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Introduction

The Stokvågen area of Northern Norway has recently shown high seismic activity. In 2005, two temporary stations were installed in the area to investigate further. The goal of this study is to describe the seismicity in time and space for the first year of operation of this temporary network with a particular aim to identify and describe earthquake swarms. Ultimately, a better understanding of the seismological and tectonic features of the area is hoped to be achieved.

The local network and station operation

In the study area there is one permanent station STOK which was installed in 2003. Two temporary stations, STOK1 and STOK2 were installed during the summer of 2005 and came into stable operation in the middle of July. The station locations are shown on Figure 1.
The permanent station STOK has a 2 Hz sensor while the temporary stations STOK1 and STOK2 are using 4.5 Hz sensors. All 3 stations only record triggered events. The temporary stations were operating in an unstable fashion throughout the first year and completely stopped operating in the middle of 2006. This report will therefore deal with the data for the first year of the temporary station operation between 15 July 2005 and 15 July 2006. The time period with data available from the 3 stations is given in Table 1. There is approximately 4 months with both STOK1 and STOK2 in operation simultaneously.
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Table 1. Time periods with data available from the stations in the studied time interval

Data processing

In order to get a complete picture of the seismicity in the area over one year, all detected events from the temporary stations STOK1 and STOK2 were processed. In addition, detections were acquired from station STOK for the months February, March and April in 2006, when none of the STOK1 or STOK 2 stations were in operation. In this way, recordings are available for all detected events, regardless of magnitude, for the one-year period. This serves as basis for the subsequent statistical analysis. Normally – due to network detection routines – the recordings from STOK are only included in the Norwegian National Seismic Network (NNSN) database when above a certain magnitude.

Initially, all detected events from stations STOK1 and STOK2 were incorporated in the NNSN database. If the events were also recorded by other stations, they were appended to these events. Since no data were available from the temporary stations for February, March and April 2006, for this time interval all detected events were selected from STOK and included in the database. This had to be done since only those events that were above a certain magnitude were available for STOK in the NNSN database.

After this procedure, phases were read for the events. The P phase (preferably with polarity) was read on the vertical (Z) component, while the S phase was read on the horizontal (N) component. Many events were located vertically below station STOK2 making the S-amplitude abnormally low on the vertical component. As a consequence, the S-wave amplitude was read on the horizontal component for all stations. In most cases the length of coda was also determined. The azimuth was only read for events that were recorded on less than 3 stations.

Filtering was done between 5-10 Hz. This was especially necessary in the case of STOK, which proved to be a very noisy station and in addition – due to its lower frequency sensor – had more low frequency noise.

For the events that were recorded on less than 2 stations, the depth was fixed to 5.0 km. This was necessary because the depth that results from locating events recorded on 2 stations is not reliable. Earlier experience and 3station locations in the study area suggest that the 5.0 km hypocenter depth seems reasonable in this area.

In order to improve the reliability of the earthquake locations, the data from stations furthest away from the Stokvågen area were partly or completely weighed out for events with an RMS value bigger than 1.

The model for location and the magnitude scales used were the same as used for NNSN (Havskov and Bungum, 1987; Alsaker et al., 1991).

Analysis and results

In order to get an appropriate database for the statistical analysis of earthquake distribution, the magnitude constraint has to be taken into consideration. In other words, we can only get a reliable picture of the seismicity of the region if we only work with events that are big enough to be recorded regardless of where they occur within the specified area. Earthquakes that are smaller in magnitude than this threshold will of course be concentrated in the vicinity of stations and will be scarcer further away from stations. It is important that we avoid identifying these small events as earthquake swarms.

Figure 1 shows all 950 events that were recorded in the study area from 15 July 2005 until 15 July 2006. The distribution is not uniform since many smaller events occurring near a station are recorded while similar size events further from a station are probably not. 
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Fig 1. All events recorded in the study area between 15 July 2005 and 15 July 2006. The magnitude of events is proportional to the size of symbols. Number of events: 950

Events recorded by only 1 station

Figures 3, 4 and 5 show events recorded by only one of the stations STOK1, STOK and STOK2, respectively. It should however be noted that data from stations are only available for a limited time period, therefore the number of events recorded only by one station is lower than the actual number of events that occurred in its vicinity. It is also due to this uneven nature of data availability in time that events that occurred close to one station in many cases were recorded only by one other station.

Fig 2. shows the symbols used on the following maps in this report for the various magnitude ranges.
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Fig 2. The symbols used for magnitude ranges on maps.
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Fig 3. Events recorded only by station STOK1 between 15 July 2005 and 15 July 2006. Number of events: 22

From the maps it is clear that the fewest number of small events (22) was recorded by STOK1. Most of these earthquakes occurred offshore, north- and southwest of the station (Figure 3).

