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1 SUMMARY

The South Iceland Lowland (SIL) data acquisition system presently consists of 33 digital, three
component seismic stations connected to a common data center. The automatic, on-line, earth-
quake analysis performed by the SIL network can be divided into three categories: Single-
station analysis performed at the site stations producing information about all incoming phases.
A short message with data on the phase is sent to the center. Multi-station analysis done at the
center, using the phase reports from the stations and producing information about all detected
events including estimates of location, magnitude and fault plane solutions. Alert reporting to
notify the operators of the network in cases of a priori defined changes in parameters derived
from the single- and multi-station analysis. The system is designed for maximum automatic op-
eration and minimum operational cost and has shown to be capable of automatic evaluation of
more then 1000 earthquakes per day or episodically several earthquakes per minute. While no
attempt is made to detect and locate teleseismic events, teleseismic data is automatically saved,
based on email messages from global seismological networks. Groups of events are analyzed
using correlation techniques to obtain accurate absolute and relative locations of earthquakes
with similar waveforms. In some areas within the network most of the earthquakes correlate
very highly with each other. Based on this a new approach is being taken regarding the au-
tomatic operation of the network. A geographically indexed database will be created where
different classes of earthquakes are stored. As new earthquakes are recorded by the network
the system automatically looks for similar waveforms in this database and, if found, takes the
onset and first motion direction picks from there. The algorithm is planned to be implemented
m late 1999. New methods have been developed to estimate the stress tensor based only on
the microearthquake focal mechanisms and accurate relative locations. This is planned to be
implemented into the automatic on-line procedures. Methods and related software are being
developed for real-time monitoring of fault movements based on the high accuracy locations
and fauit plane solutions.

2 [INTRODUCTION

In 1980 the Council of Europe set up a working group, Comité Ad Hoc d’experts pour les
Recherches sur les Tremblements de terre (CAHRT), to prepare an earthquake prediction pro-
gramme for Europe. CAHRT finalized its work in 1983. A central suggestion in CAHRT’s
resolution was a multinational concerted effort of earthquake prediction research in five spec-
ified test areas in Europe. The South Iceland Lowland (SIL) was one of these test areas. The
SIL 1s transected by the South Iceland seismic zone (SISZ), a transform zone connecting the
on-land continuation of the Reykjanes ridge (RR in Figure 1) and the eastern rift zone (ERZ
in Figure 1). A second transform, the Tjornes fracture zone (TFZ), connects the north end of
the ERZ and the Kolbeinsey ridge (KR) off-shore northern Iceland. The largest earthquakes in
the SISZ exceed magnitude 7 and have recurrence intervals of the order of 100 years. The last
major earthquakes sequence in the SISZ was in 1896 and a single M = 7 event occurred there
in 1912 (Einarsson et al. 1981).

Based on the European initiative, the Nordic countries in 1988 started a project on earthquake
prediction research in southern Iceland called the SIL project (Stefinsson et al. 1993). The
main achievement of the SIL project was to establish an automatic earthquake data acquisition
and evaluation system, the SIL system. As detailed plans were made for the SIL project the
importance of microearthquakes in earthquake prediction research and their significance for
understanding the physical processes leading to earthquakes were generally recognized. It was
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Figure 1. The main tectonic features in Iceland. The two transform zones, the South Iceland
seismic zone (SISZ) and the Tjdrnes fracture zone (TFZ), connect the eastern rift zone
(ERZ) to the Reykjanes ridge (RR) and Kolbeinsey ridge (KR). Arrows indicate the
plate motion. Stations of the SIL network are denoted by triangles. Vatnajokull glacier
is in grey, ES is the site of the 1996 subglacial eruption.

recognized that the recording of earthquakes down to magnitude M;, = 0 and retrieval of source
information frorn these events would require a new seismic network design. The rapid evolution
in computer and communication technology and the introduction of inexpensive but powerful
personal computers allowed for such a design of the SIL network.

The first eight stations of the new seismological network were installed in the South Iceland
seismic zone in 1990. Since then 13 stations have been added in South Iceland, 9 stations in
North Iceland and additionally 3 in the central part of Iceland, making a total of 33 stations (Fig-
ure 1). More than 100000 microearthquakes have been recorded and analyzed by the network
during the operational period 1990 through 1997.

