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Executive Summary

Landsvirkjun, in cooperation with Theistareykir Ltd and Landsnet plans to build geothermal
power plants at four geothermal sites within the volcanic zone in NE Iceland and associated
transmission systems to supply power for an industrial site at Bakki near Husavik. The proposed
power plant sites are Krafla, Theistareykir, Gjastykki and Bjarnarflag. To facilitate the work, a
group of experts was appointed in February 2007 to study the effects of geo-hazards within the
Northern Volcanic Zone. The results of their investigations are presented herein.

The first objective of the present study is to assess the geo-hazards that may cause operational
interruptions or damage to planned geothermal power plants in NE Iceland, transmission lines
and sub-stations. The hazard assessment for the area of concern can be limited to three types of
geo hazards. They are: volcanic activity, earthquakes and tectonic movements of land. The
second objective is to determine the likely impacts of hazardous events in the area on the
proposed power plants and the transmission systems, and to put forward measures to mitigate the
risk through protective measures and location of structures, along with structural design recomm-
endations based on a predefined probability of occurrence.

Time between major volcano-tectonic rifting episodes in the Krafla volcanic system is several
100s of years. The last episode, called the Krafla Fires, lasted 1975-1984. Another similar
episode took place 250 years ago in the early 18th century. Before that, about 1000 years ago the
area was volcanically active. The last eruption in the Theistareykir field occurred ~2500 years
ago. Since then no tectonic movements have occurred in the eastern part of the field where the
present drilling area is located and where the planned power plant will be built. During the 18th
and 20th century rifting episodes a major stress release took place in the northern part of the
Northern Volcanic Zone. Therefore, the probability of new rifting during the next 100-200 years
is low. Dyke and sheet intrusions are more likely, but it should be noted that they are beneficial in
the long term as they act as heat source for the geothermal systems. Associated fracturing can
also facilitate flow of water in the crust.

Probability of earthquakes with M > 5 within or close to the geothermal fields is low. However,
earthquakes up to M = 6.5 within the southern part of the Husavik faults are considered in the
present study, along with larger magnitude events in the transform zone of the coast.

Probabilistic seismic hazard analysis reveals low to moderate earthquake hazard for the proposed
power plant sites. This result is obtained using conservative estimates for upper bounds of earth-
quake magnitudes. De-aggregation of the seismic hazard curves indicate that small to moderate
sized near-fault earthquakes with short duration contribute most to the suggested design values
for the study sites. In the case of long periodic structures a big distant earthquakes may be a
contributing event. The results of the de-aggregation are used in deterministic hazard analysis
resulting in simulated time series applicable for design considerations. The main findings of the
probabilistic and deterministic hazard analysis are synthesized into suggested design provisions
for earthquake action, including presentation of inelastic effects. The recommended design
requirements conform to good engineering practice and leading design guidelines such as
Eurocode 8.
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Risk can be mitigated by locating structures outside the central zone of the fissure swarms. Risk
is further mitigated and reliability of energy delivery increased by building four power plants at
four different locations in the volcano-tectonic zone. Simultaneous eruptive activity and
fracturing in all of the four considered geothermal fields at any time is highly unlikely. To further
enhance the reliability of energy delivery, two separate transmission lines will be running from
the power plants to the industrial lot. Each power line will be able to carry the total energy
needed.

Samantekt

Landsvirkjun, Peistareykir ehf og Landsnet undirbua byggingu fjogurra jardgufuvirkjana i gos-
beltinu & Nordausturlandi og lagningu haspennulina fra virkjununum ad idnadarsvaedi & Bakka
nordan Husavikur. Virkjunarstadirnir eru beistareykir, Gjastykki, Krafla og Bjarnarflag. I febraar
2007 skipudu fyrirteekin 6 sérfraedinga 1 vinnuhop til pess ad meta jardva fyrir virkjunarstadina og
linustedin. Er pad mat kynnt i pessari skyrslu.

[ fyrsta lagi var metin v4 er geti valdid truflun 4 rekstri eda skemmdum 4 virkjunum, spennu-
virkjum og haspennulinum. Slik va tengist einkum eldvirkni, jardskjalftum, hreyfingu tengddri
landreki og kvikusofnun i jardskorpunni. I 6dru lagi var reynt ad meta likleg ahrif slikra vidburda
a fyrirhugadar virkjanir og flutningslinur og lagdar eru til adgerdir til pess ad draga Ur dhettunni.
ber felast 1 varnaradgerdum, radleggingum um stadsetningu mannvirkja og tilldégum um hoénn-
unarforsendur, sem byggdar eru 4 likum 4 tidni og sterd atburda sem va stafar af.

Meiri hattar landreks- og eldgosahrinur verda i Kroflu sprungureininni & nokkur hundrud ara
fresti. Sidasta hrina, sem nefnd er Kroflueldar, vard 1975-1984. Onnur svipud hrina vard fyrir um
250 arum og par adur var eldvirkni fyrir um 1000 arum. Sidasta gos vard 4 Peistareykjum fyrir
um pad bil 2500 drum. Sidan pa hafa engar landhreyfingar att sér stad a eystri hluta svadisins par
sem naverandi borsvadi er og par sem fyrirhugad er ad reisa virkjun. I eldgosahrinunum 4 18. og
20. 6ld vard mikil glidnun og spennuslokun i nordurhluta gosbeltisins & Nordausturlandi og pess
vegna eru litlar likur & nyrri storri hrinu neestu 100-200 arin. Minni hattar innskot eda ganga-
myndun gati att sér stad en slikt er til bota pegar til lengri tima er litid pvi innskot og gangar eru
hitagjafar hahitasvaedanna. Medfylgjandi myndun sprungna eykur einnig lekt jardlaga sem er af
hinu géda.

Litlar likur eru 4 ad jardskjalftar sterri en 5 verdi a eda i grennd jardhitasvedanna. Hins vegar er
gert 140 fyrir ad skjalftar med sterdina 6,5 geti ordid 4 sudausturhluta Hisavikurmisgengisins.

Likindafredileg jardskjalftagreining leidir i 1j6s ad jardskjalftava & fyrirhugudum byggingar-
svaedum orkuveranna er fremur litil. Pessi nidurstada er byggd a ihaldsému mati & mestu staerd
jardskjalfta med upptok & nalegum upptakasvedum. Enn fremur benda nidurstodurnar til pess ad
nalegur litill til medalstor jardskjalfti sem varir stutt valdi allajafha mestri araun & virkjana-
svedunum. Undanskilin eru mannvirki med langan eiginsveiflutima, svo sem mjog hareist mann-
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virki, en fyrir pau er araun af voldum fjarleegra storra jardskjalfta radandi. Meginnidurstodur
rannsOknarinnar eru dregnar saman i heildsteda tillogu ad honnunarleidbeiningum er varda
jardskjalftaaraun, hér med talin umfjéllun um olinulega araun svo og framsetning timarada sem
er ®tlad ad likja eftir hreyfingu yfirbords jardar i jardskjalftum a byggingarsvaedunum. bar
honnunarkréfur sem settar eru fram og mealt er med ad verdi lagdar til grundvallar vid mann-
virkjagerd 4 svaedinu eru i samraemi vid godar verkfraedihefdir og helstu honnunarstadla, svo sem
Evropustadal nr. 8.

Unnt er ad draga ur ahettu med pvi ad stadsetja 611 mannvirki & yfirbordi utan virkustu midju
sprungureinanna. Einnig er dregid verulega ur dhattu og orkuframleidsla gerd tryggari med pvi
ad dreifa fyrirhugudum jardgufuvirkjunum & fjogur jardhitasvaedi med nokkud 16ngu millibili
innan eldvirka beltisins. Pad er einkar oliklegt ad 61l fjogur jardhitasvaedin yrou fyrir dhrifum fra
jardhraeringum, eldgosum eda jardskjalftum & sama tima. Lagdar verda tvaer hdspennulinur fra
jardgufustoovunum ad Bakka til ad tryggja rekstrardryggi og getur hvor um sig flutt naegjanlega
orku fyrir storidjuver.
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1. Introduction
Axel Bjornsson, University of Akureyri

1.1 Assumptions and objectives

1.1.1 Introduction

Landsvirkjun, in cooperation with Theistareykir Ltd. and Landsnet plans to build geothermal
power plants at four sites in the volcanic zone in NE Iceland and transmission systems to an
industrial site Bakki near Husavik. For location see Figure 1.1. The geothermal sites are Krafla,
Theistareykir, Gjastykki and Bjarnarflag. The goal is to produce 400 MWe. The first production
phase of 200 MWe is expected to be finished in 2012 and the second production phase of 200
MWe in 2015. In February 2007 Landsvirkjun, Theistareykir Ltd. and Landsnet appointed a
group of experts to study the effects of geo-hazards within the volcanic zone in NE-Iceland. The
aim was to present a report in August 2007. In the beginning it was decided to base the study
mainly on existing and available data. The first discussions lead to the conclusion that the hazard
assessment for the area of concern could be limited to three types of natural hazards. They are:
volcanic activity, earthquakes and tectonic movements of land.

