoscandia using an Earth model with a layered mantle viscosity overlain by
an elastic lithosphere. The modelling is based on the mapped deglaciation. The melting history
used previously, is compiled by B.G. Andersen and presented in Denton and Hughes (1981).
The modelling was further based on a spatial resolution of approximately 50 by 50 km.

The modelled tilting of palaco-shorelines at particular locations peripheral to the former ice
load and the pattern of present rate of uplift are consistent and suggest a low-viscosity asthe-
nosphere. It is suggested that the asthenosphere has a thickness less than 150 km and viscosity
less than 7.0 x 10'° Pas beneath the lithosphere. The mantle viscosity below the asthenosphere
has been set to 10*' Pas.

The most likely glacier thickness model gives a flexural rigidity of 10 Nm (t. = 20 km) at
the Norwegian coast, increasing to above 10%* Nm (t. = 50 km) in central parts of Fennoscan-
dia.

7.1.6 Present rate of uplift

The present rate of uplift in Fennoscandia was calculated using data from tide-gauges, precise
levelling, GPS and gravity measurements. Uplift rates calculated from repeated precise level-
ling along roads throughout Norway, Sweden and Finland make up the bulk of the data. Lev-
elling results from the northern part of Finland have been used, together with the 1%, the ond ,
and a few lines from the 3" precision levelling of Sweden. Data from all available Norwegian
precision levelling lines were used, including the lines measured by surveyors from the Nor-
wegian Railways (Danielsen, pers. comm.). The levelling lines are tied to tide-gauges along
the coast. Additional tide gauge records from around the Baltic Sea (Ekman, 1998) helped
constrain the regional uplift pattern. Between 1966 and 1984, repeated precise gravity meas-
urements were performed on three lines across Norway, Sweden and Finland to determine the
rate of uplift (Mékinen ef al., 1986). Permanent GPS stations located in Sweden and Finland
have also provided measurements of uplift rate (Ekman, 1998).

Uplift data from all sources were combined and gridded using a minimum curvature method.
The resulting high-resolution grid shows areas of local disturbances (Fig. 7.1.4). The rate of
uplift is close to zero along the Norwegian coast, increasing up to 7 mm/yr in central parts of
the Baltic Sea.

It is, however, not unreasonable to assume that there is a neotectonic (non-glacial-isostatic)
component in the uplift rate and the palaeo shoreline gradients. The general pattern of the up-
lift is here believed to be a result of glacial isostasy, but there may be local disturbances to this
general pattern caused by tectonic processes.

The model that best fits with the observations is expected to give a good regional image of the
glacial isostatic process. There will, however, be local areas with significant differences be-
tween the observations and the calculated uplift. One of the basic assumptions in this study is
that these anomalous areas are today subject to vertical deformations of non-glacial-isostatic
origin.
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The basis for this study is that present rate of uplift is mainly of glacial isostatic origin. The
reason for this assumption is the consistent picture given by the observations of the deglacia-
tion, palaeo-shoreline tilts and present rate of uplift. It is highly unlikely that a tectonic process
would give a maximum present rate of uplift in the same geographical location as predicted
from the observations of the deglaciation. It has been shown previously (e.g. Fjeldskaar, 1997)
that the best-fitting parameters for palaeo-shoreline tilts also is the best-fitting parameters for
the present rate of uplift.

Fig. 7.1.9 shows the uplift over the larger Fennoscandia including the forebulge offshore
western Norway. The modelling predicts the transition zone between uplift and subsidence to
be located just offshore, and in this zone the bending (stress) of the crust will be at its maxi-
mum. The high seismic activity offshore mid Norway may reflect this maximum bending with
horizontal compression in a NW-SE direction. Additionally the horizontal compression origi-
nating at the mid-Atlantic ridge gives rise to similar stress directions. Finally the observation
of shallow normal faulting earthquakes along the coast in the onshore areas are also in accord
with expectations from the isostatic rebound model.

We have in this paper assumed that 100% of the regional part of the uplift is of glacial
isostatic origin. This may be wrong. However, a sensitivity test shows that if only 80% of the
regional uplift dome has a glacial isostatic origin, we would still have the same anomalies
(=neotectonic movements) in the regions.

The quality and density of empirical data is crucial in any investigation: The uplift data, from
which the uplift curves are constructed, are unevenly distributed, stemming from different
methods and varying (and sometimes large) uncertainties. The possible incorrectness of these
data or the synthesised uplift curves inevitably will affect the modelling results. The overall fit
indicates that the data are reliable on the Fennoscandian scale, but it is presently not possible
to resolve whether some of the deviations between model and observation reflect poor data.