The major goals for the design of the system were to minimize the investment and operational
cost of the system while retaining full detection capabilities and highest possible data qual-
ity (Stefansson et al. 1986; Bédvarsson 1987). To achieve this, the system operation is highly av-
tomatic in order to minimize the analyst’s workload and utilizes intelligent site stations to min-
imize data transmission cost. A detailed description of the SIL system is given by B&dvarsson
et al. (1996). The system has been further developed within the project Earthquake-Prediction
Research in a Natural Laboratory (PRENLAB) supported by the European Commission within
the 4th framework of Environment and Climate Programme. In this paper we give an overview
of the present version of the data acquisition systemn and describe some of the enhancements cur-
rently being worked on. New features of the system include a geographically indexed database,
stress tensor inversion software, interactive tools for fault movements analysis and the continu-
ous ground motion monitoring software. Some of these concepts have been implemented while
others are under development.
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3 AUTOMATIC ANALYSIS IN THE SIL SYSTEM

The remote stations of the SIL acquisition system are connected to a data center in Reykjavik
through an X.25 link. Each station is equipped with a three-component seismometer, a 16 bit
gain-ranging digitizer, a GPS synchronized clock and a 32 bit personal computer (PC) running
the UNIX operating system. The data is initially sampled at 400 samples per second and is
then digitally filtered and decimated down to 100 samples per second. The sampling is done
synchronous to the UTC time. The dynamic range of the system is 136 dB. The gain accuracy of
the digitizer is better than 0.1% (Bo6dvarsson et al. 1996). The velocity response of the digitizer
and the different geophones currently in use is shown in Figure 2.
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Figure 2. The frequency response of the digitizer and 5 different geophones currently used in
the SIL network. Solid line is for the Lennartz LE1, dotted line is Lennartz LES, thick
dashed line is Streckheisen STS-2, thin dashed line is Guralp 3T and the thick dashed-
dotted line is for the Guralp 3T-ESP sensor. Lennartz LEI and LE5 are used at 8
and 14 stations, respectively, Guralp 3T at 8 stations and 3T-ESP at 2 stations and |
station is equipped with an STS-2 sensor.

The automatic analysis performed by the SIL system can be divided into single- and multi-
station analysis, multi-event analysis and the alert analysis. Single-station analysis is performed
at each site on data recorded by that station. Multi-station and multi-event analysis is done at the
center where data from more than one station are available. The alert monitoring is also done
at the center, using parameters derived from the single- and multi-station analysis. A schematic
description of the data flow in the SIL system is given in Figure 3.
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Figure 3. Flow chart of SIL processing. The phase detector at the site produces phase logs
which are transferred to the center. At the center a programme merges phases from
all stations to one file which is input to the “selector” software. The selector software
defines possible events through a phase association procedure and determines time
intervals of waveform data to be retrieved from the site stations. At the stations the
net-saver programme copies the data from the ring buffer system to local files and
transfers them to the center. The alert software works in parallel with the acquisition
system using information from the selector software and from the alert detector at
each site. Modified from Bodvarsson et al. (1996).

3.1 Processing at the site stations

The software at the site can be divided into two categories: utility processes and application
processes. The utility processes are general data management processes, designed for flexibility
and valid for any type of data acquisition. The application processes read a channel of data
stream as if it were an endless file. Channels are opened as regular files would be, by a call to
the specific function in the utility library. The most recent part of the data are kept in shared
memory for fastest possible access.

The communication between the center and the stations is designed to be independent of the
physical way the communication is realized. UNIX utilities are used throughout, providing the
best possible portability of the software.