1.1.2 Objectives

The first objective of the present study is to assess the geo-hazards that may cause operational
interruptions or damage to planned geothermal power plants in NE Iceland, transmission lines
and substations. The first step is to identify the type of hazard, location, frequency and the
severity of the events. In the volcanic zone of NE Iceland there are three types of geo-hazards to
be considered. They are:

e Volcanic activity with lava flows from nearby craters or fissures and freatic eruptions
and ash fall from distant volcanoes in other parts of the country

e FEarthquakes originating in the Tjornes fracture zone as well as local earthquakes within
the volcanic zone.

e Tectonic movements associated with the plate movements, rifting of the plates and
intrusion of magma into the crust.

The second objective is to determine the likely impacts of hazardous events in the area on the
proposed power plants and the transmission systems, and to propose measures to mitigate the risk
through protective measures and location of structures, along with structural design
recommendations based on a predefined probability of occurrence.

1.1.3 Layout

The present report consists of six chapters. The first chapter contains an introduction to the
geological setting of Iceland with a special emphasis on the geology of the volcanic zone in NE
Iceland. It also contains a brief description of a major rifting and volcano-tectonic episode which
took place 1975-1989 in the northern volcanic zone. The second chapter deals with volcanic
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hazard, both local eruptions as well as danger of ash-fall from distal volcanoes. It further studies
in detail the proposed site location of power plants, substations and transmission lines with the
aim of avoiding active faults and fissures. The third chapter presents hazards caused by tectonic
activity, i.e. horizontal and vertical land movements associated with plate movements and magma
accumulation in the earth crust. The fourth chapter deals with seismic activity both in the off-
shore Tjornes fracture zone and the volcanic zone on land. The fifth chapter deals with
earthquake action in terms of engineering seismology, building on the previous chapters to
develop structural design recommendations. The sixth chapter summarizes the essential parts of

the work.
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Figure 1.1 Location of the geothermal sites at Krafla, Theistareykir, Gjastykki and Bjarnarflag and the

industrial lot at Bakki. Also shown are existing and future power lines (green lines).
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1.1.4 Group of experts

The authors of this report are a group of geoscientists and engineers. Every group member has
contributed to all chapters of the report and the manuscript has been discussed thoroughly by the
whole group at various stages. Nevertheless each member has been the principal author of one
chapter as indicated below. The group members are Dr. Kristjdn Saemundsson, chief geologist at
the Iceland GeoSurvey (Chapter 2), Dr. Freysteinn Sigmundsson, geophysicist, Nordic Volcano-
logical Center, University of Iceland (Chapter 3, with co-authors), Pall Halldorsson, seismologist,
The Icelandic Meteorological Office (Chapter 4), Dr. Jonas Thoér Snaebjornsson, structural
engineer, and Professor Ragnar Sigbjornsson, both at the Earthquake Engineering Research
Centre of the University of Iceland (Chapter 5) and Dr. Axel Bjornsson, Professor in environ-
mental sciences at the University of Akureyri (Chapter 1), chairman of the group and editor in
chief of the report.

1.1.5 Use of Icelandic letters in names

Most Icelandic place names are written with Icelandic letters (Gjastykki and not Gjastykki).
There are three exceptions for letters not existing in English. The Icelandic letter b, p (pro-
nounced like th in thunder) is replaced by Th and th. The letter d (pronounced like th in although)
is replaced by d. The letter & is replaced by ae. Consequently the name of the geothermal field
beistareykir is written as Theistareykir in the English text and the surname of one of the group
member Semundsson is written Saemundsson.

1.2 The geological setting

Iceland is located at the intersection of the Mid-Atlantic ridge and the Greenland-Iceland-Faeroes
ridge. The former lies on the diverging plate boundary of the American and the Eurasian plates.
The spreading direction is N100°E. The Greenland-Iceland-Faeroes ridge is thought to be the trail
of a mantle plume located beneath Iceland which has been active from the time of opening of the
North-Atlantic some 50 Ma ago (Figure 1.2). The plume is now situated below central East-
Iceland, within the eastern branch of the volcanic rift-zone which crosses Iceland from southwest
to northeast. The existence of a mantle plume is supported by a seismic anomaly and by a major
Bouguer gravity-low centred above the proposed plume. The mass deficit must presumably be
sought in both the elastic crust and in the underlaying asthenosphere. An anomalously low P-
wave velocity of 7.0-7.6 km/s and attenuation of S-waves has been observed in the mantle
beneath Iceland, indicating partial melt. This anomalous mantle terminates abruptly near the
insular shelf south of Iceland where normal oceanic crust and lithosphere is found.

The spreading rate near Iceland was first estimated to be about 1cm/y in each direction, based on
magnetic anomalies to the north and south of Iceland (Figure 1.2). Repeated regional GPS

measurements have delivered similar values as shown in Figure 1.3.

The axial rift zone crosses Iceland from the Reykjanes Peninsula where it connects with the
Reykjanes Ridge (RR). Transform fault zones, the Tjornes Fracture Zone (TFZ) in the northeast
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and the South Iceland Seismic Zone in the south (SISZ), connect the presently active spreading

zones with the submarine ridge segments (Figure 1.4).

32° 24° 16°

8°

GREENLAND

9
FAEROE
ISLANDS

68°

66°

64°

62°

Figure 1.2 Iceland is an elevated plateau of volcanic basalt in the North Atlantic, situated at the junction

between the Mid-Atlantic-Ridge (MAR) which characterizes the plate boundaries of the American and the Eurasian
plate and the elevated Greenland—Iceland—Faeroes Ridge. The Reykjanes Ridge southwest of Iceland and the
Kolbeinsey Ridge to the north are segments of the MAR. The spreading rate is around lcm/y, indicated by blue
arrows. Magnetic anomalies (blue lines) indicate increasing age in million years (Ma) of the ocean bottom with

increasing distance from the rift axes. Also shown in red are the volcano-tectonic rift zones crossing Iceland from

southwest to northeast. The South Iceland Seismic Zone (SISZ) in the south and the Tjornes Fracture Zone (TFZ) in

the north are transverse zones which connect the volcanic rift zones to the segments of the MAR.
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Figure 1.3 Plate movements from 1993 to 2004 in Iceland measured in GPS surveys. Regional north
component of the movement has been removed. The center zone of the rift zones in north and east Iceland was kept
fixed. Data provided by Landmaelingar Islands (National Land Survey of Iceland, 2007).

Tectonic earthquakes are due to relative movements of the North American and Eurasian Plates.
The biggest tectonic earthquakes in and around Iceland occur in the transverse zones in south
(SISZ) and north Iceland (TFZ) and may reach at least magnitude seven. In the spreading
volcanic zones magnitudes are smaller and usually do not exceed 5 (Figure 1.5) This is due to the
fact that the elastic crust is presumably only 5-10 km thick in the volcanic rift zones and the
temperature gradient is high. In the transform zones (TFZ and SISZ) the elastic crust is thicker,
some 10-15km, and the temperature gradient lower. Volcanic earthquakes located in the vicinity
of the major volcanoes usually do not exceed magnitudes 4-5. Small earthquakes, which occur
quite frequently in high-temperature geothermal areas, usually do not exceed magnitude three.
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Figure 1.4 Simplified geological map of Iceland. The yellow area indicates the volcano-tectonic zone younger

than 0.8 Ma. The green area shows bedrock 0.8-3.3 Ma old, and the blue area indicates Tertiary bedrock with age up
to 16 Ma (Saemundsson, 1978). Open circles represent central volcanoes and direction of the associated fissure
swarms (arrows). Filled red circles indicate large olivine-tholeiitic lava shields (not all shown). Heavy or dotted lines
mark the transform faults and the dotted circle indicates the proposed location of the mantle plume beneath the
island. SISZ is the south Iceland Seismic Zone. The map is modified from Saemundsson (1978). The geothermal
areas assessed in this report, Krafla and Theistareykir, are marked in the NE volcanic zone.