7.1.9 Conclusions

We have demonstrated that the Earth's response to the deglaciation in Fennoscandia can be
modelled using a layered viscous model overlain by an elastic lithosphere, and that the model
response to the ice load is able to explain the regional uplift pattern to a considerable degree.
The modelling has depicted certain areas with anomalous uplift rates in the order of 1.0 mm/yr
(southern Norway, along the coast of northern Norway and in the Bothnian Bay). One inter-
pretation is that the glacial isostatic uplift in these areas is overprinted by a weak tectonic up-
lift component.

The seismicity in Scandinavia, which is the highest in northwestern Europe, is largely con-
centrated in a few zones. In particular the offshore seismicity zones west of Norway corre-
spond to zones where the uplift model predicts forebulges (compression), and this NW - SE
compression would act constructively with ridge push generated compression. Furthermore,
the shallow onshore (but coastal) normal faulting closely follows the Younger Dryas ice mar-
gin (10,500 BP), thereby indicating the importance of the deglaciation for present day seis-
micity, and in full accord with the glacial isostatic rebound model. In conclusion the findings
support the idea that the stresses in western Scandinavia have two important components that
interact constructively: post-glacial uplift and ridge push.

One idea supported by this investigation is that the Scandinavian peninsula is subject to a tilt-
ing with uplift to the west and subsidence to the east. The model anomalies reveal a zone of
relative subsidence along the eastern Swedish coast and northwards which geographically co-
incide with the weak seismicity zones in Fig. 7.1.3. However, the quality of the horizontal
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compression with depth (both magnitude and direction) in these areas is too uncertain to allow
sound conclusions.

The apparent tilting may be a consequence of the Plio-Pleistocene erosional pattern, which is
of glacial origin. The erosion has supposedly a maximum (marginal highs) in the mountainous
areas of Norway (southern and northern Norway), and there will be a pronounced central de-
pression in the Gulf of Bothnia. This is supported by the present investigation, both in terms
of seismicity and calculated uplift residuals.
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8.1 SAMMENDRAG

Denne oppgaven gér ut pd 4 beskrive hvordan GPS-metoder kan brukes til 4 detektere jord-
skorpebevegelser. Som et «case» har jeg brukt malinger fra 1997 av tektoniske forskyvninger
ved Ranafjorden i Nordland.

Disse mélingen fra 1997 er forelopig de eneste det foreligger resultater fra, slik at det frem-
deles ikke er detektert faktiske forskyvninger. I ar (1999) ble det imidlertid malt pd nytt i det
samme omradet.

Noyaktigheten for resultatet av 1997-malingene ligger i storrelsesorden rund 0,5-1,0 cm 1
95%-konfidensintervallet, noe som betyr at det skal store forskyvninger til for man kan si
tilsvarende sikkert om de har skjedd. Hvis man ikke stiller fullt sa strenge krav til konfidens
og gér ned til 68,5%, sé skulle det vaere mulig a detektere forskyvninger ogsd mellom 1997 og
1999 gitt at de er store nok / forkastningen er aktiv (nok). Man ma da imidlertid vare
oppmerksom pa sjansen gker for feilaktig & fastsla forskyvning.

Oppgaven inneholder beskrivelse av forskjellige programmer og beregningsmetoder som er
benyttet i tillegg til en kort presentasjon av lignende prosjekter andre steder.

8.2 INNLEDNING

Norges Geologiske Undersgkelser (NGU) driver som en del av samleprosjektet NEONOR
med detaljert geologisk kartlegging av utvalgte steder 1 Norge. Denne aktiviteten er konsen-
trert der hvor det er funnet antatt aktive forkastninger, blant annet i Rana, Beiarn, Kafjord og
Masi. Flere disipliner og organisasjoner er involvert i denne kartleggingen, bade geologi, geo-
desi og geofysikk er representert. I denne oppgaven er det metoder innen geodesien som star i
sentrum med serlig vekt pd GPS anvendt for 4 detektere bevegelser i forkastningsomradet i
Rana.

For det aktuelle omradet i Rana har Institutt for kart og oppmaling ved NTNU fram til 1999
vart involvert 1 planlegging og utforelse av GPS-malinger.

