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SUMMARY:

The ICEARRAY 1I is a new small-aperture array of accelerographs and very-high sampling-rate CGPS
instruments. It is scheduled for completion in the town of Husavik in North Iceland (population 2237) in 2012.
Husavik is situated directly atop of the Husavik-Flatey Fault system (HFF), the largest transform fault in
Iceland, having the seismic potential for a magnitude 6.8 earthquake. Moreover, Husavik partially sits in an
extensional basin of relatively soft sediments that are likely to contribute to localised site effects and spatially
variable earthquake strong-motions. The array is being deployed for the purpose of (1) monitoring strong-
motions from earthquakes on the HFF and in the Northern Volcanic Zone of Iceland, (2) mapping the
incoherence of strong-motion across the town, and (3) capturing the intense near-fault motion and the associated
permanent displacements.
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1. INTRODUCTION

The South Iceland Seismic Zone (SISZ) in the lowlands of South Iceland and the largely offshore
Tjornes Fracture Zone (TFZ) in North Iceland are the regions in Iceland where earthquake hazard is
the highest i.e., where the probability of earthquake ground motions exceeds a certain level. Thus,
these regions have the greatest potential for the occurrence of large earthquakes. The potential of the
SISZ has been well documented in the historical catalogue, being a region in which damaging
earthquakes up to magnitude 7 have taken place in the past; generally as single events or sequences of
magnitude 6-7 earthquakes, lasting for several days or years, at an average interval of ~100 years
(Stefansson et al. 1993; Olafsson, Sigbjornsson, & Einarsson 1998; Sigbjornsson & Olafsson 2004;
Sigbjornsson et al. 2009; Halldorsson & Sigbjornsson 2009) (see Figure 1.1). The historical
earthquake catalogue of the TFZ is less complete, due to the difficulty of estimating the size and
location of offshore earthquakes from limited on-land historical accounts.

In combination with the fast growing modern infrastructures in these regions, the seismic risk is also
relatively high [risk is defined as the probability of experiencing economic and human losses
(building damage, number of people hurt or killed) following a damaging or devastating earthquake].
Recent seismic events worldwide, such as the 2008 M7.9 Sichuan, China; 2009 M6.3 L’Aquila, Italy;
2010 M7.0 Haiti; M8.8 Chile; and M7.1 New Zealand, and 2011 M6.3 New Zealand and M9.0
Tohoku, Japan, have all demonstrated the devastating effect that intense strong ground motions, in
particularly those close to the earthquake fault (Mavroeidis & Papageorgiou 2003; Rupakhety et al.
2011), can have on critical infrastructure, economy, society developmental progress and the
environment. Although the scale of this issue in Iceland may be smaller than in some other regions of
the world, the M6.5 earthquake in June 2000 and the M6.3 earthquake in May 2008 in the SISZ have
highlighted the impact that significant events can have in Iceland. The importance of the society being
able to mitigate such effects becomes clear in this context, as does the responsibility for lowering the
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Figure 1.1. The approximate locations and fault alignment of damaging earthquakes larger than M6 over the
last 100 years in the South Iceland Seismic Zone. The inset top left right shows Iceland with respect to the
present day location of the Mid-Atlantic Ridge and the rectangle indicates the area shown in the main picture.
The triangles show the locations of the recording stations of the Icelandic Strong-motion Network.

seismic risk to ensure the well-being of the population. This can be achieved in several ways, all of
which depend on a more accurate and physically realistic assessment of the earthquake hazard, and
supported by data. In the past the scarcity of recorded strong-motion data in the SISZ and TFZ had
severely hampered the reliable assessment of earthquake hazard, especially in the magnitude range
generally considered in such analyses (M>5.0).