The location of earthquakes recorded only by either of the stations STOK and STOK2 show good correlation (Figure 4 and 5) indicating that single station locations are reliable. From these two maps it can be seen that the seismic activity is not significant in the vicinity of station STOK, except for the area to the south of it, and it is heavily concentrated around station STOK2 and north-northeast of STOK2. A clear, linear pattern can also be observed in the location of epicentres in the latter area on both maps. For events located by STOK only, this is probably caused by the uncertainty of the azimuth observations at STOK. These events are most likely in one small area since the S-P times seem to be very constant. The linear pattern on Figure 5 is located somewhat further east compared to its location on Figure 4. These two groups of events may be from the same area but located at different places due to error in location model and/or depth errors.
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Fig 4. Events recorded only by station STOK between 15 July 2005 and 15 July 2006. Number of events: 70
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Fig 5. Events recorded only by station STOK2 between 15 July 2005 and 15 July 2006. Number of events: 590

Events recorded by more than one station

Whether an event in this area can be recorded by more than one station is a function of the number of stations in operation and also of the magnitude of the event.

On the map of events located by either two of the three STOK stations (Figure 6), two groups of events (red circles) can be distinguished. One of these is located close to STOK2 and the other, smaller group appears offshore, west of STOK1.

The most accurate locations are for events recorded on three stations (Figure 7). (Evidently, this is only possible for the time periods when all three stations were in operation.) On this map, two groups of events (red circles) show similar locations to the single station locations. But here the events occur in a much smaller area, which is most likely due to the more reliable method of locating events using three stations.
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Fig 6. Events recorded by either 2 of the stations STOK, STOK1 and STOK2 between 15 July 2005 and 15 July 2006. Number of events: 56
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Fig 7. Events recorded by all 3 stations STOK, STOK1 and STOK2 (and only by these three) between 15 July 2005 and 15 July 2006. Number of events: 40
Magnitude

Both ML and MC were measured. Figure 8 gives a comparison of the two magnitudes. From the figure it is seen that, for small magnitude events, MC gives significantly lower magnitude than ML, down to –3. This seems unreasonable and since MC in general is unreliable for small events, we choose to put significance on the ML magnitude.


Fig 8. Comparison of coda (CBER) and local (LBER) magnitudes. The average of coda magnitudes is 0.4, and it is 0.7 for local magnitudes. The maximum likelihood relation is LBER = 0.433CBER + 0.523

The b-value was calculated using both types of magnitudes, see Figure 9. The purpose of calculating the magnitude distribution and b-value was to find the detection level in order to be able to plot epicentres for all events expected to be detected within the study area. 

From Figure 9 it can be seen that the detection threshold is around magnitude 1.0 for MC and 0.5 for ML. Consequently, all events larger than these magnitudes are expected to be recorded in the study area by at least one of the stations. This also means that a reliable statistical analysis and the identification of earthquake swarms should be based on events with ML >0.5.


(Mc)





(ML)

Fig. 9. B-values calculated with the least squares method for coda (MC) and local (ML) magnitudes. B-values are 0.99 for MC and 1.02 for ML, a-values are 3.28 for Mc and 3.17 for ML. The detection threshold is around magnitude 1.0 for Mc and 0.5 for ML. Note that events with negative magnitude are not used.

Identification of possible earthquake swarms

Spatial distribution

Based on the b-value results, the location of all events with a local magnitude larger than 0.5 was studied (Figure 10). The real trends in the distribution of earthquake locations are expected to show in this map. The locations, however, are not necessarily highly accurate as these data include single station locations as well.

In Figure 10 approximately five groups of events may be recognized (red circles). Two smaller clusters are located offshore, west and northwest of STOK1. The other groups are located southeast of STOK1.
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Fig 10. Events with a local magnitude (ML) larger than 0.5 between 15 July 2005 and 15 July 2006. Number of events: 324

Time distribution

The daily statistics for the number of earthquakes were calculated for all events (Figure 11/a) and also only for those events with an ML magnitude larger than 0.5 (Figure 11/b). Even though main peaks can be seen in both figures, the variation in the seismological activity as a function of time can only be trusted on the latter. To find out whether these events can be considered as swarms, the areal distribution of the earthquakes needs to be investigated, to see possible clustering in space.
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Fig 11. Distribution of earthquakes in time over one year showing a) all events b) events with ML > 0.5

Analysis in space and time

Events with a local magnitude larger than 0.5 were plotted for the time periods with enhanced seismic activity according to Figure 11. Table 2 show the exact number of events per day for these intervals.