I 1994 ble det satt ned bolter til et nett med 18 punkter fordelt pa tre profiler som gér pa tvers
av Ranafjorden, hovedsakelig i retning nord-ser. Det innerste profilet gar fra Mofjellet,
passerer Mo 1 Rana og gar videre 1 retning nordvest. Et midtre profil gar over Hemnesberget
og Utskarpen mens det ytterste dekker Nesna og noen av gyene utenfor. Kartet nedenfor viser
nettets beliggenhet 1 regionen med ekstra markering av de ytterste punktene i hvert av de tre
profilene. Se ogsa starre kart senere 1 besvarelsen (i kapittel 4).

Nettets beliggenhet:
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Frekvenser
f0=10,23 MHz
L1=1575,42 MHz
L2 =1227,60 MHz

Signalene som sendes ut er pamodulert to slags koder: C/A kode, (Coarse/Acquisition) og P-
code (Precision). C/A-koden, som finnes bare pa L1-frekvensen gir lavest ngyaktighet mens
P-koden, som finnes pa begge frekvensene (L1 og L2) gir den hoyeste noyaktigheten som kan
fas med kodemalinger alene. Nar A-S er sltt pa er P-koden erstattet av den krypterte Y-koden
som bare militeere brukere har tilgang til. Dette har vert tilfelle mer eller mindre permanent
siden 1994.

I frekvensplanet har GPS-signalene karakter av spredt spektrum signal, dette for & gjore dem
mindre utsatt for jamming, bade tilsiktet og ikke tilsiktet.

8.3.1 Kodemalinger

Ved kodemaélinger utnyttes den pamodulerte koden til signalet for & finne avstanden mellom
satellitt og mottaker. Dette foregidr ved at mottatt kodesekvens sammenlignes med en
tilsvarende kodesekvens generert av mottakeren. I og med at satellittens atomklokke og mot-
takerklokken ikke gar likt, vil dette imidlertid ikke bli den «sanne» avstanden. Av den grunn
snakker vi om pseudoavstandsmalinger.

Ved maling mot 4 satellitter eller mer samtidig kan imidlertid denne klokkefeilen lgses ut som
en av de ukjente. Kodemalinger er den mest robuste metoden for posisjonering ved hjelp av
GPS, men gir mindre noyaktighet enn fasemalinger, som gér ut pa & male endringen av fasen
over tid.

8.3.2 Fasemalinger

Dette er den mest ngyaktige metoden og den som benyttes ved hgypresisjonsberegninger. Ved
a bruke fasen til signalet som observert storrelse gar det an a fi mer noyaktig stedsbestem-
melse enn ved kodeobservasjoner. L1-fasen er tilgjengelig via C/A-koden mens det benyttes
forskjellige kodelose teknikker for & rekonstruere L2 nar P-koden ikke er tilgjengelig (gjelder
sé a si alle sivile brukere).

Ved fasemalinger blir avstanden mellom mottaker og satellitt bestemt som et helt antall N
bolgelengder + fasen pd mottatt signal ved tidspunkt . Ulempen er at det kreves kontinuerlige
observasjoner over et visst minimum av tid for 4 bestemme disse heltallene (N), som er uk-
jente til a begynne med. (Jfr. figuren.)

Prinsippet for fasemalinger:
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8.3.3 Banedata

For 4 kunne utlede de storrelsene vi er interesserte i fra GPS-malingene, er vi avhengige av &
kjenne til satellittenes posisjoner til ethvert tidspunkt ¢ 1 et gitt koordinatsystem.

GPS-satellittene folger som andre himmellegemer Keplers lover, og i et ideelt tilfelle vil de da

ga i ellipsebaner med jordsenteret i det ene brennpunktet.

Figuren viser 1 baneplan med 1 satellitt. For det fullt utbygde GPS-systemet finnes 6 baneplan

med 4 satellitter 1 hvert plan + reserver.

Folgende sterrelser inngér i figuren:

i inklinasjon. Denne er ca. 55 grader for dagens GPS-satellitter, som er av Block II-

typen.

o er vinkelen mellom oppstigende knute og perigeum.

Q er vinkelen mellom oppstigende knute og varjevndegnspunktet. For GPS-satellittene

er denne verdien omtrent lik £30, £90 og £150 (6 baneplan.)

v beskriver satellittens plassering i banen ved et gitt tidspunkt: v(z). I den utenlandske

litteraturen kalles sterrelsen gjerne for «true anomaly».