2. STRONG-MOTION MONITORING IN THE SISZ

The Icelandic Strong-motion Network (ICESMN) of the Earthquake Engineering Research Centre
(EERC) has been operated in Iceland for over 25 years (see Figure 1.1). The largest part of the
network is in operation in the SISZ where most of the recording sites are located in single-storey
residential buildings, but important buildings and lifeline systems (hospitals, municipal buildings,
bridges, hydroelectric power plants, and dams) are also instrumented as a part of the ICESMN. Since
its deployment, the ICESMN has produced high-quality acceleration recordings of all significant
earthquakes in Iceland (Ambraseys et al. 2004). They have all occurred in the SISZ: the 1987 M6.0
Vatnafjoll earthquake (close to Hekla), the two June 2000 M6.5 and M6.4, and the 2008 M6.3
earthquakes in the SISZ (see Figure 1.1). The ICESMN recordings are the only ones of their kind in
Iceland. It is emphasized that the ICESMN recorded the June 2000 and May 2008 earthquakes in the
near-fault region (distances generally less than one source dimension from the fault). Characteristic of
such motions, the ICESMN near-fault data show large amplitude and long-period velocity pulses and
intense high-frequency accelerations that attenuate rapidly with distance from the faults (Halldorsson,
Olafsson, & Sigbjornsson 2007; Sigbjornsson et al. 2009; Halldorsson & Sigbjornsson 2009). These
were the first near-fault recordings of Icelandic earthquakes, and they significantly enhanced the
global dataset of such motions, which generally produce the greatest damage during earthquakes
(Mavroeidis & Papageorgiou 2003; Rupakhety ef al. 2011).



3. THE ICEARRAY I AND THE M6.3 OLFUS EARTHQUAKE OF 29 MAY 2008

New research opportunities have been created over the last decade in the SISZ that can potentially
constrain the above hazard and risk estimates even further. The deployment of the first Icelandic
strong-motion array (ICEARRAY I) in 2007 commenced a new era in monitoring earthquake strong-
motion and its effects on densely inhabited areas in Iceland (Halldorsson, Sigbjornsson, & Schweitzer
2009). The fundamental difference between the ICESMN and the ICEARRAY I is that the former is a
“network” of recording sites where adjacent sites in a seismic zone are at least ~5-15 km apart on
average (Figure 1.1, triangles), while the latter is a small-aperture array of recording sites with
interstation distances ranging from 50-1900 meters within a densely inhabited area (dots in Figure
3.1). Array data are either analysed using conventional methods or specialized array processing
techniques, depending on the level of incoherency of the seismic wave field across the array (Johnson
& Dudgeon 1992; Rost & Thomas 2002; Gibbons & Ringdal 2006; Gibbons, Ringdal, & Kvarna
2008).

The globally unique and high-quality recordings that ICEARRAY I produced at multiple locations in
the town of Hveragerdi during the extreme near-fault earthquake ground shaking due to the magnitude
6.3 Olfus earthquake on 29 May 2008 (Halldorsson & Sigbjornsson 2009) (see Figure 3.1), have
created the opportunity to investigate nearly all pertinent issues of modern society’s vulnerability to
earthquakes. Through the “ICEARRAY I” projects (during 2006-2011) the EERC has spearheaded
intense earthquake monitoring and research efforts that have received considerable attention in the
international scientific literature. In these efforts, the EERC has been supported by a group of
international experts that with their multidisciplinary background have contributed to the ongoing
analysis of the ICEARRAY [ data, modelling efforts and estimation of their practical implications
(Halldorsson et al. 2007; Halldorsson & Avery 2008; Halldorsson & Sigbjérnsson 2008; Halldorsson
et al. 2009; Sigbjornsson et al. 2009; Halldorsson & Sigbjornsson 2009; Halldorsson & Avery 2009;
Chanerley, Alexander, & Halldorsson 2009; Chanerley et al. 2010; Douglas & Halldorsson 2010;
Halldorsson et al. 2010a; Rupakhety, Halldorsson, & Sigbjornsson 2010; Halldorsson et al. 2010b;
Halldorsson, Mavroeidis, & Papageorgiou 2011; Halldorsson & Papageorgiou 2012a; b).