1.3 The Volcano-tectonic rift zone in NE Iceland (NVZ)

The volcanic zones in Iceland are segmented into discrete volcanic systems. Most of them
include a central volcano and a fissure swarm with proximal eruptive fissures and distal non-
eruptive faults and ground fissures. The fissures extend far beyond the area of surface volcanism
being the subsurface expression of dyke swarms (Saemundsson, 1974, 1977, 1978). Geothermal
areas are an integral part of most of the central volcanoes. Sometimes subsidiary geothermal
systems occur at volcanic foci on the fissure swarms, well away from the central volcanoes. The
chemical compositions of lavas exhibit a wide range in most of the volcanic systems (Jakobsson,
1979). Acid volcanism is confined to the central volcanoes, rocks of intermediate composition
occur around the center, but only basalt is erupted in the fissure swarms. These features indicate
shallow magma chambers at some 3-10 km depth under the central volcanoes where the magma
ascending from the mantle evolves.
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Figure 1.5 Spatial distribution of earthquakes in and around Iceland in the years 1994-2004. Red dots of
different sizes indicate earthquakes of various magnitudes (Halldorsson, 2005). Also shown are fissure swarms,
elongated yellow areas, and central volcanoes, circular areas, mapped by Saemundsson (1978).

A second major type of volcanoes is large monogenetic lava shields and table-mountains,
composed of primitive olivine-tholeiites indicating a deeper mantle magma source. Some of the
volcanic shields are composed of picrite, suggesting a still deeper source. The lava shields are
only found in the West Volcanic Zone (WVZ) and North Volcanix Zone (NVZ) axial rift zones,
and most of them were formed during the last part of the ice age and in a short time interval after
the end of the ice age. The axial rift zones are flanked by Quaternary volcanic formations and,
further to the east and west, by Tertiary flood basalts as shown in Figure 1.4 (Saemundsson,
1978, 1979; Johannesson and Saemundsson, 1998).

The axial rift zone in NE-Iceland contains 5 volcanic systems. The associated en-echelon fissure
swarms are oriented N10°E. They derive their names from the intersected central volcanoes, all
of which contain high temperature geothermal fields. They are, from west to east (Figure 1.6), the
Theistareykir-, Krafla-, Fremrindmur-, Askja- and Kverkfjoll-fissure swarms (Saemundsson,
1974). See also Figure 1.7, which is an aerial view of the Krafla fissure swarm. The Theista-
reykir- and Fremrindmur central volcanoes have no developed calderas, which indicates absence
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of shallow crustal magma chambers. In both these volcanic systems olivine-tholeiitic lava shields
are more numerous than elsewhere in the axial rift zone.

The plate movements are oblique to the plate boundary and perpendicular to the individual
fissure swarms in this area. This indicates that the fissure swarms in NE-Iceland are created
mainly in the upper brittle crust, by tensile crack formation perpendicular to the axis of minimum
compressive stress. The Krafla fissure swarm is characterized by open fissures, faults and nested
grabens. Its total length is some 100 km and its width usually 4-10 km. The Krafla central
volcano has a caldera, is characterized by a topographic high, and is situated just south of the
longitudinal midpoint of the swarm. The northern end of the fissure swarms connects with the
Tjornes Fracture Zone (TFZ) in the bay Oxarfjérdur (Saemundsson, 1991).
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Figure 1.6 The volcanic zone in NE-Iceland is segmented into five major discrete volcanic systems. They
include a central volcano characterized by topographic high (light red areas) and elongated fissure swarms (yellow
areas) with proximal eruptive fissures and distal non-eruptive faults and tensional fissures (Saemundsson, 1974,
1978). The main seismic lineaments of the Tjornes Fracture Zone are shown as massive or dotted lines: a) Kopasker—
Grimsey fault, b) Htsavik-Flatey fault and c¢) Dalvik lineament. The location of the seismic lineaments is based on
earthquake distribution in Figure 1.5. The Krafla power plant is marked with filled triangle K and the future power
plants at Theistareykir, Gjastykki and Bjarnarflag with open triangles and Th, G and B respectively. The filled
square, just north of the town Husavik, shows the location of the industrial lot at Bakki.
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Major volcano-tectonic activity is episodic in the axial rift zone in NE Iceland, occurring every
100-200 years. Each episode may last a few years. It is characterized by discrete short events of
days or weeks. Only one fissure swarm is active at a time, only a part of a swarm may become
active and widening and faulting varies along the swarm. Major seismic activity was reported in
the Theistareykir fissure swarm in 1618, volcanism and tectonic activity occurred in the Askja
fissure swarm from 1874-1875 and in the Krafla fissure swarm from 1724-1729. At that time the
activity was mainly within and south of the Krafla caldera, in contrast to the most recent activity
of 1975-1989 which was mostly within and to the north of it. For further details see Chapter 2,
Section 2.1

Figure 1.7 Aerial view to the north of the Krafla fissure swarm by Gjastykki some 10 km north of the caldera.
The fissure swarm is about 5 km wide and some 80 km long. It is bounded by normal faults to the east and west. In
between open tensional fissures are dominating. Several fumaroles and steam vents can be seen, that were
reactivated during the initial phase of the Krafla Fires before the area was covered by lavas.

1.4 The crust in NE-Iceland

During the last three decades, two different models of the Icelandic crust and upper mantle have
been presented. First, there is the classical thin crust model where the crust is thought to be about
10-15 km thick under the main rifting axes. This thin crust thickens with age to some 25-30 km
beneath the older Tertiary areas in the west and east Iceland, where it connects to the thick crust
of the Iceland-Faeroes ridge. According to this model the uppermost 10-15 km of the crust are
mainly formed by dike intrusion and lava eruptions and continuous subsidence and mixing of
magma in the rift zones (see e.g. Palmason, 1980; Hermance, 1981; Mayer et al., 1985; Gebrande
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et al., 1980). Hence, this upper part of the crust is partly crust derived. The lower crust is created
by up-flow of magma, intrusions and under-plating causing thickening of the crust with age. At
the crust mantle boundary, there is a thin layer with low electrical resistivity which has been
interpreted to be partially molten basalt which migrates from the mantle and creates the lower
crust (Beblo and Bjornsson, 1980). Second, there is the so-called thick-crust model, which is
mainly based on recent seismic data and reinterpretation of old seismic data where a reflector can
be seen at many spots beneath the seismic profiles at 20-40 km depth. The thick-crust model is
primarily based on the assumption that these reflectors can be interpreted as the Moho boundary
between anomalous thick oceanic crust and the anomalous low-velocity mantle below (see e.g.
Bjarnason et al., 1993; Menke and Levin, 1994). Another explanation for the deep reflections
could be melt patches in the mantle, which confirms with various recent petrogenetic studies on
the origin of magmas beneath Iceland (Schiellerup, 1995; Maclennan, 2001; Breddam, 2002). For
detailed discussion of both these crustal models see e.g. Bjornsson et al. (2005) and references
therein.

It is not relevant here to discuss further the difference between the two crustal models; the
problem may be a matter of definition of terms like the words crust and Moho. On the other hand
it is important to know the thickness of the elastic or rigid layer (elastic crust) beneath Iceland
and to be able to estimate the viscosity of the asthenosphere below. Two different methods have
been used to estimate the viscosity below the upper rigid crust (lithosphere). One method uses
isostatic rebound measurements around the Vatnajokull glacier in SW Iceland (Sigmundsson,
1991; Sigmundsson and Einarsson, 1992; Pagli et al., 2007). The other method investigates stress
redistribution following the major Krafla tectonic event which took place in NE-Iceland in 1975-
1989 (Foulger et al., 1992; Heki et al., 1993; Hofton and Foulger, 1996a, 1996b). All these
elasticity models dealing with Iceland make the simplifying assumption that the elastic layer has
a constant thickness of ~10 km and that the underlying asthenosphere is homogenous. This is
most likely not the case. It is more likely that the elastic layer thickens with age from the
spreading axes, see Figure 1.8. Further the viscosity of the asthenosphere presumably decreases
with increasing distance from the plate boundaries and the mantle plume. Buerger et al. (2002)
have estimated the thickness of the lithosphere and the viscosity of the asthenosphere in southeast
Iceland from gravity variations over one decade. They found the lithosphere to be 10-15 km
thick, and the thickness of the asthenosphere to be about 170 km with a viscosity in the range of
0.3-1- 10" Pa s. Sjoberg et al. (2000) found the lithosphere to be 30 km thick in this area, and the
asthenosphere to be about 100 km thick with a viscosity of 5-10'® Pa s. Kaban et al. (2002) on the
other hand estimated the thickness of the rigid crust to be only about 6 km. It can be concluded
from above mentioned work that the viscosity of the asthenosphere vary in the range of 0.3-
30-10" Pa s, which is exceptionally low on a global scale.