Baneelementer:

163









Tidejord

De varierende tiltrekningskreftene fra sol og méane samt jordrotasjonen er det som fordrsaker
tidevannet, og ettersom jordkloden selv er elastisk og deformerbar virker disse kreftene ogsa
inn pa det som ikke er vann, bare i noe mindre grad.

Denne deformasjonen av jorda virker inn pa retningen av vertikalen og tyngdekraftens verdi.
Det var dette man malte med bl.a. pendler og gravimetre for & utforske fenomenet for VLBI og
andre moderne metoder ble tatt i bruk. Av samme grunn kan tidejord vare systematisk feilk-
ilde ved presisjonsnivellement.

Ifolge [Vanicek m.fl. 1982] og andre kilder befinner tidejordsfenomenet seg i en storrelsesor-
den pa noen desimeter og da er det klart at man ogsa ma ta hensyn til det ved globale hoypre-
sisjonslgsninger av GPS.

Troposfeere, ionosfeere

GPS-signaler som gir gjennom atmosfaren, vil brytes og endre frekvens pd grunn av ulik
brytningsindeks i de forskjellige lagene. Dette pavirker observasjonene og det er nedvendig &
gd inn med modeller som forsgker 4 korrigere for dette. Det finnes ingen klar grense mellom
de forskjellige lagene i atmosferen, men for modellering av effektene som virker inn pa GPS-
signalet er det vanlig 4 dele inn i troposfere og ionosfzre.

Refraksjon i atmosfeeren:

Grense mellom lag

Observasjonssted

-Jordoverflate

Ionosfaren inneholder ioner og frie elektroner og tettheten varierer bade gjennom degnet og
aret og med den 11-arige solsyklusen. Den mest effektive metoden for & lgse ut virkningen av
ionosfaeren er & bruke to signaler med forskjellig frekvens og dette skal vaere hovedgrunnen til
at GPS-systemet er konstruert med to frekvenser.

Troposfaren kan deles inn i vat og terr del. Det finnes forskjellige modeller for & estimere
den, hovedsakelig som en funksjon av hgyden. De mest kjente er Hopfield og Saastamoinen.

Flerveisinterferens

Flerveisinterferens eller multipath er nér et signal bestar av reflekterte signaler i tillegg til det
direkte signalet. For TV-sendinger vises dette som «ghost image» eller spokelsesbilde. GPS er
heller ikke forskanet fra fenomenet. Signalkarakteristikken endres og det virker forstyrrende
inn pa pseudoavstandsmalingene.
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Q Fasesenter antennetype 2 ———@
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Ved stativoppstillinger er det vanlig 4 senke eller heve stativet mellom hver gang nar det
males i flere perioder /«sessions» og prove & fa et hint om sentreringsnoyaktigheten pa den
maten. Boltene som Rana-nettet bestir av er av en type som tillater direkte montering av an-
tennen pa bolten, sékalt tvangssentrering. Problemet med sentreringsnoyaktighet skulle med
dette vere lost.

Ettersom ogsa enkelte av disse boltene er skjeve er det imidlertid en teoretisk mulighet for at
maling med ulike antenner fra ar til ar kan virke inn pa koordinatbestemmelsene ved at av-
standen fra skrue til fasesenter ikke er den samme for alle antenner.

I beregningene jeg har gjort i denne oppgaven er imidlertid alle boltene regnet som rette, og
det kan av den grunn likevel vare verdt & ofre problemstillingen litt oppmerksombhet hvis det
senere skal sammenlignes med andre malinger.

8.4 MALINGENE FRA 1997

11997 ble nettet malt med 4 GPS-mottakere i lopet av 6 dager fra 8. til 13. september. Mot-
takerne var 12-kanals tofrekvente av typen Leica SR9500. Antennene som ble benyttet har
betegnelsen LEICA AT302-GP — «uten grunnplate». Typisk maletid var minst 1 time for de
korte vektorene og opp til ca. 4 timer for de lange vektorene pa tvers av profilene. Maleop-
plegget tilsvarer metoden «klassisk statisk».

Figuren nedenfor viser punktenes beliggenhet i1 forhold til hverandre og vektorene som er
beregnet 1 denne oppgaven er streket opp med gratt. Punktene som er nummerert som 9401-
9418 herer til dem som ble satt ned i 1994 med formal a skulle detektere jordskorpebevegel-
ser.

