Seismicity in Iceland 1991-2000 monitored by the SIL seismic system
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Abstract — The SIL seismic system was designed and installed in the South Iceland Lowland in 1989-1990
and was fully operational in automatic mode in June 1991. In 1994 the system was expanded to the northeastern
part of Iceland and has been gradually covering larger parts of Iceland since 1996. During the first decade of
operation some 160,000 events were recorded and processed. In that period 4 volcanic eruptions and 2 large
earthquakes (1 ,=6.6) have occurred that have all been monitored by the system.

INTRODUCTION

Iceland is situated on the Mid-Atlantic Ridge where
the ridge is shifted towards east in the vicinity of a
mantle plume, centered under the glacier Vatnajokull
(Tryggvason et al., 1983; Stefansson et al., 1988;
Wolfe et al., 1997; Allen et al., 2002). Earthquakes
with magnitudes up to 7.1 have occurred within the
two fracture zones in Iceland (Einarsson, 1979; 1991,
Stefansson and Halldérsson, 1988), the Tjoérnes Frac-
ture Zone (TFZ) which connects the Northern Vol-
canic Zone (NVZ) to the Kolbeinsey Ridge and the
South Iceland Seismic Zone (SISZ) which connects
the Eastern Volcanic Zone (EWZ) to the Western Vol-
canic Zone (WVZ) and Reykjanes Peninsula. The
TFZ is mostly offshore NE-Iceland, but the SISZ lies
within a relatively densely populated agricultural area.

In 1983, the Ad Hoc Committee of Experts on
Earthquake Research of the Council of Europe ap-
pointed the SISZ as one of 5 test sites in Europe suit-
able for earthquake prediction research. In 1988 a
group of Nordic scientists received funding from the
Nordic Council, the science foundations in Sweden,
Norway and Denmark as well as the Government of
Iceland for a project aiming at designing and build-
ing a highly automatic seismic system for monitor-
ing earthquake activity and crustal processes and for
collecting high quality data for earthquake prediction
research. As medium size and big earthquakes are

not very frequent in Iceland, some 67 earthquakes of
M > 6.0 every 100-150 years in South Iceland Low-
land (SIL) and similar in TFZ, these would provide
very limited information to monitor crustal processes.
Therefore the design criteria for the system were set
to detect and locate small earthquakes in order to get
almost continuous information about the stress condi-
tion in the crust. From the beginning the SIL seismic
system has been able to detect events of magnitudes
less than O in the SISZ, but in other areas the detec-
tion threshold is somewhat higher (0.5-1.5) depend-
ing on station density. With this sensitivity the sys-
tem records from ~20 to almost 2000 earthquakes a
day, giving approximately 160,000 earthquakes in the
database for the first 10 years.

THE SIL SYSTEM

The SIL system is a network of 3-component digi-
tal seismic stations and a data processing system, run
by the Icelandic Meteorological Office (IMO). It con-
sists of automatic event detection and locations and
can thus be used to monitor changes in seismic ac-
tivity, fault dimensions and other seismic parameters
in search of earthquake precursors for prediction re-
search (Stefansson et al., 1993). The number of sta-
tions has grown from 8 stations in 1990 in the South
Iceland Lowland to 42 stations at the end of year 2000,
mainly covering the seismic zones and the rift zones
through Iceland (Figure 1).
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SIL Seismic Station Network 1991-2000
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Figure 1. The SIL seismic station network 1991-2000. Also shown are the main tectonic features of Iceland.
SISZ is South Iceland Seismic Zone, TFZ is Tjornes Fracture Zone, WVZ is Western Volcanic Zone, EVZ is
Eastern Volcanic Zone and NVZ is Northern Volcanic Zone. The box in the upper right corner shows schemat-
ically the components of a SIL seismic station. The velocity model used to locate earthquakes is shown in the
right bottom corner. The box to the left represents the SIL center in Reykjavik. — Myndin synir préun SIL jaro-
skjalftamaelanetsins arin 1991-2000. Synd eru gos- og brotabelti landsins. SISZ er Sudurlandsbrotabeltid, TFZ
er Tjérnesbrotabeltid, WVZ er vestara gosbeltid, EVZ er eystra gosbeltid og NVZ er nordurgosbeltio. Kassinn
i efra horni til haegri synir helstu peetti SIL jardskjalftamelistodvar. Hradalikan sem notad er vid stadsetningar
a skjalftum er synt i nedra horni til haegri. Kassinn til vinstri taknar SIL midstddina i Reykjavik.