To minimize data transmission costs the SIL system uses single-station phase detections and
multi-station event selection. The basis of this concept is to treat all transients detected at the
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stations as if they were phases associated with real earthquakes. The detector uses a simple
comparison of power in two adjacent windows of the seismic trace. This is similar to the
STA/LTA approach but in this case the time-windows used are both of the same length. Selected
windows around the detected transients are processed in a manner one would process a true
seismic phase and the results stored in a compact structure, called a phase log. Each phase log
entry is only 128 bytes long and is therefore inexpensive to transmit to the center. The detection
thresholds can therefore be set very low, allowing smaller earthquakes to be detected. The
phase logs are transmitted to the center immediately after detection. Each phase log includes
onset time, duration, reference to previous and following phases, type of phase (P or S), signal
and noise averages, maximum amplitude, azimuth and coherency (Roberts et al. 1989) and
spectral parameters including DC-level and corner frequency. The coherency is a measure of
the linearity in the polarization of a seismic signal and should thus be high for P waves. This is
not the case for most events recorded by the SIL network. The polarization information is rather
unstable and this was observed already when the first station was installed. To investigate this,
several mobile stations where deployed in 1992 in the vicinity of a station in the WVZ exhibiting
extreme nonlinearity. Nonlinear polarization of the P wave was found at all the temporary sites
(Bryndis Brandsdéttir 1998, pers. comm.). Polarization analysis of data from the first eight
stations in the SIL network was performed 1990 and the results showed unstable results for
most earthquakes due to lack of energy on the horizontal components for P waves. Therefore the
distinction between P and S phases is made based on the amplitude ratios between the vertical
and horizontal components. This method works well for approximately 60% of the used phases.
Artificial neural networks are used to obtain additional information for distinguishing between
the P and S phases. The learning set for the neural network was taken from the manually
checked database at the center. The inputs to the neural net are the amplitude and frequency
information and the coherency measure from three component analysis in the phase log. The
output is set to O for P and 1 for S. The neural network increases the correct identification to over
95% of the used phases (Figure 4). This is very important for the phase association procedure
in the multi-station analysis.
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Figure 4. The results of an artificial neural network trained to distinguish between P and S
phases. A value of the neural output close to 0 indicates an P phase and a value close
to 1 indicates an S phase. An intermediate value means that the phase could not be
classified as either P or S. The neural network correctly identifies over 95% of the
used phases.



3.2 Processing at the center
3.2.1 Phase association and event location

Selection of waveform data to be transferred from the stations is carried out automatically by
the selector software at the center. At the center, the phase logs from different stations are
merged into a single time-ordered list. The first step of the selection process is to search for
time intervals which contain two or more phase detections that may originate from the same
seismic source. The phase detections in this time interval are then submitted to the iterative
location, phase association and phase truncation procedure as explained below.

The principles for the step from a list of phase detections to a list of earthquakes or seismic
events are described by Slunga (1980). In short each combination of three observations (onset
times of P or S phases and azimuths of P phases) is taken as defining the initial location of an
earthquake and is then followed by iterative location and phase association and truncation. This
procedure may lead to a "kinematic event” (no dynamic constrains) defined by three or more
observations. The list of kinematic events contains a large proportion of false events due to ran-
dom coincidences of observations. Therefore each event is assigned a quality measure. Ideally
the quality of an event should measure the probability that the event is a true seismic event. The
computation of quality is based on both kinematic considerations and analysis of the amplitudes
of the detected phases (dynamic information). Negative evidence (i.e. lack of detections) has
proved to be most valuable for local and regional networks due to the strong distance depen-
dency of the amplitudes of seismic waves at the distances involved. The kinematic contribution
to the event quality is proportional to the square of the number of P and S arrivals used in the
location of the event. Stations not observing the event will reduce the event quality if the event
size and observing distance is such that one would expect a detection. In a similar way stations
that have kinematic detections but which are not expected to detect the event will reduce the
event quality. The size of the reduction depends on the size of the expected amplitude at the
station in both cases. When computing the event quality one starts with only the closest station
and computes the quality as if it is the only detecting station. Then stations are added in distance
order and the quality is recalculated every time. The maximum quality during this procedure is
taken as the event quality.

A new application of artificial neural networks is being tested in the phase association procedure.
Information on the true phase association is extracted from the manually checked database and
used as a learning set. All phases related to an event are marked ”associated” and all phases
detected in the time vicinity of that event are marked “not associated”. The inputs to the neural
net are the amplitude and frequency information from phase logs from two stations, the distance
between the stations and the time difference between these phases. The first results indicate that
50% of the false or useless phases can be rejected prior to the deductive phase association
procedure if accepting up to 1% loss of real and useful phases. This work is in its initial stage
but we believe that the neural network approach to the phase association problem will be very
valuable for the network operation.