Oversikt over punktplassering og vektorer:
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I SKI-programmet har jeg prevd meg med litt forskjellige atmosfaremodeller og banedata,
mens vektorene fra Bernese er slik som jeg fikk dem fra Morten Strand hos Fjellanger
Widerge, som var behjelpelig med selve beregningene. Uten denne assistansen ville mye tid
gatt med til 4 navigere i menyjungelen til Bernese-programmet og kanskje likevel ikke kom-
met ut med noe fornuftig resultat.

8.5.1 Leicas SKI-program

SKI star for Static Kinematic Software og navnet sier dermed noe om hva programmet gjor.
Programmet inneholder moduler for planlegging av GPS-malinger, beregning av vektorer,
utjevning og en modul hvor det gir an 4 jobbe med datumtransformasjoner og Kkartpro-
jeksjoner. I arbeidet med denne oppgaven er det vektorberegningsmodulen og utjevningsmod-
ulen jeg har benyttet meg av.

SKI-programmet er primert laget for & jobbe mot Leicas eget format for backupdata. Det var
dette jeg gjorde i arbeidet med denne oppgaven ettersom malingene var utfort med utsyr fra
Leica.

Det finnes imidlertid muligheter for import av RINEX-data fra andre mottakermerker.

For a bruke Leica-malingene i andre beregningsprogrammer, som Bernese, er en avhengig av
a eksportere backupdataene pa det interne formatet til RINEX.

Vektorberegninger i SKI

Alle vektorberegningene gar automatisk, det er bare & markere stasjonene det skal beregnes
vektorer mellom med «pek og klikk» og sa gar resten mer eller mindre av seg selv. Forst kan
det imidlertid vaere aktuelt 4 stille inn visse parametre for stoy og atmosfare. Etterpd er det
mulig & sjekke staymensteret til de forskjellige satellittene ved 4 studere residualer fra vektor-
beregningene og sa kjore beregningene om igjen etter at en har utelatt satellitter.

Forskjellige beregningsparametre

I parameteroppsettet til SKI finnes blant annet folgende muligheter for & gjore egne valg:

Cut-off angle

Satellitter som ligger under denne vinkelen blir ikke tatt med i beregningene. Standardverdi er
15 grader over lokal horisont og denne har jeg stort sett ikke endret pa. Der hvor det var
problemer med & fd lost heltallene hadde ikke okning av elevasjonsmaske den onskede
innvirkningen.

Tropospheric model

Troposferemodeller som er implementert i SKI er blant andre Hopfield og Saastamoinen.
Hopfield er standard og jeg har holdt fast ved den nar jeg har provd meg fram med & endre
noen av de andre alternativene. Jeg har imidlertid brukt Saastamoinen til & beregne vektorene
som skulle blandes med Bernese i fellesutjevning ettersom Bernese-vektorene var beregnet
med Saastamoinen.

Ionospheric model

Hvis det foreligger med enn 45 minutter med observasjoner, noe det gjore for alle vektorene i
denne oppgaven, er det mulig & fa SKI til & beregne en modell . (Computed model). Det er
ogsd mulig & importere 1onosferemodell 1 form av filer pA IONEX-format. I hjelpefilene star
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det listet opp ftp-adresser hvor slike filer kan hentes, men det var noe rart med filene og jeg
fikk dem ikke til & virke. «Computed model» er sannsynligvis et bra alternativ.

Ephemeris

SKI kan enten bruke kringkastede banedata i beregningene eller presise banedata pa
NGS/SP3-formatet. Banedataene finnes med satellittposisjoner for hvert 40. og hver 15. mi-
nutt. SKI ville bare akseptere filene med data for hvert 40. minutt av en eller annen grunn. Det
kan kanskje vare arsaken til at beregning med disse dataene ikke ga noe szrlig bedre resul-
tater enn med «broadcast».

Ellers er vel 30 km vektorlengde (som i denne oppgaven) muligens grensen for nir en har noe
ekstrautbytte av presise banedata i det hele tatt med dagens software. Filene med data for hver
15. minutt fungerte ikke enda det var de samme som ble brukt under Bernese-beregningene.
Jeg har ikke funnet noen forklaring pa dette. Det kan knakke skyldes enn smafeil ved at det
har sneket seg inn ikke-ascii-tegn 1 filene som SKI-importen ikke klarer & tolke, men det er
fortsatt et dpent sporsmal.