	DATES
	NR. OF EVENTS
	DATES
	NR. OF EVENTS

	30-11-2005
	48
	3-1-2006
	0

	1-12-2005
	22
	4-1-2006
	0

	2-12-2005
	15
	5-1-2006
	0

	3-12-2005
	2
	6-1-2006
	2

	4-12-2005
	5
	7-1-2006
	16

	5-12-2005
	3
	8-1-2006
	2

	6-12-2005
	2
	9-1-2006
	4

	7-12-2005
	0
	10-1-2006
	1

	8-12-2005
	5
	11-1-2006
	0

	9-12-2005
	12
	12-1-2006
	1

	10-12-2005
	3
	13-1-2006
	0

	11-12-2005
	2
	14-1-2006
	0

	12-12-2005
	5
	15-1-2006
	0


Table 2. Number of events per day in periods of high seismic activity

From this table it is clear that the number of events is anomalously high (>10) for 30 Nov - 2 Dec 2005, 9 Dec 2005 and 7 Jan 2006. However, the number of events is also higher than average (with 5 events per day on three days) in the time period between 3-12 Dec 2005, therefore it seems that seismic activity was high between 30 Nov and 12 Dec 2005 in general. The seismically active time period in January 2006 can also be extended to 6-9 January. The following figures (Figure 12–15) show the areal distribution of events for these periods.
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Fig. 12. Events with Ml>0.5 recorded between 30 Nov and 2 Dec 2005. Number of events: 85

In Figure 12. (30 Nov – 2 Dec) at least 2 groups of events can be identified. Both of these locations have been previously recognized on other maps, too, but this map shows that at least some of these events occurred in a rapid succession. The 2 groups are marked with red circles and are located north of STOK2. A third and maybe fourth group (blue colour, offshore, south and southwest of STOK1) may also be present, but they cannot be clearly identified because of the small number of events.

[image: image13.png]66.60

66.40

66.20

12.50

o
i = N
P //T ?;/
13.00 13.50 13.80




Fig 13. Events with Ml>0.5 recorded on 9 Dec 2005. Number of events: 12

In Figure 13 there are 3 groups of events. Two of these locations are the same as on the previous map (Figure 12), north of station STOK2. The third group, however is located just south-southeast of STOK2, and is also a location which has already been detected on maps shown earlier in this report.
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Fig 14. Events with Ml>0.5 recorded between 30 Nov and 12 Dec 2005. Number of events: 124

Fig 14. shows events recorded during the time with general high seismic activity between 30 Nov and 12 Dec 2005. In this figure the four groups of events already identified on the previous 2 maps (Figure 12 and 13) also appear but there is a fifth group as well. This group (green colour) is located offshore, but close to the coast, just north of the station STOK. It has already been described in this report earlier, when events recorded only by STOK2 were plotted.
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Fig 15. Events with Ml>0.5 recorded between 6-9 Jan 2006. Number of events: 24

In Figure 15 (6-9 Jan) two groups of events can be seen. Both groups are close to the station STOK2, a tighter group of 17 events is located to the southeast and the other group is to the northeast of it. Both groups have been identified earlier as well, but the latter group was only visible when events recorded only by STOK were plotted.

Discussion and conclusions

The major challenges during data analysis were the problem of low location accuracy and gaps in the database. These two factors are related in the sense that in many cases only single station locations are available due to lack of data from more stations at the same time.

By plotting data using different criteria several groups of events could be identified. In order to find out whether these groups may be regarded as clusters or swarms, their persistency in time and space was examined. Figure 16 shows the approximate location of all the groups that were recognized during the analysis.
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Fig 16. Location of possible swarms or clusters. See explanation in the text
Of all these groups at least 3 may be considered as earthquake swarms (red circles). All these 3 groups could be recognized on the map showing events with an ML magnitude larger than 0.5 and they also appeared when events were located for the highly active time intervals (30 Nov-12 Dec, 6-9 Jan). Two of them also have 3 station locations (with the exception of the north eastern group). 

The group shown in blue north of STOK2 has only single station locations from STOK and STOK2 but seems to stand out as a separate (widely scattered) group among the seismically active January events. Nevertheless, it is likely that these events belong to the swarm south of STOK2, and only appear as a group north of STOK2 because of location errors.

A fourth swarm may be present offshore, east of STOK1 (green circle), but its location is highly uncertain. The existence of this group seems viable because it has 2 station locations and appears on the map of events with ML >0.5, but its being a swarm is questionable because it only has few events in the high seismic activity December period. The group located northeast of this group (blue colour) probably includes events with location errors (single station locations) and is most likely not a separate group. 

The group indicated by the green colour north of the station STOK also has high uncertainty of being regarded as a swarm. Even though it appears as a group in the 30 Nov-12 Dec period, locations are uncertain because of single station locations.

Consequently, at the current stage of data processing and analysis the existence of 3 swarms are considered highly probable, while that of 2 more remain uncertain. To improve location accuracy and probability levels, more and better data will need to be acquired from the stations. 
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