3.2.2 Fault plane solutions

Apart from locating the earthquake, the routine analysis performed on every recorded event in-
cludes estimating fault plane solutions for the earthquake. The estimation of focal mechanism
and source parameters are based on results of the spectral analysis of short data segments con-
taining the direct P and S wave arrivals. The spectral estimation is done at the site stations,
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using windows around the automatic time picks, and repeated at the center after manual refine-
ment of arrival time readings. The low frequency amplitude of each phase is determined by
fitting a three parameter model to the observed spectra (Boatwright 1978). To estimate the fault
plane solution for the earthquake a systematic search over strike, dip and rake is performed. For
each combination of the three source angles, the misfit between observed and predicted spectral
amplitudes is calculated. In addition to the single best fitting solution, all solutions that fit the
observed polarities and have amplitude misfit less than a predefined threshold value are taken as
acceptable (Slunga 1981). The analysis procedure is the same for all located events. However,
the fault plane solutions will be better constrained for events recorded at many stations than for
small earthquakes recorded only at few stations. For earthquakes within the SISZ the optimal
fault plane solution can be expected to be within £15° of the true source angles for events larger
than My, ~ 0.5 (Rognvaldsson and Slunga 1993). The corner frequency of the spectra is used to
estimate the source dimensions (Boatwright 1980) and, together with the seismic moment, the
peak slip at the source (Eshelby 1957) and the static stress drop (Brune 1970, 1971).

3.3 Continuous ground motion monitoring

The site station software has recently been enhanced to enable continuous monitoring of ground
velocity. The signals are filtered through 3 bandpass filters that pass data in the ranges 0.5-1
Hz, |-2 Hz and 24 Hz. The filters are implemented in the time-domain in real-time using the
expression

2 8
Yk = Zaiwk—i + ijyk—j
i=0 =1

where z;, is the unfiltered signal, y; is the filtered signal and a; and b; are coefficients of the
filter.

Each of the three components is filtered using the three filters and an average value for the
amplitude is computed once a minute. The average values are sent to the center where they are
stored. A near real-time plot of this data gives a useful visual indication of the seismic activity
and the condition of the network. Individual earthquakes larger than about My, = 2 are seen on
the plots. This data can also be used to estimate local magnitude for those earthquakes (Mendi
and Husebye 1994).

3.3.1 Volcanic tremor

The primary reason for developing this software was to enable the monitoring of the tremors that
accompany volcanic eruptions. The software was implemented in November 1996, just after the
eruption in Vatnajskull in October 1996 (Gudmundsson et al. 1997). During the eruption, data
were recorded on portable Reftek instruments operated by the Hotspot project (Allen et al.
1998), as well as at the SIL stations.

Figure 5 shows tremor recorded on a temporary station at Grimsfjall, at a distance of approxi-
mately 10 km from the eruption site (Figure 1), during the eruption. Subglacial eruption prob-
ably started a few hours before midnight on September 30, beneath about 700 m of ice. Sub-
sidence of the glacial surface was observed the following morning. Eruption activity was last
observed on October 12. Only minor steam emissions were seen on October 13. The plot shows
a continuous tremor that was surprisingly uniform during the eruption. Closer inspection shows
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Figure 5. Tremor in the 0.5-1.0 Hz frequency band recorded on a temporary station at Grims-
fjall prior to and during the 1996 subglacial eruption in Vatnajokull.

that superimposed on this are strong bursts that often lasted between 10 and 30 minutes.

The eruption was preceded by a magnitude 5.3 earthquake 15 km north of the eruption site. The
earthquake was followed by an intense earthquake swarm. The signal seen before the start of the
eruption is the result of a very intense earthquake swarm (several events per minute), possibly
combined with tremor caused by magma movement.

3.3.2 Jokulhlaup

Other sources of seismic tremor include turbulent water-flow and steam explosions. Figure
6 shows tremor during a catastrophic flood that drained a subglacial cauldron, 5 km west of
the eruption site, recorded on a SIL station at a distance of 45 km. Observable tremor at 1-2
Hz started at about the same time as sulphur smell was detected at several locations in South
Iceland, around 9 am on August 16, 1997. The peaks are tremor bursts that were probably
caused by boiling in the subglacial geothermal field, that resulted from the sudden drop in
pressure when the cauldron was drained. These tremor bursts lasted up to 30 minutes and were
strong enough to be observed at most SIL stations.

3.4 The alert system

The alert system is a collection of routines for monitoring extracted parameters in selected
regions and sites. For this purpose, Iceland is currently divided into 29 regions and different
alert thresholds assigned to each region. The parameters are extracted from the results of the
analysis described above and from dedicated alert detectors at the sites. The alert system is
started at regular intervals and for each event defined by the multi-station analysis. At present
five parameters are monitored for each region. These are M, the local magnitude of individual
earthquakes; /V, the number of earthquakes in a time interval; S, a dimensionless measure of
moment release during the same time interval; a time-weighted measure of the number of events
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Figure 6. Tremor during a catastrophic flood that drained a subglacial cauldron beneath the
Vatnajiokull glacier. The data are recorded on a SIL station 45 ki away.

and a time-weighted measure of accumulated moment release.