De presise banedataene er gitt i ITRF-systemet mens GPS-beregningene skjer i1 WGS-
systemet. SKI har ingen funksjon for & importere jordrotasjonsparametre som utgjer transfor-
masjonen mellom disse systemene det jeg har funnet, dette har derimot Bernese. Kanskje er
det en av arsakene til at det jeg ikke har oppnadd bedre resultater med presise banedata for s&
pass korte vektorer som 30 km.

A priori rms
Dette er en slags grense for tillatt stoy pa fasemalingene nar SKI skal forsgke a lose heltallene med
FARA-algoritmen. Standardverdi er 10 mm men det er mulig 4 gke denne hvis det oppstar

problemer. Da mé en imidlertid kontrollere resultatet med andre metoder i tillegg til 4 se pa stan-
dardavviket pa vektoren.

Test av forskjellige beregningsparametre

I tabellen som folger har jeg sammenfattet noen resultater fra beregning av trekanten som
utgjeres av punktene 9401, 9402 og 9403 i Rana-nettet. En av vektorene er malt en annen dag
en de andre, og de er derfor ukorrelerte si langt det lar seg gjore. Lukking av trekant er brukt
som noyaktighetsangivelse.

Lukking av trekanter:

Q

g

B

< :

¢ ALengde
Uavhengige vektorer ABredde
g

N

Forskjellige beregningsparametre, korte vektorer
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Alternativ 1

Alternativ 2

Alternativ 3

Alternativ 4

Alternativ 5

Tropospheric model Hopfield Hopfield Hopfield Hopfield Hopfield
Ionospheric model No model Computed Computed(?) Computed(?) Computed
Ephemeris Broadcast Broadcast Broadcast Broadcast Precise
Data used Code+Phase Code+Phase Phase only Code+Phase Code+Phase
Phase Frequency Automatic Automatic L1 L1 Automatic
Code Frequency Automatic Automatic --- L1 Automatic
Loop misclosure
Lat: 0,0015 m 0,0015 m 0,0015m 0,0015m 0,0011 m
Lon: -0,0035 m -0,0046 m -0,0039 m -0,0039 m -0,0058 m
Height: 0,0020 m 0,0009 m -0,0034 m -0,0034 m 0,0010 m
Total: 0,0043 m 0,0049 m 0,0053 m 0,0053 m 0,0060 m
ppm: 0,2795 0,3223 0,3507 0,3507 0,3955

Av dette ser en at «computed» ionosferemodell ser ut til a vaere fordel for hoyde-

bestemmelsen, unntatt der hvor bare L1 er brukt. Ved a ta med presise banedata i til-
legg fas ingen tilsvarende ekning av heydeneyaktigheten. Det at alternativ 3 og 4 har
identisk resultat viser at SKI ikke var avhengig av kodeinformasjon for a fa lesning i

dette tilfellet.

Forskjellige beregningsparametre, lange vektorer

Neste tabell inneholder tilsvarende informasjon for en lang trekant , nermere bestemt
den som utgjeres av punktene 9403, 9409 og 9410:

Alternativ 1

Alternativ 2

Alternativ 3

Alternativ 5

Tropospheric model Hopfield Hopfield Hopfield Hopfield
Tonospheric model No model Computed No model Computed
Ephemeris Broadcast Broadcast Precise Precise
Data used Code+Phase Code+Phase Code+Phase Code+Phase
Phase Frequency Automatic Automatic Automatic Automatic
Code Frequency Automatic Automatic Automatic Automatic
Loop misclosure
Lat: -0,0075 m -0,0059 m -0,0044 m -0,0028 m
Lon: 0,0030 m 0,0003 m 0,0021 m -0,0006 m
Height: 0,0156 m 0,0095 m 0,0182 m 0,0109 m
Total: 0,0176 m 0,0112 m 0,0188 m 0,0112m
ppm: 0,3168 0,2013 0,3386 0,2021

Her ser det ut som om det & benytte «computed» ionosferemodell er viktigere for hoy-
dene enn hvorvidt det blir benyttet presise banedata eller ikke. (Med forbehold, etter-
som det bare var de 40.-minutters banedataene som gikk an & importere som nevnt
tidligere).

For a bli helt sikker i konklusjonene vil det vaere nedvendig a kjere utjevning pa hele
nettet med vektorer som er beregnet med de forskjellige alternativene. Dette har jeg
ikke gjort, bare benyttet disse resultatene for a fa et hint om hva jeg skulle sette nar jeg
skulle beregne vektorer til den endelige utjevningen.