At present, the ICESMN and ICEARRAY I recordings of the most significant earthquakes in Iceland
over the last quarter-century have enabled reliable estimates of earthquake hazard and seismic risk in
the SISZ (Sigbjornsson et al. 1998; Solnes, Sigbjornsson, & Eliasson 2002; Solnes, Sigbjornsson, &
Eliasson 2004; Sigbjornsson et al. 2008a; b; ¢; Rupakhety & Sigbjornsson 2009a; b), which has led to
robust guidelines for earthquake-resistant design of structures (European Committee for
Standardization 2003). On the contrary, due to lack of strong-motion data, parallel research for the
TFZ in North Iceland, based on regional data, and the corresponding applications for infrastructure
has been virtually non-existent (e.g., Bjornsson et al. 2007).

The ICEARRAY I deployment and the strong-motion recordings discussed above motivated a new
International Symposium on Strong-motion Earthquake Effects (ISSEE) which is held biannually in
Iceland by the EERC. The first symposium was held in May 2009, the first anniversary of the Olfus
earthquake, and the second in April 2011. The ISSEE focuses on earthquake source mechanics and
strong-motions, in particular near-fault effects, strong-motion attenuation, earthquake response of
structures and lifelines, in addition to seismic risk and economic effects of earthquakes. The symposia
have received considerable contributions from the international scientific community, in addition to
domestic contributions (see e.g., Gudmundsdéttir 2009; Thorvaldsdottir 2009; Ansal, Kurtulus, &
Tonuk 2011; Carr 2011; Green 2011; Ivanov 2011). All presentations at the ISSEE are readily
available on the EERC website (www.eerc.hi.is). The next ISSEE will be held in the spring of 2013.
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Figure 3.1. The north-south trending alignment of the seismicity (circles, IMO) distribution for the duration of
May 29 - June 29, 2008, in South-west Iceland indicates the location of the causative faults (dashed lines) of
the 15:45 UTC May 29 2008 earthquake. The inset picture bottom right shows Iceland with respect to the Mid-
Atlantic Ridge, the Tjornes Fracture Zone (TFZ) in the north and South Iceland Seismic Zone (SISZ) in the
south by the dashed outlined areas. The thick solid rectangle indicates the area shown in the main picture. The
inset picture at top left shows the locations of the recording stations of the ICEARRAY in the village of
Hveragerdi. Note the proximity of the fault to the ICEARRAY. [from Halldorsson & Sigbjornsson, 2009].

4. THE TJORNES FRACTURE ZONE

The TFZ is a ~120 km offset in the Mid-Atlantic Ridge that is spreading at a rate of about 2 cm/yr
(DeMets et al. 1994; Sigbjornsson et al. 2006; Arnadottir et al. 2009; Metzger, Jonsson, & Geirsson
2011). Earthquakes occur mainly along two main seismic lineaments in the TFZ, the Husavik-Flatey
Fault (HFF) and the Grimsey Oblique Rift (GOR). The HFF is the largest transform fault in Iceland
(Brandsdottir et al. 2005), extending over 100 km from Theistareykir fissure swarm in the east,
through the town of Husavik, and west to the Eyjafjardarall Rift (Figure 4.1).

The epicentres of the most important earthquakes of the last 300 years within the TFZ are graphically
summarized in Figure 4.1 (Stefansson, GuOmundsson, & Halldorsson 2008; Metzger et al. 2011).
During the past 140 years no major earthquake has released the stress that has probably accumulated
on the HFF. Four major earthquakes occurred on the HFF during the past 300 years. In 1755, an
earthquake estimated at M7 took place in Skjalfandi Bay and an M6.5 occurred near its western end in
1838. The last major earthquake sequence on the eastern part of the HFF occurred in 1872 with the
two biggest events likely reaching M6.5 and located close to Flatey and Husavik. Most of the present-
day seismicity of HFF is located on the northwestern part of the fault (Figure 4.1).