The dimensionless moment release parameter is defined as

N N
S = ZI i = 2_; 10t+M2)

Here M; is the magnitude of the i-th earthquake and S; = 10+ is a dimensionless measure
of the seismic moment released. The form of the definition of \5; stems from the relationship
between surface wave magnitude, M;, and seismic moment, i.e. log My = 9.1 4+ 1.5M, and
hence My = 10%+15M: (Purcary and Berckhemer 1978). A time-weighted function of moment
release, 5, = f‘;o w;5;, is also monitored. Here w; = Hl—c—t; where & is a constant and ¢; is
the time since the occurrence of event ¢. Thus recent events are assigned more weight than the

"older* ones.

Similarly a time-weighted function of the number of earthquakes is defined as

Swi=y
Ny=Yw=) —r0
i=0 gl_’_t’

If any of the parameters M, N, N,,, S or 5, exceeds predefined limits, an alert level is declared.

A special detector is operated at the individual stations for the alert system. It monitors two
parameters, large ground velocity and increase in background noise during some period of time.

3.5 Automatic saving of teleseisms

The SIL seismic data acquisition system was primarily designed for automatic acquisition and
evaluation of data from local microearthquakes. No attempt has been made to automatically
locate teleseismic events but the acquisition system is now also used for collecting teleseismic
data. :

The so-called “E” type messages from USGS and NEIC, containing a single line of hypocenter
and magnitude information on recent earthquakes, are received via electronic mail. A selection
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programme reads the messages and selects events that fulfill certain criteria of magnitude and
epicentral distance. The programme uses the iasp91 traveltime tables (Kennett and Engdahl
1991) to compute the first arrival time at each station. The teleseismic body wave data are
fetched with a sampling rate of 20 samples per second and the surface wave data with a sampling
rate of 4 samples per second. This extended use of the SIL system provides valuable data for
tomography studies (Darbyshire et al. 1597; Allen et al. 1998).

4 MULTI-EVENT ANALYSIS

Multi-event analysis can be performed on groups of events within a limited hypocentral dis-
tance. This includes the relative location of groups of similar events resulting in very accurate
hypocenter location, and inversion of the fault planes and the slip direction for the stress tensor.
Steps are being taken towards real-time monitoring of unstable faults.

4.1 Multi~event absolute and relative locations

It 1s well established that accurate measurements of the arrival time difference between similar
earthquakes can be used to constrain the relative locations of the quakes. The arrival time differ-
ences are measured through cross-correlation of the seismograms. The most common approach
is to select one event from the earthquake cluster as a reference or master event and measure
arrival time differences of the other earthquakes relative to the master event (e.g. Deichmann
and Garcia-Fernandez 1992; Ito 1985; Console and Giovambattista 1987; Frémont and Malone
1987). A more complete approach is to measure the arrival time differences between each event
and all the others, i.e. every earthquake in the group is used as a “master event™ (Shinga et al.
1984, 1995; Got et al. 1994; Shearer 1997).

The timing accuracy achieved by cross-correlation techniques can also be used to improve the
absolute locations of groups of earthquakes. The main sources of error when locating with time
differences of similar events are the uncertainties in the ray directions in the source volume,
The deviations of ray directions from those predicted by the 1D velocity model are partly inde-
pendent of the integrated travel time error along the path. This means that the absolute location
errors from the use of arrival time differences are nearly independent of the single-event location
errors (Slunga et al. 1995).

At the SIL center the algorithm described by Slunga et al. (1995) is used to simultaneously de-
termine absolute and accurate relative locations of clusters of similar earthquakes. An example
of the application of the relative location algorithm to a group of earthquakes in the Tjornes
fracture zone (Figure 1) is shown in Figure 7. After relocation the epicenters of the 18 suc-
cessfully located events lie on an approximately 1 km long line segment (Figure 7a). Assuming
that all the earthquakes occurred on the same fault, the attitude of the fault can be estimated
by fitting a plane through the accurately determined hypocenters. The strike of the best fitting
plane through the group is N139°E, similar to the strike of the main transform faults of the TFZ.
The best fitting plane dips 84°. The mean distance of the 18 earthquakes from the plane is 11 m,
comparable to the uncertainty in the relative locations. The normals to all planes which can be
fit through the hypocenter cluster with mean distance of the hypocenters from the plane less
than 50 m are shown in Figure 7c on an equal area projection of the lower hemisphere. Clearly
the acceptable (according to our definition) plane orientations are confined to a narrow range
(approximately -£10° in strike and £20° in dip) around the best fitting orientation.