Loggfilene for disse beregningene finnes forevrig pa den vedlagte CDen under katalo-
gen \Resultater_-_ SKI\Lukkingstester\
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8.5.4 Andre programmer og metoder

GIPSY

Dette er en GPS programpakke som er utviklet ved JPL — Jet Propulsion Laboratory. Det er
ikke gjort noen beregninger i dette programmet med mélingene i1 denne oppgaven. Statens
kartverk bruker imidlertid programmet til hoypresisjonsformal og resultatene fra malingen 1
Rana-nettet 1 1999 beregnes 1 dette programmet.

Absoluttbestemmelse

Ved absoluttbestemmelse beregnes ikke vektorer, man er derfor nedt til & male 1 lengre tid for
4 f2 bra nok resultat. Stdr man lenge nok blir resultatet derimot bedre enn ved «klassisk
statisk», som tilsvarer metoden som 1997-malingene i Rana-nettet ble foretatt etter.

For 4 utfere en slik beregning, er man avhengig av program som tar hensyn til alle feilkilder
man ikke nedvendigvis bryr seg om ved vektorberegninger, f.eks. tidejord. GIPSY-
programmet er et slikt program.

Det er mulig 4 inkludere data fra permanente GPS-stasjoner i f.eks. IGS-nettverket som ogsé
er bestemt med VLBISLR. ( «fiducial points»).

8.6 BEHANDLING AV RESULTATENE

Etter at de antatt drlige vektorene er luket ut ved 4 se pa standardavvik og trekantlukking, er
det tid for a ga videre. Folgende momenter ma vurderes:

e Utjevning direkte i det geosentriske kartesiske systemet eller utjevning i kartplankoordi-
nater? Delprogrammet «SKI-adjustment» kan brukes til det forste alternativet mens norske
VG-land eller GEMINI vil vere aktuelle programmer for den siste framgangsmaten.

e Fri utjevning kontra det & holde fast punkt(er)?

e Hvordan skal eventuelle forskyvninger bestemmes?

8.6.1 Utjevning og MKM

Den greieste maten a utjevne GPS-resultater pa, er 4 gjore det direkte i geosentriske kartesiske
koordinater ettersom det er i dette systemet vektorene foreligger nar de er etterprosessert. Pa
denne maten slipper man transformasjoner til ellipsoide og kartprojeksjon for man har bruk
for det. Minste kvadraters metode eller MKM gir det mest sannsynlige resultatet s fremt ob-
servasjonene er normalfordelte.

(Resten av dette kapitlet er ikke tatt med, det matematiske formelapparatet er beskrevet.)

8.6.2 GPS og vekting

(Ogsa 1 dette kapitlet er det matematiske formelapparatet utelatt.)

Mange av feilkildene i1 forbindelse med GPS er vanskelige 4 méle direkte og en eksakt
beregning av standardavviket vil derfor ikke la seg gjore. Riktig vekting av observasjonene er
derfor et problem man ma ta hensyn til ved beregning av geodetiske nett.
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Programmer for nettutjevning baserer som oftest beregning av vektsmatrisen P pd standar-

davviket og korrelasjonsmatrisen, «the co-factor matrix», som folger hver vektor fra pro-
sesseringsprogrammet.

% er bygd opp av varians-kovariansmatrisene for hver enkelt vektor. Vi kan skrive:

z

vektort

z

Svektor2

g
[

0 2

Ldvektor n

hvor Y.

Zvektor n

er varians-kovarians-matrisa for 1 vektor eller den inverse av normalliknings-

matrisen, ogsa dette opplysninger som stammer fra etterprosesseringen. Elementene utenom
de 3 x 3 rundt diagonalen blir 0 hvis vi ikke regner med korrelasjon mellom forskjellige vek-
torer og beregningsomganger eller «sessions». Verdier for slike korrelasjoner har jeg ikke med
pa noen av beregningene i denne oppgaven.

Ved at det gjores det pa denne méten far vektorer med lavt standardavvik hey vekt mens vek-
torer med mindre bra standardavvik for lavere vekt.

Verdiene i 2.