At the maximal earthquake focal depth, where it can be measured in Iceland, the temperature has
been estimated to be about 600-800°C (Bjarnason et al., 1994, Foulger, 1995, Agustsson and
Flévenz, 2005). Hence, the depth to the ~700°C iso-surface corresponds to the thickness of the
elastic crust. If the surface temperature gradient, which has been measured in shallow drillholes
outside geothermal areas (Saemundsson et al., 2003), can be extrapolated linearly down to 700°C
the thickness of the elastic crust is known. Some studies indicate that the temperature gradient
may decrease somewhat with depth (Agustsson and Flovenz, 2005) but other ongoing studies
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made in the SISZ (Bjornsson, 2007) indicate that the temperature gradient is, as a first order
estimate, linear from the surface down to the 700°C iso-surface and even down to the good
electrical conductor at 10-30 km depth where the temperature is thought to be 1100°C (Bjornsson
et al., 2005). Using both these data sets i.e. the surface temperature gradient and the depth to the
conductor, we can estimate the thickness of the elastic crust in NE Iceland. It varies from ~ 5 km
within the major evolved volcanic zone (NVZ) to some ~ 15 km in the old Tertiary areas (Figure
1.8).

Figure 1.8 Estimated thickness of the brittle crust in NE Iceland. Numbers at the isolines indicate thickness in
km. TFZ is the Tjornes Fracture Zone. The bottom of the brittle crust (seismogenic layer) is assumed to be at 700°C.
The depth estimate is based on surface temperature gradient data (Saemundsson et al., 2003) and the depth to a low-
resistivity layer assumed to be at 1100°C (Bjornsson et al., 2005). Red circles are high-temperature areas and the
yellow zones are fissure swarms (Saemundsson, 1978).

It is interesting to note that the minimum thickness is found above the mantle plume and the
Krafla area. The 9 km depth line shows an elongated anomaly trending NNW below the central
volcanoes. This may delineate the plate boundaries at depth and their connection to the Htisavik
Flatey Fault and the Kolbeinsey Ridge.
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1.5 The Krafla Fires — a volcano-tectonic episode 1975 - 1989
1.5.1 Description of the volcano-tectonic episode

In 1975 a major rifting episode started in the Krafla fissure swarm. This rifting episode created a
major threat to a geothermal power plant which was already under construction in the Krafla
geothermal field, and to several deep production wells which had been drilled. Hence, the activity
was monitored carefully. The scientific results have been described in detail in the literature (see
e.g. Bjornsson 1976, 1985; Bjornsson et al., 1977, 1979; Einarsson, 1978; Einarsson and Brands-
dottir, 1980; Tryggvason, 1980, 1984; Einarsson, 1991; Saemundsson, 1991). The most import-
ant findings are summarized here because this episode is most likely an excellent and character-
istic example of a rift episode likely to occur in some other volcanic centers in Iceland.

During the year 1975 some precursory symptoms occurred. Increased seismic activity was
observed in the Krafla area on a seismometer in Akureyri some 100 km to the west of the area.
During the years 1964 — 1974 the average number was only 4 earthquakes per year of magnitude
>2. In March 1975 this number increased sudddenly to 4-6 earthquakes per month of the same
magnitude and continued until December (Stefansson, 1976). In December 1975 a minor fissure
eruption occurred near the hill Leirhnjukur in the center of the caldera and major earthquake
activity was observed in the fissure swarm, mainly to the north of the caldera. Fissures in the
swarm widened up to some tens of cm. An extended dry tilt leveling survey made in March 1976
showed that the center of the caldera floor had subsided over 2 m. The subsidence bowl was
centred close to the hill Leirhnjikur and had a radius of some 10 km. A few weeks after this
initial rifting event the land started to rise again. The speed was about 5 mm/day at the apex of
the bowl. The second deflation and rifting event occurred in September 1976. This periodic
inflation for weeks or months, interrupted with sudden subsidence-rifting events, continued for 9
years until 1984. This course of events was explained by the existence of a shallow magma
chamber in the center of the caldera with a steady inflow of magma from below and periodic
rifting and flow of magma into the fissure swarm. The shape and location of the inflation-
/deflation bowl is shown in Figure 1.9. The center of the bowl was in a similar place during the
whole rifting episode and is presumably located above the highest point of the shallow magma
chamber.

Model calculations (Bjornsson et al., 1979; Mogi, 1958) pointed to an upper crustal magma
chamber at 3 km depth which received a continuous inflow from below, of 1-5 m’/s of magma,
from the beginning of the activity. The volcano inflated at a rate of a few mm/day for weeks or
months, and increased earthquake activity was observed in the crust above the inflation center.
This went on until the land elevation, the amount of magma, and the pressure in the magma
chamber reached some critical values sufficient to initiate rifting of the fissure swarm. As the
rifting propagated laterally outwards from the caldera, magma migrated along the fissures,
forming a dike, and a nearly circular deflation bowl with a radius of about 10 km was created
with a maximum deflation at the southeast end of the hill Leirhnjukur. The earthquake activity
ceased within the caldera as the land subsided but earthquake activity was observed in the fissure
swarm and individual fissures widened up to tens of cm where the dikes were formed. The
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earthquake activity and the widening of ground fissures propagated laterally along the fissure
swarm with a speed of around 0.5 m/s (~2 km/h). These short active pulses, known as rifting or
deflation events, usually lasted several hours, or at the most, a few days. The inflation periods
usually lasted several months. Earthquake surveys done during the first inflation/deflation cycles
delineated two regions of high S-wave attenuation. These were a few km in diameter and the top
was at about 3 km depth. They were located to the east and west of the apex of the inflation-
/deflation bowl, for location see Figure 2.2 in Chapter 2, Section 2.3.2 and were interpreted as the
expression of a magma chamber (Einarsson, 1978).
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Figure 1.9 Inflation — deflation bowl with an apex at the SE end of the hill Leirhnjukur near the center of the

Krafla caldera and ~1 km NNE of the Krafla power house, shown as a red square. Average land elevation changes
(left), one subsidence event (middle) and inflation rate during an inflation period (right) are shown. The center of the
inflation-deflation bowl was nearly at the same place during the whole episode and presumably delineates the
location of the top of the magma chamber. The two S-wave shadows, mapped by Einarsson (1979) are on the other
hand located to the west and east of the center of the inflation bowl (see Fig. 2.2). Figure modified from Bjornsson et
al., (1979).

Figure 1.10 shows elevation changes during a 20 year period from 1975 to 1995, at a benchmark
(FM 5596) about 0.8 km SSE of the center of the inflation/deflation bowl. A benchmark near the
southern end of Lake Myvatn, 20 km away (FM6414), is used as a reference height. The elevat-
ion changes at the apex of the inflation-deflation bowl were about 10% higher. The vertical
deflation at the center during a single rifting-deflation event varied from a few cm up to 2.3 m. A
total of 24 rifting events occurred from 1975-1984. Some were very small with subsidence of less
than 5 cm. Others were some tens of cm and up to 105 cm (Table 1.1). After the last major rifting
event and the last volcanic eruption the land elevation continued to increase. In March 1989 the
maximum height was reached at about 1.3 m higher than in 1975 before the activity started. The
inflow of magma into the magma chamber at Krafla seems to have stopped abruptly and since
then the land has been deflating at a slow rate. At the beginning the deflation was a few cm/y and
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later measurements showed that the deflation was decaying exponentially. According to recent
modelling work the deflation rate has reached a few mm/y (de Zeeuw-van Dalfsen et al., 2006).

Table 1.1 Rifting events during the Krafla rifting episode 1975-1984
Year Subsidence period Subsidence in Rifting Lava

Start - End FM-5596 (cm) | (North/South) (km?)

1975/6 20. Dec. - Feb. 203 N+S 0.036

- 29. Sep. - 04. Oct. 14 N -

- 31.Oct. - 0OI. Nov. 57 N -

1977 20.Jan. - 21.Jan. 29 N -

- 01. Apr. - 02. Apr. 1 ? -

- 27. Apr. - 28. Apr. 77 S 0.001

- 08. Sep. - 10. Sep. 21 S 0.5

- 02. Nov. 3 N -

1978 07.Jan. - 25.Feb. 105 N -

- 10. Jul. - 13.Jul. 57 N -

- 10. Nov. - 15. Nov. 64 N -

1979 13. May. - 18. May 84 N -

- 17. Sep. 1 ? -

- 02. Dec. - 08. Dec. 3 N? -

1980 01. Feb. - 09. Feb. 10 S -

- 16. Mar. - 17. Mar 38 N+S 1.3

- 20. Jun. - 25.Jun. 2 ? -

- 10. Jul. - 14.Jul. 40 N 5.3

- 01.Oct. - 02.Oct. 2 ? -

- 18. Oct. - 23.Oct. 30 N 11.5

- 24. Dec. - 28. Dec. 10 N -

1981 30.Jan. - 04. Feb. 27 N 6.3

- 18. Nov. - 29. Nov. 50 N 17

1984 04. Sep. - 18. Sep. 55 N 24

1989 16. Mar. Inflation stops | Deflation starts

Total sumin | FM5596 9.83 m Total area: 66 km”