The EERC has been operating seven free-field 3-component accelerographs in North Iceland for 23
years (see inset Figure 1.1). In stark contrast to the SISZ, during the operation of the ICESMN no
significant earthquakes producing damaging strong-motions (i.e., seismic ground motions large
enough to cause damage; generally peak ground acceleration (PGA) >0.2 g; where g is the
acceleration of gravity) have taken place in the TFZ. The network has recorded several light-to-
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Figure 4.1. Tectonic setting, seismicity and continuously operating GPS stations in (North) Iceland. The Mid-
Atlantic Ridge is offset by the South Icelandic Seismic Zone in the South (SISZ) and by the Husavik Flatey
Fault (HFF) and the Grimsey Lineament (GOR) in the North (inset). Large historical earthquakes with given
magnitude and year are marked with blue stars (after Stefansson et al. 2008). Orange dots show the M>2
earthquake locations 1992-2008 (after SIL 2008). The surface fault traces of the HFF in the Husavik area are
plotted as dark grey lines (after Rognvaldsson et al. 1998). Fissure swarms are indicated with green lines.
Central volcanoes: Th — Theistareykir, Kr — Krafla. Other plate boundary segments: RR — Reykjanes Ridge, RP
— Reykjanes Peninsula, EVZ — Eastern Volcanic Zone, NVZ — Northern Volcanic Zone, ER — Eyjarfjardarall
Rift, KR — Kolbeinsey Ridge. Other features: Fl — Flateyjarskagi peninsula, Sk — Skjalfandi bay, Tj — Tjornes
peninsula,0x — Oxarfjordur bay. [from Metzger et al., 2011].

moderate (i.e., M4.0-5.8) earthquakes at distances of ~12-90 km in the TFZ that have produced strong
motion (i.e., ground shaking at levels felt by humans, generally with peak ground acceleration >0.01-
0.05 g) (Sigbjornsson, Olafsson, & Thoérarinsson 2004). The instruments act in triggered-recording
mode and record 100-200 samples of ground acceleration per second, which is required to sufficiently
sample fast ground motions. The wide dynamic range of the ICESMN accelerographs allows for the
recording of strong-motions up to or exceeding the acceleration of gravity (+1 g) along three
orthogonal components.

Continuous GPS (CGPS) observations in the TFZ began in 1999 and by 2002 three CGPS stations
were operating in the region. The network of CGPS instruments was significantly improved in 2006-
7 and it now contains 14 stations, including stations positioned on a profile across the on-land portion
of the Husavik-Flatey Fault (Figure 4.1). The main purpose of the CGPS network is to monitor crustal
movements and to provide detailed insight into the kinematics of the transform zone (Geirsson et al.
2006, 2007). The mostly offshore location of the TFZ and its complex tectonics make it challenging
to resolve the transform kinematics and evaluate the seismic potential of the two main transform
structures, the Grimsey Oblique Rift, and the Husavik Flatey Fault. However, the network results
show that currently the transform motion in the TFZ is currently accommodated ~34% by the HFF
and ~66% by the GOR. The resulting slip velocity of ~6.9 mm/yr on the HFF and the time since the
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Figure 5.1. Locations of ICEARRAY II strong-motion stations in Husavik, north Iceland, that have been
installed (black triangles) and are planned (grey triangles). Three stations within the town will be collocated
with high-rate sampling GPS units (white dots in triangles), scheduled for deployment in 2012. The thick grey
line denotes the coastline, with Skjalfandi-bay to the west of Husavik, and the thin grey lines denote the road-
system of Husavik and its vicinity. The lake Botnsvatn sits directly on the HFF, where its approximate location
on land is denoted by the thick dashed grey line.

last two strong M6.5 earthquakes in 1872 indicate a slip deficit on the fault of ~0.83-1.05 meters,
assuming a steady slip rate since 1872. This slip deficit corresponds to the seismic potential of the
HFF being equal to ~M6.8 earthquake (Metzger et al. 2011) (the maximum considered earthquake
potential of the western HFF is ~M7.3 (Bjornsson et al. 2007)).