The data acquisition is based on waveform analy-
sis and locations of the earthquakes. At every station
the data stream from the sensor is digitized and stored
in a ringbuffer on the hard drive of a PC-computer
at a nearby farm. The incoming signals, exceeding
some predefined threshold, are analyzed, the onset
time is determined and different parameters are cal-
culated, such as peak-to-peak amplitude, frequency
content, coherence and azimuth of the incoming wave
and a few additional parameters. All this information
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is packed into 128b long messages and sent through a
communication link (mostly X.25) to a central com-
puter in Reykjavik.

Information from all stations is gathered in the
central computer and used to locate all possible earth-
quakes and estimate their magnitudes. For all loca-
tions passing a quality test, requests for waveform
data are sent out to the stations which are expected
to see the respective event. This means that an earth-
quake can already be referenced in the automatic bul-
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Figure 2. Seismicity in SW-Iceland between 1991 and 1993. The red dots represent earthquakes. The green
stars show earthquakes greater than magnitude 4. Black triangles show the location of the SIL stations dur-
ing this period. — Jardskjalftavirkni & Sudvesturlandi &rin 1991 til 1993. Raudu deplarnir tkna jardskjélfta.
Grenu stjornurnar takna jardskjalfta sem eru sterri en 4. Svortu prihyrningarnir takna SIL melistddvar a

pessu timabili.

letin within a few minutes of its occurrence and even
before the waveform data have been saved to files on
the hard disk. The ringbuffer is overwritten after 10—
30 days. A more detailed description of the SIL sys-
tem can be found in Stefansson et al. (1993), B6o-
varsson et al. (1996) and Bddvarsson et al. (1999).
The local magnitude scale M;, used in the SIL sys-
tem, is an empirical scale using maximum amplitude
and calibrated to give the same magnitudes as those
calculated from the older analog instruments. This
method gives a fairly good fit to the old local mag-
nitude scale for earthquakes of magnitudes less than
3, but for bigger events it probably underestimates the

magnitude. Some work is yet to be done to improve
the local magnitude scale. For events larger than 5 the
M, magnitudes from the National Earthquake Infor-
mation Center (NEIC) are used in this paper.

SEISMICITY IN SW-ICELAND DURING
1991-1993

The SIL database officially started on July 1, 1991.
However, some data exist from 1990 and the first half
of 1991. The volcanic Hekla eruption on January 17,
1991 was the first big event monitored by the SIL sys-
tem. The system was still under development at the
time and the onset of the eruption was not foreseen,
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but it was possible to collect and save very valuable
data for later research. Several swarms were recorded
in SW-Iceland during the first half of 1991 while
the system was still not running in a fully automatic
mode, including 2 earthquakes larger than magnitude
4. On January 30 an earthquake of M;=4.6 occurred
in the WVZ near Skjaldbreidur south of Langjokull
and on June 19 an earthquake of M;=4.0 was recorded
in Olfus (Figure 2), the largest event in a swarm last-
ing from June 17 to June 22. The next swarm activ-
ity was at Kleifarvatn on November 20, 1992 starting
with an M;=4.0 earthquake preceded with a few earth-
quakes in the Kleifarvatn area during the night before.
On December 27, 1992 an M;=4.3 earthquake oc-
curred in the Hengill area as the second earthquake in
asmall swarm. In 1993 there was one swarm recorded
near Krysuvik on Reykjanes Peninsula with 3 earth-
quakes reaching magnitudes larger than 3.

Except for the first half of 1991, these 3 first
years of the SIL system were rather quiet with some
5-20 events detected per day in the SISZ. The first
half of 1991 had swarm activity every month with
over 100 and up to 500 earthquakes per day, but af-
ter June 20 the only days with more than 100 earth-
quakes detected are mentioned above and the number
of events per day never reached 200. At the end of
year 1993, after a magnitude ~4 earthquake in Eyja-
fjordur, the SIL system was expanded with 6 stations
in NE-Iceland, which improved the coverage for all
of Iceland. Few additional earthquakes were detected
in other parts of Iceland during the first three years,
but they are not very well located as their epicenters
are well outside the network. They are therefore not
included here.