Total sum at | apex of inflation 10.81 m

Inflation 1984 -1989 0.70 m

Total volume | of inflation bowl 0.65 km’ | Volume lava: | ~0.25km’
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Figure 1.10 Land elevation changes during the Krafla fires at benchmark FM5596 0.8 km SSE of the apex of the inflation-deflation bowl. The first 9 years are
characterized by continuous inflow of magma of about 1- 5 m’/s into a shallow magma chamber at 3 km depth, and drainage of magma into the fissure swarm in short
rifting events, releasing the pressure in the magma chamber. In 9 of 24 total rifting events magma came up to the surface, indicated by red stars. Most of the rifting took
place during the first 5 years (1976-1980) when the magma was flowing into the fissure swarm. During the next 4 years (1981-1984) most of the magma came up to the
surface. During the following 2 years1985-1986 the elevation was stable, which indicates that the inflow of magma had stopped. In 1987 the land started to rise again,
indicating increasing pressure in the magma chamber or intrusions into the roots of the central volcano without rifting. In March 1989 the inflow of magma from below
suddenly stopped and since then slow, exponentially decaying deflation has been observed. Blue dots are elevation values based on extensive dry tilt surveys with a
distal reference point. Open triangles during the first year show elevation calculated from tilt measurements at the Krafla power house, and the open squares are based on
tilt measurements at a station south of the power hose. The curve itself is calculated from daily tilt measurements within the power house. The smallest subsidence
events (< 4cm) shown in Table 1.1 are too small to be seen in this diagram. Data from Bjornsson and Eysteinsson (1998).
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The elevation data fit very well to the simple model of Mogi (1958) assuming a varying pressure
source at 3 km depth. The total sum of subsidence in all deflation/rifting events was 9.83 m as
shown in Table 1.1. The total value for the center of the deflation/ inflation bowl is 10% higher or
10.8 m. Inflation from 1984 to 1989 vas about 0.7 m and, hence, the total sum is 11.5 m. If we
assume that the surface volume changes associated with all the deflation events and the final
inflation phase correspond to the amount of magma flowing into the magma chamber, an estimate
of the total volume of magma is about 0.65 km’. This can be taken as a rough estimate based on
the theoretical relationship between volume of the surface bowl and magma increase in the
chamber, considering the compressibility of the magma (Freysteinn Sigmundsson, pers. comm.
and Chapter 3).

In nine instances the rifting events were accompanied by basaltic fissure eruptions. The first
eruption occurred during the initial rifting phase in December 1975 and the last one in September
1984. Figure 1.11 shows typical fissure eruption in the Krafla area in September 1977.

It is difficult to estimate exactly the total volume of erupted lava. In some areas the thickness is
less than 1 m, in other places many individual layers of lava have piled up to several meters in
depth. The total volume has been estimated to be around 0.25 km® if treated as nonporous solid
rock (Saemundsson, 1991). More than 70% of the total erupted lava during this episode erupted
in the last three eruptions.

Figure 1.11 Fissure eruption in the Krafla area in September 1977. The fissure is about 800 m long. The
magma erupted at the beginning of the Krafla eruptions has a low viscosity, contains high amount of gas and is
flowing like water. Photo A. Bjornsson.
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During the rifting-deflation events one confined part of the inner zone of the fissure swarm
widened and subsided, and the sides to the east and west were contracted and uplifted (Bjérnsson
et al., 1979; Tryggvason, 1980; Einarsson and Brandsdottir, 1980). These activated sections of
the fissure swarm were 5-25 km long during each event, and coincided with the area of maximum
earthquake activity. See Figure 1.12 for location of the first activated segments. They are thought
to demarcate the areas where shallow subsurface dike intrusion was occurring. During the first
major rifting event from December 1975 to January 1976 the northernmost part of the fissure
swarm, some 50-60 km north of the caldera, was activated. Major elevation changes and
widening of fissures were observed in Kelduhverfi close to the coast. Earthquake activity was
observed both in the fissure swarm as well as in the Grimsey-Kopasker segment of the Tjornes
Fracture Zone. Some of the subsidence events were small and no corresponding active area in the
fissure swarm could be located. The total widening along the whole fissure swarm during 1975-
1984 is shown in Figure 1.13.

Monitoring of micro-earthquakes during the rifting-deflation events clearly demonstrated that
rifting was initiated within the caldera at the magma chamber, and propagated along the fissure
swarm to the north or south (Einarsson and Brandsdottir, 1979). Monitoring of changes in the
width of surface fissures verified this. The horizontal migration velocity of propagating fissures
and micro-earthquake activity along the swarm was close to 0.5 m/s (~ 2km/h) (Bjérnsson, 1976;
Einarsson and Brandsdottir, 1980). Figure 1.14 shows the spatial migration of earthquakes
during one of the rifting events, from the caldera to the north along the fissure swarm.

An example of vertical land movements along a profile transecting the fissure swarm is depicted
in Figure 1.15. The elevation changes across the Krafla fissure swarm near Bjarnarflag, some 10
km south of the caldera, are shown for several time intervals. Subsidence of up to 1 m occurred in
the inner zone during rifting events and uplift of tens of cm on both sides to the west and east.
The shore of the lake Myvatn was uplifted about 30 cm during this period, and a small island
which had sunk below the water surface in the early part of the last century reappeared. This
indicates a slow subsidence at the plate boundaries, along with widening, during quiet periods
between rifting episodes.

Figure 1.16 shows clearly the vertical and horizontal land movements in January 1978 during
rifting of the Krafla fissure swarm in Kelduhverfi, some 40 km north of the caldera. The center
active part of the fissure swarm is 5-6 km wide in this area and subsided up to 1 m and widened
up to 2.5 m. The flanks on both sides to the east and west are contracted and uplifted. The total
contraction on the flanks was about 1.4 m so the net widening between both ends of the profile
was about 1.1 m (Bjornsson, 1980). The measured profile is not a straight line and not quite
perpendicular to the rift zone, hence, the numbers are not precise. Still higher numbers were
observed during the initial rifting of December 1975 to February 1976, as can be seen from
Figure 1.13.
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Figure 1.17 shows variations in the width of individual fissures in the caldera during inflation-
deflation periods and in the fissure swarm during rifting.
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Figure 1.12 Activated areas of the Krafla fissure swarm
from 1975 to 1978. Only one section is activated during each
subsidence / rifting event. Redrawn from Einarsson and
Bransdsdéttir (1980), who delineated the active areas by locat-
ing earthquake epicenters. Mapping of ground fissures delivered
in some instances a more detailed picture, for example during
the initial rifting phase in December 1975 where the whole
central part of the fissure swarm was activated (Sigurdsson,
1977; 1980), and not only the western part as indicated by the
earthquake locations.
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Figure 1.13 Total accumu-
lated widening along the Krafla
fissure swarm during the 1975-
1984 volcanic episode. The max-
imum extension of 9 m took place
close to the northern rim of the
caldera. Redrawn from Tryggva-
son (1984). Additional data for
September 1984 from E.Tryggva-
son and F. Sigmundsson.
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Figure 1.14 Horizontal migration of earthquakes with time from the Krafla caldera to the north along the
fissure swarm during a subsidence-rifting event in July 1978. The horizontal distance is measured from the center of
the caldera. In the Snagi area some 10 km north of the caldera most of the earthquakes were at 2-4 km depth, but one
occurred at 7 km and another at 14 km depth. The highest magnitude was around 4 but the majority of the
earthquakes had a magnitude between 2.5 and 3.5. The b-value was 1.7 + 0.2. Figure from Einarsson and Brands-
dottir (1980)
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Figure 1.15 Vertical movements across the Krafla fissure swarm at Bjarnarflag /Namafjall some 10 km south

of the center of the caldera. The first profile (1974-1976) shows subsidence along the whole profile which might be
part of the initial subsidence bowl, as well as regional pre-rifting subsidence. The second profile includes the rifting
event of April 27.-28. 1977, as the magma was flowing to the south. The center part of the fissure swarm subsided
about 80 cm and the flanks to the east and west were uplifted some 20 cm. The fourth profile includes the rifting
event of 8.-10. September 1977 when the magma was also flowing to the south and some 6.5 m’of scoria were
erupted through one of the geothermal wells in Bjarnarflag. The last profile (1977-1979) shows some subsidence in
the center part and uplift of the flanks. Figure from Bj6rnsson et al. (1979).