Zvektor n
tor fra 3 til 10 for & komme i nerheten av «sanne» verdier. Dette varierer imidlertid fra pro-
gram til program og i praktisk bruk kan det vare nedvendig a konsultere brukerveiledningen
for & finne ut hva som er rimelig verdi & bruke.

er i regelen noe optimistiske og det kan vere nedvendig & bruke skalafak-

Det & ha verdier for standardavvik og korrelasjoner som samsvarer noenlunde med virke-
ligheten har betydning nar nettutjevningen skal testes for grovfeil, palitelighet og andre ting.
Hvis man 1 tillegg har med vektorer fra forskjellige programmer vil korrekt skalering ha avg-
jorende betydning for utjevningen pa flere mater: Hvis den relative vektingen mellom to grup-
per settes som 1:10 mens virkeligheten ligger nermere, la oss si 1:50, vil de resulterende ut-
Jevningstilleggene og feilellipsene bli mer villedende enn opplysende.

Vekting av forskjellige observasjonsgrupper

En mate & komme fram til fornuftig vekting pa kan vare a prove seg fram med forskjellige
skaleringen til resultatet samsvarer noenlunde med den neyaktigheten man forventer etter a ha
sett litt pa lukkingsfeil i trekanter. Det er i alle fall ikke mulig & «jukse» seg til sd sma feilel-
lipser man bare vil uten & manipulere med tallene inne i selve korrelasjonsmatrisen, og selv da
vil det fore til at andre observasjoner igjen far storre utjevningstillegg enn det som er rimelig.

En annen mate kan vare 4 justere vektene for langvektorene til a fa omtrent de samme verdi-
ene som den har fra SKI-beregningen , eller litt mer ettersom Bernese er forventet a veere mer
ngyaktig.

I SKI-utjevningsprogrammet kan dette forholdet justeres omtrentlig ved & angi “user estimated
accuracy” som svarer omtrent til a priori varians”. Har ingen absolutt kontroll i og med at det
ikke kommer med noen vektingsopplysninger fra utskriften, bare residualer osv.
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Her er ser det ut til 4 veere mer samsvar mellom neyaktigheten 1 hgyde og grunnriss og vi ser
ingenting til det merkelige fenomenet at kun punktene pa innerste profil fikk OK heyder 1 fast-
utjevningen.

I folge Morten Strand (FW) som utfarte Bernese-beregningene var stoynivaet 1 mélingene pa
grensen til hva som tiles for at Bernese-programmets fortrinn framfor kommersielle
beregningsprogrammer skal komme til sin rett.

Det gér likevel an 4 se at feilellipsene i grunnriss ble noe bedre for utjevningen som inkluderer
Bernese-vektorer. Dette meg hoydene er kanskje et vektingsproblem som ikke fikk helt til-

fredsstillende losning likevel.

Utjevningen av bare SKI-vektorer

Koordinatene er transformert til UTM sone 33 og det er ellipsoidiske hoyder

Nord Ost EllL heyde
225 7355402.8839 461044.7870 40.2980 Fast
226 7356444.0900 459329.3245 36.6671
112 7353940.1465 441140.1667 151.2017
151 7353541.6173 435761.2665 80.5640
9401 7354022.6979 466755.2881 160.9052
9402 7354951.5091 460867.0619 34.4009
9403 7357048.4919 460343.5634 35.8408
9404 7357971.0773 460361.8259 62.5073
9405 7360214.5450 457577.2802 152.8468
9406 7362322.7355 455409.2279 93.1569
9408 7340180.4934 440641.1056 41.9778
9409 7345707.7439 437056.5937 49.9237
9410 7350313.4649 436275.6023 35.4587
9411 17352658.7043 438428.1616 35.4721
9412 7357038.4185 439856.6507 303.0958
9413 7338288.6901 413342.1265 42.7641
9414 7342434.8488 410533.5269 37.7854
9415 7343702.0611 408424.8467 36.2286
9418 7359075.3620 410398.8672 43.8359
Gitt koordinater for punktene 225, 226,112 og 151 var:

J16T225 7355402.884 461044.787 40.298
J16T226 7356444.095 459329.323 36.675
J16T112 7353940.152  441140.169 151.206
J16T151 7353541.623 435761.269 80.573

Hvis alle malinger var 100% feilfrie kunne det gatt an a tatt koordinatdifferensen og kalt det
«Forskyvning 1 forhold til J16T225», men det er jo ikke tilfelle.

Nar det gjelder punktene 226,112 og 151 mi det dessuten tas med at dette er stativ-
oppstillinger og at sentreringsneyaktigheten antakelig er deretter. Det er imidlertid bare stilt
opp en gang i disse punktene, og en eventuell unagyaktighet i sentreringen vil derfor ikke bidra
negativt til utjevningsresultatet heller.
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