EARTHQUAKE EPICENTERS 1994-2000

The map in Figure 3 (page 92) shows epicenters of
selected earthquakes with magnitudes greater than or
equal to M;=1 during 1994-2000 as determined by
the SIL network. During this period some 145,000
earthquakes were recorded. The majority of the events
have their origin in the Hengill-Olfus area, at the in-
tersection between the SISZ, the Reykjanes Penin-
sula and the WVZ, where about 85,000 earthquakes
were generated in an episode of crustal deformation
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and high seismic activity during 1994-1998. The
Hengill-Olfus swarm activity culminated with events
of M;~5 in June and November 1998 (Rognvaldsson
et al., 1996; Sigmundsson et al., 1997; Feigl et al.,
2000). A large fraction of the seismicity occurred in
the TFZ, offshore northern Iceland. The largest earth-
quake there, M;=5.3 occurred in February 1994, just
after the SIL network was installed in NE-Iceland.
The event was accompanied by high seismicity in the
period 1994-1997.

Seismicity in connection with eruptions has also
been observed during this period. Two eruptions in
Vatnajokull, Gjalp in October 1996 (Einarsson et al.,
1997) and Grimsvotn in December 1998 were pre-
ceded by increased seismic activity and confirmed by
pilots that were asked to survey the region. A warning
was issued to the National Civil Defence of Iceland
prior to both these eruptions. The Gjalp eruption was
preceded by an M,=5.4 earthquake in Bardarbunga
two days earlier. In May 1994 an M =5.2 earthquake
occurred in Bardarbunga. The largest event prior to
the Grimsvétn eruption was M;=3.8.

The Hekla eruptions in January 1991 (Gudmunds-
son et al., 1992; Soosalu and Einarsson 2002) and
February 2000 (Stefansson et al., 2000a) had seis-
mic precursors that were first noticed by the ana-
log highland network operated by the Science Insti-
tute, University of Iceland (Einarsson and Bjorns-
son, 1987). Again, a warning was issued to the Na-
tional Civil Defence of Iceland prior to both these
eruptions. The increased seismicity activated the
alert system of the SIL network (Bddvarsson et al.,
1996) some 50 minutes before the surface rupture.
When strainmeters started to show an anomaly, in the
same way as known from the Hekla eruption in 1991
some 20 minutes before the onset, a prediction was
made with predicted time accuracy within 5 minutes
(http://hraun.vedur.is/ja/heklufrettir.ntml).

Volcanic events in Eyjafjallajokull and Myrdals-
jokull have also been monitored. Eruptions have not
been observed directly in these cases, but geodetic
measurements confirm uplift at Eyjafjallajokull as-
sociated with the seismic activity (Sturkell et al., in
press) and a minor magmatic episode in Myrdalsjok-
ull resulted in the formation of a new cauldron and a



jokulhlaup in the river Jokulsa & Solheimasandi (Ein-
arsson, 2000; Gudmundsson et al., 2000).

In June 2000 two large earthquakes struck near the
center of the SISZ (Pedersen et al., 2001; Arnadéttir et
al., 2001). The first occurred on June 17 with M ,=6.6
and triggered earthquakes of magnitudes near 5.0 to
the west throughout Reykjanes Peninsula. High seis-
micity was also triggered to the north, activating the
area south of Langjokull and near Geysir. The sec-
ond earthquake struck on June 21 with M;=6.6. Since
then, seismic activity has remained high on the faults
of both earthquakes.

DISCUSSION AND CONCLUSIONS

The first decade of the SIL system has been a phase
of building up a digital high quality seismic system
to cover the active seismic and volcanic zones in Ice-
land. Large amounts of data have been collected and
processed, which in turn has increased the knowledge
and understanding of crustal structure and crustal pro-
cesses. The data have been used to map active faults,
monitor stress changes in the crust, monitor swarms in
near real-time, develop methods for earthquake pre-
diction and model the velocity structure of the crust
by different methods. Four volcanic eruptions have
been monitored by the system. All of them have been
discovered from the seismic activity recorded by the
analog highland network and the SIL system and re-
ported by scientists at the Science Institute and IMO.