In addition to these local observations, some regional geodetic measurements were made in the
area in order to investigate land deformation over longer periods. They demonstrate that
horizontal and vertical land movements occurred out to at least 50 km east and west of the axial
rift zone. Moller and Ritter (1980) and Mdller et al. (1982) made extensive high precision
geodetic distance measurements in a triangulation network crossing the axial rift zone in NE-
Iceland. They found up to 8 m of extension in the center of the Krafla fissure swarm during the
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period 1971 to 1980, and contraction on the sides. Kanngieser (1983) measured elevation changes
on a 140 km long E-W profile crossing the active zone near Bjarnarflag. Comparison of
measurements made in 1975 and 1980 shows that a regional uplift of up to some 0.6 m occurred,
centered on the Krafla fissure swarm, see Figure 1.18. The half width of the bell-shaped, uplifted
zone was some 20 km.
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Figure 1.16 Widening and elevation changes across the Krafla fissure swarm in Kelduhverfi, some 40 km
north of the caldera, during a rifting event in January 1978. Figure redrawn from Sigurdsson (1980).
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Figure 1.17 The upper part shows the tilt variations of the power house (in micro-radians) caused by land

elevation changes, for the period August 1976 to January 1978. The middle part shows variation in width of a fissure
located close to the apex of the inflation-deflation bowl. The fissure width correlates with the elevation (tilt). The
lower part shows the width of a fissure in the central fissure swarm at Bjarnarflag, south of the caldera. The width is
nearly constant except during two rifting deflation-events when the magma moved to the south, i.e. in April and
September 1977. The widening of the fissure is around 20 cm in both cases. Figure from Bjornsson et al., (1979).
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Figure 1.18 The upper part shows horizontal movements from 1971 to 1980 in the Krafla area. The measure-

ments were made by Moller et al. (1982) in co-operation with Orkustofnun. Horizontal widening of up to 8 m was
observed across the active fissure swarm but contraction of the flanks. The lower part shows elevation changes from
1975 to 1980 on an E-W profile crossing the Krafla fissure swarm by Bjarnarflag. The measurements were made by
Kanngieser (1983) in co-operation with Orkustofnun. Here the elevation data have been projected onto latitude
16°40°. The flank zones of the fissure swarm were uplifted around 0.6 m and uplift was observed out to a distance of
30 km from the rift zone. Figure from Bjornsson (1985).

1.5.2 Influence on man made structures and on the exploitation of geothermal systems

The first rifting episode of 1975 triggered a 6.2 magnitude earthquake in the bay of Oxarfjordur,
65 km NNE of Krafla at the intersection of the Krafla fissure swarm with the Tjornes Fracture
Zone (TFZ). This earthquake caused considerable damage in the village Kopasker which is some
10 km from the epicenter. Earthquakes in the fissure swarm were much smaller with a magnitude
up to only 4. These earthquakes did not cause any direct damage due to acceleration. Comparing
the small magnitude of the earthquakes within the caldera and in the fissure swarm to the major
tectonic movements on faults and fissures demonstrates that the major part of the tectonic
movements has taken place aseismically. This is explained by a thin elastic crust and its high
temperature.

At the geothermal site in Bjarnarflag, 10 km south of Krafla, all buildings and other pre-1975
surface construction was sited within the central zone of the fissure swarm, which rifted and
subsided during the Krafla fires. Buildings survived, though partly damaged, but storage ponds
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for diatomite were destroyed due to opening of ground fissures. Four of six boreholes were also
destroyed, either disrupted by faults or more likely plugged by lava. One borehole erupted about
6.5 m’ of basaltic scoria (some 2500 kg) (Bjérnsson and Sigurdsson, 1978), but cleaned itself and
produced steam for 25 years after that. New boreholes were drilled less than 100 m east of the
activated fault zone, in the area which was uplifted and contracted during the rifting episode.
They have produced without interruption for 25 years now.

Surface construction at Krafla was not affected by ground fissuring as it is located about 1 km
east of the central rift zone affected by fault movement. On the other hand, cleaning of one
borehole at Krafla showed that it had been plugged by an intrusive sheet.

It may sound strange, but ground tilting and regional uplift or subsidence, even up to more than
one meter, did not cause major problems at Krafla, neither during the construction phase nor
during operation of the power plant. The reason is that the inflation-deflation bowl had a radius of
more than 10 km. Whole buildings, pipelines and other construction as well as the crust itself
were moving up or down as a whole block. The maximum tilting of the power house was on the
order of 300 prad (microradians) during the larger subsidence events, which did not affect any
part of the machinery of the plant. Earthquakes and seismic tremors did not affect routine
operations (Birkir Fanndal, pers. comm.).

On the other hand the volcano-tectonic activity had a major impact on the geothermal systems,
mainly in Krafla. A part of the Krafla geothermal system closest to the magma chamber was
contaminated by high fluxes of volcanic gases, mainly CO, (over 90%) but also SO, and HCI,
causing acidification of the reservoir water to a pH below 2 (Armannsson et al., 1989) This
caused corrosion and dissolution of iron casings and well heads, and leaching of heavy metals
from the reservoir rocks. In one case a blow-out occurred, which sealed itself with scaling within
a few months. Another nearby well was closed within three weeks of discharge by high
temperature scale like iron-silicate, magnetite and anhydrite (Kristmannsdoéttir and Swantesson,
1978; Kristmannsdottir, 1984). Discharge of black-coloured water due to fine grained precipitates
of iron sulfide was observed in several wells further away from the magma chamber. The magma
chamber in the roots of the Krafla field and intrusions into the geothermal system may explain
the fluxes of magmatic gas into the Krafla geothermal system. The Bjarnarflag field was not
affected seriously by gas influx. Both fields were intruded by dykes or sheets cutting off or
plugging boreholes.

The amount of non-condensable gas (CO,) in the geothermal fluid increased from less than 1% to
peak values of about 6% in some of the production boreholes during the initial rifting and dyking
stage of the Krafla Fires (Figure 1.19). The part of the Krafla geothermal reservoir which was
affected by gas contamination became non-exploitable for several years. The gas content
gradually approached the initial value after the eruptive phase began. It was not until 1994 that
the total gas concentration from all producing wells reached values lower than 1-2% and the
reservoir again became fully exploitable.
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Figure 1.19 Variation in CO; content in two geothermal wells at Krafla from 1975 to 1984, measured in weight
% of the total flow. Redrawn from Armannsson et al. (1989).

1.6 The rifting mechanism in the volcanic zone in NE-Iceland

The total amount of magma which flowed from below into the magma chamber at Krafla has
been estimated to be around 0.65 km®. The erupted lava was only some 0.25 km® if treated as
solid rock. Thus the intruded magma has a volume of about 0.4 km’. This demonstrates that
crustal accretion during the Krafla rifting episode was mainly by dike injection.

The total widening across the central active part of the Krafla fissure swarm may be estimated
from Figure 1.13 to be around 0.5 10° m* (increase in surface area). Dividing this number into the
estimated volume of intruded magma the average height of the dikes formed is estimated to be
less than 1 km and, hence, confined to the upper part of the crust. These calculations are close to
estimates of dike height made by Einarsson and Brandsdottir (1980) and by Tryggvason (1984)
for single rifting events. Gudmundsson (1983), however, has estimated dike height in eroded dike
swarms in eastern Iceland to be much greater, some 10 km. Model calculations using tilt and
horizontal displacements during the last eruption in Krafla in 1984 leads to 7 km depth of the
formed dyke (Arnadéttir et al., 1998; see also Chapter 3 Figure 3.3b). These depths, 7-10 km, are
comparable to the crustal thickness in the axial rift zone according to the thin-crust model. The
contribution to crustal widening by normal faulting is assumed to be negligible for this
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calculation since fault planes are generally close to vertical in the Krafla area, and movements on
them were small compared to the horizontal extension of several meters.

It is most likely that dikes which are formed close to the magma chamber are fed horizontally by
lateral movements of magma along a propagating fissure (Bjornsson et al., 1977, Bjornsson,
1985). This conclusion is based on observed migrations of earthquake hypocenters during rifting
events (Einarsson and Brandsdottir, 1980), and the close time-correlation between subsidence
rate in the caldera and activity in the fissure swarm. The dikes so formed may be confined to the
upper elastic part of the crust which is about 4-6 km according to seismogenic depth (Einarsson,
1978). On the other hand, the dike-forming mechanism at larger distances from the caldera may
be different and follow the classical model of dikes formed by magma ascending vertically in
fissures. Thayer et al. (1981) discussed the possibility that magma could flow vertically from the
sub-crustal semi-fluid layer. During the major rifting episode at Krafla, an 80 km long segment of
the plate boundary in NE-Iceland was activated. The elastic crust in this area is 6-16 km thick and
it seems likely that sudden rifting in the elastic uppermost few km may change the stress field in
the lower viscous crust and rifting then propagates down to the base of the viscous crust. This is
supported by observation of deep earthquakes during rifting events (Einarsson and Brandsdottir,
1980). The close correlation between subsidence in the caldera and distant activity in the fissure
swarm could then be due to hydrostatic connection along the low resistivity semi-fluid layer.