This method has been used to map active faults in the two transform zones in South and North
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Figure 7. The relative location of a group of 18 earthquakes in the Tjormes fracture zone. (a)
shows a mapview of the epicenters after relocation, X is east, Y is north. In (b} the
hypocenters are viewed along the strike of the best fitting plane through the group.
Z is depth and X’ is horizontal and orthogonal to the strike. (c) shows the poles
to all planes through the hypocenter group, such that the mean distance of the 18
earthquakes from the plane is less than 50 m, plotted on an equal area projection of
the lower hemisphere.

Iceland, as well as at the divergent plate boundaries in SW-Iceland (R6gnvaldsson and Slunga
1994; Slunga et al. 1995; Rognvaldsson et al. 1996, 1998). The attitudes of active fanlts at
depth generally agree well with observations of surface faults. As more earthquake clusters are
analyzed in this manner, data on mapped subsurface faults are collected in a database at the SIL
center. The data are accessible over the Internet at http://www.vedur.is/~sr/faults.ntml. This
database currently holds the results of analysis of more than 100 swarms.

4.2 Automatic reading of onset and first motion direction

Based on the positive results of the correlation techniques used in the relative location algorithm
a new approach is being taken regarding the automatic operation of the network. Experience
shows that a substantial fraction of the events occurring within a given area belongs to a few
clusters or families of earthquakes, characterized by highly similar waveforms. The cross-
correlation of seismograms at individual stations can be used to identify such clusters of similar
events (e.g. Aster and Scott 1993; Maurer and Deichmann 1995). We are currently working
on a method for using cross-correlation of neighboring events to automatically determine the
onsets of P and S phases with accuracy comparable to or better than achieved in the interactive
analysis. The aim is to reduce the need for manual inspection of seismograms from local and
regional earthquakes and to improve the quality of the readings in the microearthquake database.
We plan to implement a first version of this software in 1999,

The objective is to create a geographically indexed database (GID) where different classes of
earthquakes will be stored. The area to be covered by the database is divided into equidimen-
sional cells, 2 x 2 km? laterally but of unconstrained depth. When creating the GID, each event
within a given cell is correlated with all other earthquakes in the celi. The results of the correla-
tion are used to group the earthquakes into classes. A few events of each class are stored in the
GID.

As new earthquakes are recorded by the network, the system automatically looks for similar
15



waveforms in the GID. The initial location estimate of the event is used when accessing the
GID. The selection of waveform windows to be compared to data in the GID is done based
on the automatically determined arrival times for stations that detected the phase. At other
close stations that did not detect the phase, theoretical arrival times are estimated by ray-tracing
through a layered velocity model.

The new phase is correlated with all phases of the same type (P or S) in the GID, recorded at the
same station and originating within the same cell or a neighboring cell. The cross-correlation
function (CCF) is resampled before determining the time lag, the correlation coefficient and the
sign of the CCF at the peak. The lag gives the absolute arrival time of the phase, assuming the
reference pick was “correct”. If the polarity of the reference phase is known, the sign of the CCF
gives the polarity of the new phase. The normalized correlation coefficient gives a measure of
the similarity of the new phase to the reference phase. By resampling the CCF the accuracy of
the pick is practically only limited by the timing accuracy of the network clocks. For the timing
in the SIL system this is better than 1 ms. The precise arrival time readings can also be used for
determining accurate relative locations of similar earthquakes.

When all recorded phases for the new event have been compared to all relevant phases in the
GID, a voting procedure is used to determine whether the event is similar to sufficiently many
phases in the database to warrant skipping interactive analysis. If enough phases have been
picked by correlation with existing phases, the picks are written to a file similar to those created
in the interactive time picking procedure and the event is relocated using the correlation picks.
Otherwise the new event is analyzed interactively by the network operators. Figure 8 gives a
schematic overview of data flow in the proposed correlation analysis system.