Some efforts have been made to find and test
methods that might help in predicting earthquakes.
Common to all these methods is their focus on moni-
toring changes in some calculated parameters that are
likely to reveal if the stress approaches the breaking
point of an asperity. Some examples are the hori-
zontal stress component of microearthquakes, shear-
wave splitting (Crampin et al., 1999) and a multipa-
rameter method developed by Slunga (2003). None
of these methods have proved to be a robust single
parameter prediction tool, but they all give hints that
can be included in interpretations leading to predic-
tions. The experience obtained from the SIL system,
monitoring earthquakes down to magnitudes less than
0, has shown that many (most) earthquakes greater
than M;=4 are not preceded by heavy seismic activity,
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which would be helpful in predicting the time factor
of expected earthquakes. Accordingly the SISZ earth-
quake of June 17, 2000 was not predicted on a short-
term basis, even though it was predicted on a long-
term basis. But the second big earthquake, on June
21, was foreseen and a warning was issued to the Na-
tional Civil Defence 26 hours before it occurred, stat-
ing that an earthquake of magnitude close to M ,;=6.5
could be expected any time soon. The expected loca-
tion almost coincided with the actual rupture (Stefans-
son et al. 2000b) With all the data now available from
these episodes the earthquake prediction research will
continue.
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SIL-kerfio er stafrent og sjalfvirkt jardskjalftamela-
kerfi sem safnar og vinnur upplysingar Ur skjalfta-
mealingum. Forségu ad uppbyggingu kerfisins ma
rekja aftur til arsins 1979 pegar Evrépuradio hvatti
til aukinna rannsokna & jaroskjalftahattu og jaro-
skjalftaspam. Arid 1983 ttnefndi radid ad frumkvaedi
islendinga 5 svadi i Evropu sem tilraunasvadi i
slikum ranns6knum, og var Sudurlandsundirlendid
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Figure 3. The map shows epicenters (red dots) of earthquakes equal to and greater than magnitude 1 during
the period 1994-2000 as monitored by the SIL seismic network. Earthquakes greater than 5 are represented
by green hexagonals. Also shown are tectonic and volcanic systems in Iceland (Einarsson and Seemunds-
son, 1987). — Upptok jardskjalfta (raudir deplar) & Islandi sem eru sterri eda jafnt og 1 ad sterd og SIL
jardskjalftamaelakerfio meldi & timabilinu 1994-2000. Jardskjélftar sterri en 5 eru tdknadir med greenum
sexhyrningum. Einnig eru brota- og gosbeltin synd (Einarsson og Seemundsson, 1987).

eitt pessara sveeda. Jardskjalftafreedingar & Nordur-
I6ndum brugdust skjott vid og komu af stad norr-
@nu rannsoknarverkefni & svidi jardskjalftaspar. Ar-
i0 1988 fékkst fjarveiting fra Norreenu radherranefnd-
inni, norreenu visindasjédunum og islenska rikinu til
verkefnisins. Verkefnid fékk nafnid SIL-verkefnid
(dregid af Sodra Islands Lagland, Sudurlandsundir-
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lendi). pPad var mat visindamannanna ad grundvollur
pess ad na arangri i jaroskjalftasparannsoknum veeri
ad rannsaka spennuadstedur og ferla i jardskorpunni
sem leitt geetu til storra jardskjalfta. bad var einnig
peirra mat ad bestu upplysingar um slik ferli fengjust
Ur fjélda smaskjalfta sem stodugt verda i skorpunni &
jardskjalftasvedum. pvi var meginmarkmid verkefn-



isins ad byggja upp jaroskjalftamala- og Grvinnslu-
kerfi sem naemi og tulkadi slikar upplysingar. Byggt
var 8 stodva kerfi & Sudurlandsundirlendinu, SIL kerf-
i0. Nemni kerfisins var midud vid ad n4 sem flest-
um smaskjalftum & svaedinu sem geetu veitt gagnleg-
ar upplysingar. Vegna pess mikla fjélda skjalfta sem
purfti a0 mala og tulka vard kerfid ad vinna sjalfvirkt
ad mjog miklu leyti. petta var sidan grundvéllur pess
a0 byggja vidvorunarkerfi vio SIL-kerfid.