Rifting of the crust down to the partially molten layer facilitates magma movements, both verti-
cally and horizontally. The mixing of magmas from different depths and hence of different
chemical compositions would thus be expected. Gronvold (1984) has found that magma erupted
north of the caldera rim is more primitive in composition than magma erupted within the caldera.
An explanation for this could be that magma is drawn from different depths within a layered
magma chamber. It is also possible, and even more likely, that the evolved magma is drawn from
the shallow upper crustal magma chamber within the caldera and the primitive magma is drawn
directly from the base of the crust. Petrogenetic studies by Maclennan et al. (2001) show that
magma is generated over a broad depth range beneath the Northeast Volcanic Zone in Iceland.

Most of the micro-earthquakes in the Krafla area occur in the uppermost 4-5 km of the crust
which indicates elasticity in this upper part of the crust. Deeper earthquakes down to 14 km are
also observed (Einarsson and Brandsdottir, 1980). Below the seismogenic limit the crust is visco-
elastic. However, it does not necessarily follow that fissuring and magma transport is confined to
the uppermost 4-6 km. Visco-elastic material behaves like a fluid over long time intervals and
stress is released by creep. Over short periods of time, i.e. on the time scale of minutes or hour,
however, the material may behave elastically and transmit seismic waves without noticeable
attenuation (Sanford and Einarsson, 1982). Rifting, which occurs on the time scale of a few
hours or days, probably takes place largely aseismically in the lower part of the crust. This is
supported by the fact that only small seismic energy release accompanies the major horizontal
and vertical land movements observed.
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The rifting episode of Krafla can be explained by a gradual build-up of local tensional stress over
a period of centuries in a narrow zone of the crust near the plate boundary as a result of slow
retreat of the plates (Figure 1.20). The build-up of strain in the axial zone results in gradual
crustal thinning and subsidence. Tension is then suddenly released in a rifting episode,
accompanied by the intrusion of magma into fissures in the crust. Magma may have previously
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accumulated in a confined magma chamber which forms a weak point within the crust, where
rifting is initiated. Magma migrating from the semi-molten layer or from a magma chamber
through pre-existing or newly created joints and cracks in the lower crust increases the pore
pressure and lowers the failure stress (Shaw, 1980). Magma infiltration is hence capable of
initiating a rifting episode. The amount of available mobile magma is very likely one of the most
important factors that control the periodicity of both rifting episodes and individual rifting-
deflation events within a rifting episode. Other important parameters are tension at the plate
boundary, the shear strength of the lower part of the crust, the tensile strength of the upper elastic
crust and, possibly, pressure in the magma chamber. The strength of the upper crust must depend
heavily on crustal thickness and the existence of upper crustal magma chambers. A magma
chamber is, according to this, not a requisite for the rifting process. However, a volcanic system
containing a magma chamber in the roots of its central volcano should rift more frequently than a
system without one. It is possible that magma chambers develop preferentially in volcanic
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systems underlain by thin crust and that rifting episodes occur at much longer time intervals, or
some thousands of years, in volcanic systems that do not have magma chambers (Bjornsson,
1985).

When rifting occurs in one fissure swarm elastic rebound causes land to rise and east-west
contraction takes place in the crust on both sides. Elastic rebound in the adjacent crust releases
tension in nearby en-echelon arranged fissure swarms, preventing them from rifting
simultaneously. The main activity during the Krafla Fires rifting episode was probably mostly
confined to the northern half of the Krafla swarm because tension in the southern part had been
released during the active rifting episode in the Askja swarm during the period 1874 - 1875.
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2. Volcanic hazards
Kristjian Sceemundsson, Iceland GeoSurvey

2.1 Introduction

The following chapter describes the main characteristics of the geothermal areas and their setting
within the structural framework of the North Volcanic Zone (NVZ). It summarizes the volcanic
and volcano-tectonic hazards relating to borefield and power plant locations. Also considered are
transmission lines and substations as regards hazards from proximal as well as distal events. The
assessment is based on pre-existing knowledge of events which have occurred within or close to
the areas concerned.

2.2 High temperature geothermal areas of the NVZ in relation to active
volcanic systems

Volcanism in Iceland occurs in discrete volcanic systems (Saemundsson 1978). In the spreading
zone these are more than 100 km long, about 3—10 km broad and arranged en echelon (Figure
2.1). A central volcano marks the core from which a prominent system of ground fissures fans
out. The fissures extend far beyond the area of surface volcanism being the subsurface expression
of dyke swarms. The geothermal areas are an integral part of the central volcanoes. Sometimes
subsidiary geothermal systems occur at volcanic foci on the fissure swarms, well away from the
central volcanoes.

Volcanic activity and rifting occurs episodically. Each episode may last a few years. It is
punctuated by discrete short volcanotectonic events of days or weeks. During an episode the
fissure swarms are not activated across their entire width. Rather, fault movement affects only a
part of them and faulting varies along their length. Three volcanotectonic episodes have occurred
and are documented in the northern part of the NVZ in the last 300 years, two of them involved
the Krafla system. The Askja fissure swarm was also active in this period at least as far north as
the latitude of Krafla. Theistareykir may have experienced a non-volcanic rifting episode in 1618
AD. Two episodes involved hydrovolcanic eruptions of rhyolitic pumice and hydrothermal steam
(Krafla 1724 and Askja 1875). Before 1724 we have to look back 400 years to the early 14"
century (1332?) for an eruption in the NVZ north of Askja.

Four volcanic systems run parallel and partly overlap in the northern part of the NVZ (Figure
2.1). The central part of two of them, Theistareykir and Fremrinamur, is covered by 2500-3000
year old lavas. These have not been affected significantly by later faulting contrary to lavas of
similar age in the fissure swarm of Krafla. It is clear from this evidence though that the Krafla
system was the main focus of eruptions and fault movement in the northern NVZ north of Askja
during this period of time, i.e. for the last 3000 years.
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Figure 2.1 The Northern Volcanic Zone (NVZ) is segmented into discrete volcanic systems. They include a
central volcano and a fissure swarm with proximal eruptive fissures and distal non-eruptive faults and ground
fissures. The two northernmost systems, those of Theistareykir and Krafla, host geothermal reservoirs to be
harnessed, three of which are already exploited or proven. Dots show earthquake epicenters of magnitude 1-5 over a
4 years period (1982-1985). Map by Einarsson and Saemundsson (1987).

Volcanic and tectonic unrest in the NVZ is documented since 1618. The activity has been of
varying types: 1) Volcanic eruptions associated with rifting of entire or a large part of fissure
swarms (Krafla 1724-1729-1746, 1975-1984, Askja 1874-1875), 2) Volcanic eruptions limited to
calderas without rifting of the fissure swarms (Askja 1920-1930, 1961), 3) Rifting of parts of
fissure swarms associated with transtensional slip of the Tjornes Fracture Zone (TFZ) (western
Theistareykir system 1885 and probably also 1618). Inversely, rifting of a fissure swarm has
triggered slip in the TFZ (Oxarfjordur 1976). The first and third types of unrest will be discussed
in detail as these are of prime concern for the geothermal areas to be harnessed. Volcanic
episodes without rifting such as at Askja are the main type of eruptive behavior at some of
Iceland’s most active volcanoes such as Grimsvotn and Katla, but also Krafla during a period of
high volcanic production in early postglacial time. They seem to thrive on intermittent inflow and
short residendce time of magma in their respective magma chambers. As regards future
volcanotectonic episodes the northern part of the NVZ can be regarded as having been reset in
1975-1984 (Krafla fires) with regard to stress build up. Similarly the southern part was reset in
1874-1875 (Askja fires).
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Table 2.1 Volcanotectonic and tectonic episodes of the NVZ since 1600

Year Northern part Southern part
Western Theistareykir at intersection with
1618 TFZ — non-volcanic rifting episode lasted ~3
months
1724-1729 Krafla, Bjarnarflag — full scale episode
1746 Krafla, minor eruption and ground fissuring

Askja — full scale episode,
1874-1875 fissure eruption on parallel
swarm east of Krafla system

Western Theistareykir at intersection with

188
> TFZ - earthquake, ground fissuring

1920-1930 Askja eruptions restricted to
central volcano
Askja eruption restricted to

1961
central volcano

1975-1984 Krafla, Bjarnarflag, Gjastykki - full scale

episode

Note:  Full scale episode means a fissure eruption and rifting of the major part of a volcanic system. Several
medium size earthquakes (M 6-7) occur per century in the TFZ. One is included in Table 2.1 as the epicenter lay in
the area of its intersection with the NVZ.