4.3 Stiress tensor inversion

New methods and software have been developed to estimate a regional or local stress tensor
based only on microearthquake focal mechanisms and locations. The inversion scheme is based
on existing techniques (Gephart and Forsyth 1984) which have been improved along two major
lines:

[. The method takes advantage of the SIL fault plane solution algorithm and is thus able to
handle a range of acceptable fault plane solutions for each event. This is a reasonable way
of handling the uncertainty in the fault plane solutions. The stress tensor is in this case
used as an intermediate parameter for joint fanlt plane solutions.

2. The crucial point of choosing the proper fault plane, is tackled both the traditional way,
by goodness of fit between observed slip and estimated shear stress direction (Gephart
and Forsyth 1984}, and with two new approaches. The fault plane can be chosen as the
one least stable, using a simple Mohr-Coulomb criterion, in the tested stress regime using
the stress tensor as an intermediate parameter, or with information from the SIL system
fault mapping algorithm for absolute and relative location.

The software has been developed and implemented in the SIL system context. Tests with syn-
thetic data, semi-synthetic (geological) data and real data from the SIL area have shown good
performance of the methods (Lund and Slunga 1998). The algorithms will be implemented into
the automatic on-line analysis.
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Figure 8. A simplified flowchart of the automatic cross-correlation procedure. Programs are
surrounded by oval boxes, files by square boxes. ACIS stands for Automatic Correla-
tion of Incoming Signals. See text for discussion.
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4.4 Real-time monitoring of fault movements

It has been generally recognized that brittle fault slip may be stable and not only unstable as in
earthquakes (Tse and Rice 1986; Dodge et al. 1996; Lyakhovsky et al. 1997). The commonly
observed time clustering of microearthquakes, often over distances large compared to the earth-
quake sizes, is probably sometimes related to deformation expressed by stable brittle aseismic
slip on faults.

The present system produces absolute and high accuracy relative locations for selected groups of
events. Fault plane solutions and dynamic source parameters for all detected microearthquakes
are estimated in near real-time (within a few minutes of the earthquake). Based on both the rel-
ative locations and the fault plane solutions one can conclude on which fracture the earthquake
slip occurred. This makes it possible to monitor the movements of the faults and fractures,
identified by the multi-event locations described above, if detectable microearthquakes are gen-
erated by the fault slip. This is one of the ideas behind the PRENLAB project, as it has been
suggested that slip weakening may be important in the geomechanical process leading to major
earthquakes (Tse and Rice 1986). This means that in such cases a major earthquake will be pre-
ceded by a phase of accelerating stable fault slip. If this slip is indirectly detected and followed
by the microearthquake activity it opens a possibility for earthquake warning before a major
earthquake.

The plan is to implement algorithms for real-time monitoring of fault movements early year
2000, after the method and software developments within the PRENLAB projects.

5 DISCUSSION AND CONCLUSIONS

More than 100000 microearthquakes have been recorded during the operational period of the
SIL system from 1990 to 1997. In this period the system has been developed further and the
number of stations has been increased from 8 to 33 with variable station spacing.

One of the assumptions governing the design of the SIL system was that microearthquakes down
to My, = 0 would provide useful information for the study of larger earthquakes. The resuits
of the work on relative locations of microearthquakes recorded by the SIL network validate this
assumption. In general faults mapped by accurate relative locations and fault plane solutions
for My, = 0-2 earthquakes have attitudes similar to those of nearby faults that have ruptured in
M = 67 earthquakes.

Information on the earthquake sources carried by the seismic waves is retrieved and processed
automatically by the system. The high degree of automatization achieved in the SIL system
makes it a good near real-time monitor of earthquake activity. Estimation of locations and
source parameters for earthquakes down to magnitude below zero would be impossible without
extensive automatization. More than 1200 earthquakes have been recorded and automatically
analyzed by the network during one single day.

The waveform data from the SIL network are available in ah-format on request. Lists of earth-
quake origin times, hypocenter locations and magnitudes are available on the Icelandic Meteo-
rological Office home page at http://www.vedur.is. These lists are updated weekly.

In 1999 we hope to implement the automatic onset and first motion direction estimation through
the use of a geographically indexed correlation database. We believe that this will both decrease
the workload of the persons responsible of the daily operation of the network and increase the
quality of the created database. Stress tensor inversion algorithms will be implemented for
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automatic operation in the near future and around the new millennium we plan to have real-time
fault movement monitoring connected {o the alert features of the network.
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