Gagnasofnun i SIL-kerfinu hofst ario 1990. Um
mitt ar 1991 hofst sjalfvirk skammtimadrvinnsla i
kerfinu og var midstdd hennar & Jardedlissvidi Veo-
urstofu Islands, sem fra byrjun var midst6d SIL-verk-
efnisins. Um aramatin 1993-1994 voru 6 stodvar &
Nordurlandi tengdar vid kerfid. I lok ars 2000 voru
42 SIL-stédvar i rekstri & landinu (sja 1. mynd). A
hverri SIL-stdd er bylgjuhreyfingin mald med priggja
&sa jardskjalftanema, par sem einn asinn nemur 166-
rétta hreyfingu og hinir nema larétta hreyfingu i tveer
attir.  Meelir6din er sett a stafrent form pegar Ur
nemanum kemur og timasett af mikilli ndkveemni (nd
med GPS timamerkjum). Tolva & stédinni vinnur &-
kvednar upplysingar ar hreyfingunni og metur hvort
hugsanlega sé um jardskjalftabylgju ad reeda. bessar
upplysingar eru sendar til midstdédvarinnar i Reykja-
vik, sem metur sjalfvirkt med samanburdi vié upplys-
ingar frd 6orum stédvum hvort um jardskjalftahreyf-
ingu sé ad raeda eda einhvers konar truflun. A pessu
stigi fer fyrsta stadsetning skjalfta fram, adeins nokkr-
um tugum sekindna eftir ad skjalfti verdur. Ppegar
um raunverulega skjalfta er ad reeda sendir midstoo-
in nu skeyti til Gtstddvanna og bidur um itarleg gégn
um hann. Upplysingasamskiptin fara ad mestu fram
um flutningsnet Simans. 1 SIL-midstédinni i Reykja-
vik fara starfsmenn Jardedlissvids Vedurstofunnar svo
yfir hinar sjalfvirku malingar, og leidrétta ef parf. |
framhaldinu er gerd endanleg stadsetning, brotahreyf-
ing skjalftans metin o.fl., og upplysingarnar settir inn
i SIL gagnagrunninn.

Hér er gerd grein fyrir jardskjalftavirkni & Sud-
vesturlandi fyrir timabilid 1991-1993 og fyrir allt
landid &rin 1994-2000. Myndir 2 og 3 syna upptok
jardskjalfta & pessum timabilum. A kortin eru valdir
vel stadsettir skjalftar sterri en 1 & Richterskvarda.
pann 17. jantar 1991 héfst Heklugos og i kjolfar-
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i8, naestu manudi 4 eftir, fylgdu nokkrar skjalftahrin-
ur & Sudurlandi og i vestara gosbeltinu. Mjog mik-
il skjalftavirkni var & Hengilssvaedinu og i Olfusi a
arunum 1994-1998. A pessu timabili voru stadsettir
um 85.000 skjalftar & pessum svadum. Virknin par
drést saman eftir 2 skjalfta M;~5 sem urdu i juni og
névember 1998. | febriiar 1994 vard skjalfti af sterd
M4=5,3 nordan vio Siglufjord a Tjornesbrotabeltinu.
| framhaldi af honum og allt fram til arsins 1997
urdu margar storar hrinur Uti fyrir Nordurlandi. Mikil
skjalftavirkni var i tengslum vid 2 eldgos undir Vatna-
jokli. A undan Gjalpargosinu i oktober 1996 var mikil
skjalftahrina i Bardarbungu par sem staersti skjalftinn
meldist M,=5,4. A undan Grimsvatnagosinu i des-
ember 1998 var einnig skjalftahrina. Smaskjalftahrina
kom fram & malum um klukkustund fyrir Heklugosid
i febrdar arid 2000. HGn 4samt penslumalingum vard
til pess ad afgerandi viovérun um yfirvofandi eldgos
var gefin (t adur en gosid braust upp. Nokkrar jard-
skjélftahrinur voru undir Eyjafjallajokli og einnig var
vidvarandi haustskjalftavirkni undir Myrdalsjokli en
mismikil eftir arum. I jini 2000 voru tveir storir jard-
skjalftar a Sudurlandi. Fyrri skjalftinn (M ;=6,6) vard
pann 17. juni og atti upptok i Holtunum. T kjoIfar hans
fylgdu skjalftar til vesturs, Gt eftir Reykjanesskagan-
um og einnig nordur til Geysis og Langjokuls. Seinni
skjalftinn (M,;=6,6) vard pann 21. juni og atti hann
upptok vid Hestvatn.
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