5. HUSAVIK AND THE ICEARRAY II

With Husavik being the second largest town in North Iceland (2,300 people, Figure 5.1) and located
directly on top of the HFF (Semundsson 1974; Semundsson & Karson 2006), it is exposed to
relatively high seismic risk. Moreover, the local soil conditions in Husavik are in part characterized by
soft sediments of varying depths depending on the location inside the town. Buildings and critical
infrastructure on and across such soft site conditions are much more susceptible to earthquake damage
than infrastructure built on firm ground. This is supported by theoretical and empirical evidence in all
damaging earthquakes since the dawn of earthquake and geotechnical engineering and seismological
monitoring (see e.g., Kawase 2003; Youd 2003, and references therein). In addition, discussions of
significant industrial development for the Husavik area have arisen during the past decade, which
would possibly include the construction of an aluminium smelter (Honnun engineering consultants
2005; Seemundsson & Karson 2006; Bjornsson et al. 2007; Sigbjornsson & Snabjérnsson 2007).

Figure 5.1 shows the locations of the proposed ICEARRAY II stations with respect to Husavik, the
coastline and the HFF. In addition to one existing ICESMN station, three new ICEARRAY II stations
were deployed in 2011. The additional strong-motion and CGPS stations shown in Figure 5.1 will be
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Figure 5.2. Recorded acceleration along the north-south component at three different ICEARRAY 1I stations
for the earthquake event of 22 March 2012 at 23:55 (M, 2.2, epicentral distance 14 km). The difference in the
recorded ground motion is dramatic.

deployed during the summer of 2012. Eventually, therefore, the ICEARRAY II will consist of eight
strong-motion stations, three of which will be collocated with high-rate-sampling GPS units. The GPS
units of ICEARRAY II will be an addition to the six profile CGPS stations lying to the north and
south of Husavik (Metzger ef al. 2011). The closest CGPS stations in this network are currently ~3
km from the ICEARRAY II stations shown in Figure 5.1.

Since the deployment of the first ICEARRAY II stations, we have recorded three small earthquakes
on the HFF. One of them was an M; 2.2 earthquake at a distance of 14 km from Husavik. Figure 5.2
shows a comparison of the recorded acceleration (vs. time) along the north-south component on the
three numbered stations in Figure 5.1. The difference in the strong-motion is dramatic and is most
likely due to the difference in local site conditions at the stations. We note in particular the difference
between stations IS701 and IS703. The former is located on soil in the basement of a 2-storey office
building near the harbour while the latter is located in a residential house on the edge of a large hill
(which is composed of gravel). Both instruments are located at the base of a low-rise reinforced
concrete structure but between them there is a considerable difference in elevation (~20-30 meters).
Finally, station IS702 is located ~1-2 km away from Husavik on a completely different type of
bedrock. We were aware of the qualitative differences in site conditions inside Husavik (which
controlled the station locations). Nevertheless, we did not expect the extent of this relative difference
in ground motion amplitudes as shown in Figure 5.2. More data will eventually enable us to draw a
clearer picture of the relative differences in earthquake ground motions inside Husavik.

6. CONCLUSIONS

This study is intended to give a brief overview of the tectonics of Iceland with respect to earthquake
potential and thus focuses on the two transform zones in the south and north of the country and
presents the motivation behind the deployment of the ICEARRAY II strong-motion and GPS array in
Husavik, North Iceland. It builds on the current state of strong-motion monitoring in Iceland and, in
particular, its latest developments, namely the deployment of the ICEARRAY I in South Iceland, and
the research results and opportunities created from the data it recorded during the M,, 6.3 Olfus
earthquake of 29 May 2008. The data shows considerable variability in recorded earthquake strong-



motion, even over distances of less than 2 km in the town of Hveragerdi, for which local site
conditions are believed to be fairly uniform (though with notable exceptions). The situation in the
town of Husavik was therefore expected to be more extreme, as the town sits in a pull-apart basin on
the Husavik-Flatey Fault, and the local site conditions were known to vary considerably across the
town. The deployment of ICEARRAY II will be finished in 2012, and the recorded data so far, albeit
limited, indicate that our reasons for deploying a permanent strong-motion (and GPS) monitoring
system in Husavik are warranted.
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