2.3 Main characteristics of geothermal areas proposed for power production

Three geothermal areas, harnessed or proven suitable for harnessing are considered for power
production. These are Theistareykir, Krafla and Bjarnarflag. All have been drilled and power
stations have been in operation in the latter two for decades. The Theistareykir geothermal field is
located in the central area of the Theistareykir volcanic system. Krafla and Bjarnarflag are both
located in the Krafla volcanic system, the former is nested within an 8x10 km diameter caldera in
the center of the Krafla central volcano. The other, at Bjarnarflag, is located 7 km to the south in
an area of high volcanic production on the fissure swarm. One other field, Gjastykki, has been
suggested as a potential production area. It is 10-12 km north of Krafla in the same volcanic
system. Surface exploration is as yet inconclusive regarding its potential and drilling has not been
carried out. For location see Figure 1.1.
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2.3.1 Theistareykir

General features and type of postglacial volcanism

During postglacial time volcanic eruptions of the Theistareykir volcanic system have been of the
lava shield type only, producing olivine tholeiite and minor picrite. The eruptions produced
pahoehoe flows, mostly from single vents. Several such eruptions took place in early postglacial
time, 14-10.000 years ago, following the retreat of the Weichselian ice sheet from the area.
Volcanism of this type was particularly intense in Iceland during this period of glacial rebound
(Sigvaldason, 2002). Only one later eruption has occurred in the area. It produced Theistareykja-
hraun, also of the lava shield type, about 2500 years ago.

Geothermal manifestations

Geothermal activity at Theistareykir is characterized by mud pools and fumaroles with abundant
deposition of sulphur. The main activity is at 320-520 m a.s.l. on the northslope and north of Mt.
Baejarfjall. Cold, altered ground extends north from the active, area, clearly fault controlled as
are the fumaroles. The size of the geothermal area from such surface manifestations is 7-8 km?.
Steam emanations from ground fissures south and north of these as well as ground water wells
drilled there indicate hot off-flow. See map 2.2 in pocket.

Faults and tension gashes

The early postglacial shield lavas of the Theistareykir area are extensively broken up by normal
faults and tension gashes. This applies in particular to the western part of the active geothermal
field, west of Tjarnaras (see map 2.1 in pocket). The eastern part of it between Tjarnaras and
Ketilfjall is much less faulted. However, from mapping of fumaroles in this area and faults on the
plateau of Baejarfjall immediately to the south a connection clearly stands out. The central part of
the Theistareykir fissure swarm west of Tjarnaras is covered by 2500 year old lava which has not
been affected by later faulting except in the NW at the intersection with the TFZ.

Historically documented tectonic events

There is one possible rifting event on historical record. It occurred in 1618. Earthquakes were felt
over a period of a few months. Ground fissuring is only reported to have occurred in the
inhabited area at eastern Tjornes. The Askja episode of 1873-1875 was heralded by two earth-
quakes estimated >M6 in the sea NW of Husavik in 1872. Another ~M6 earthquake closed the
episode in 1885. Its epicenter was at the intersection of the TFZ with the NVZ at eastern Tjornes
with right lateral movement and ground fissuring.

Slides and mud flows
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Mt. Baejarfjall, 200 m high, consists of pillow lava which has spread out evenly in all directions
from a centrally located crater. Its northern slope is strongly altered by fumarolic activity which
is most intense around the traces of three faults or fault zones. There, clayey slip mounds have
piled up on the lower slopes. None have travelled far but mud flows have contributed to the thick
overburden on the lava at the foot of the hill. Well THG-1 is located on such ground with 14 m of
clayey debris overlying the early postglacial lava. Sliding is most likely to occur during rifting
episodes as these are accompanied by earthquake activity, although of low magnitude. The slide
mounds are unstable, with creep and minor slips occurring at other times as well.

2.3.2 Krafla, Bjarnarflag and Gjastykki

These three geothermal fields are closely related being located on the Krafla volcanic system
(Figures 2.2-2.4) and connected by a common NNE-SSW trending fissure swarm. Volcanic
activity is primarily fissure eruptions of tholeiite. They produce shelly pahoehoe flows from fire
fountaining, followed by lava flows and sometimes a final stage of tube fed pahoehoe flows. The
various lava types are erupted at different eruption rates and may last from hours (shelly
pahoehoe) to months (tube fed pahoehoe) (Table 2.2).

Table 2.2 Main phases and characteristics of Krafla type fissure eruptions.
Initial phase Main phase Final phase
Duration hour or hours days-weeks weeks to months
Lava type shelly pahoehoe aalava tube fed pahoehoe
Distance travelled <1km several km several km

Crater type long fissure single or few vents single vent
Eruption style curtain of fire fire fountaining lava lake at vent
. very high high low
Production rate 100 - several 100 m%/s | >10-100m¥/s <10 m?/s
Flow rate very fast fast to slow slow
Type of flow spread aerially tend to be channelled | spread as flow units

*Note: Lavas of the initial phase are very gas-rich. Where ponded, bathtub marks indicate that they deflated to
about half the original thickness.

The eruption history of the Krafla volcanic system for the past 3000 years is shown in Tables 2.3
and 2.4. (Saemundsson 1991). There have been six eruptions in the system in this period. Three
occurred between 2000 and 3000 years ago, the other three in historical time, after ~870 AD.
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Four eruptions were common to both Krafla and Bjarnarflag and two were common to all three
geothermal areas. From 3000 to about 8000 years ago only one eruption occurred in the western
part of the Krafla caldera. In early postglacial time several fissure eruptions occurred at Krafla
and Bjarnarflag.

Table 2.3 Eruptions of Krafla volcanic system since 3000 y BP: Area, fissure system
and number of events.

Length of | Number of
Area of lava eruptive eruptive
fissure events
Krafla Gjastykki | Bjarnarflag
Krafla fires
20 km? 15 km?2 0 11 km 9
1975-1984
Myvatn fires
33 km? 0 0.25 km? 13 km 5
1724-1929 (1746)
Daleldar
5 km? 0 5.5 km? 12 km ?
~900 AD
Hoélseldar 2
>10 km? 0 0 7 km 4?
~2000 y BP
Holseldar 1
>10 km? 0 0 7 km ?
~2300 y BP
Hverfellseldar
~40 km? ~20 km?2 ~10 km?2 25 km ?
~2900 y BP

Holseldar 2 erupted at about the same time as a crater row SE of Lake Myvatn which produced
about 220 km? of lava. The lava of Holseldar and that of the SE-crater row are petrologically
different, suggesting that the fissures tapped two magma sources. Other examples are known in
Iceland where single fissures cut two volcanic systems causing volcanic eruptions in both,
different in type and petrology.

The lava flows of Krafla are compound, being formed during several eruptive events which were
separated in time by a few months or years. The Daleldar and Hoélseldar flows are among the
smallest by area (~10 km?) of the Krafla system. One flow is smaller, about 1 km?. This is the
only one erupted during a ~5000 years “quiet period” when the western branch of the Krafla
fissure swarm was tectonically active between ~8000-~3000 y BP (Saemundsson 1991).
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Geological evidence from parallel volcanic systems shows that the Krafla volcanic system has
been the main spreading zone in the northern part of the NVZ for the past 3000 years. It is the
only volcanic system where the course of events during a volcano-tectonic episode has been
observed by scientists. A detailed description is given in the introduction, covering its various
aspects.

Krafla
Main geological features

Krafla is a mature shield type central volcano with a caldera, an interglacial acidic welded tuff
sheet, concentric eruption fissures and rhyolite extrusions. The oldest exposed rocks are about
300,000 year old. The associated fissure swarm is divided into two subswarms from Krafla south-
wards with the activity shifting alternatively for long periods of time (thousands of years)
between the two. Geothermal exploitation and planning has so far concentrated about the eastern
part of the eastern subswarm (Figure 2.2).

The geothermal area is at about 500-600 m altitude with Mt Krafla rising to over 800 m east and
north of it. The lower slopes of Krafla on the south are draped over by clayey debris from a
hydrothermal eruption in 1724.

The Krafla geothermal area has the most varied types of volcanic activity. Basaltic fissure
eruptions are the main type of volcanism. Other noteworthy features are four rows of large
diameter (over 300 m) explosion craters, two of them Holocene. Both erupted mixed basalt scoria
-thyolite pumice, but developed into hydrothermal eruptions. The youngest, Viti, erupted in
1724. Purely hydrothermal explosion craters of smaller diameter (<100 m) also occur. Rhyolitic
fissure eruptions occured, in late Weichselian time, dated to about 20,000 years.
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Figure 2.2 Central part of the Krafla volcanic system showing the caldera and the fissure swarm which
traverses it. An inner segment of the fissure swarm was active during the last two volcanic episodes of 1724-1729
and 1975-1984. The geothermal areas of Krafla and Bjarnarflag are shown. Krafla has a magma chamber (S-wave
shadow, Einarsson, 1978) at 3-7 km depth. Map from Saemundsson 1991.
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Geothermal manifestations

Geothermal activity is mainly concentrated on the western and southern slopes of Mt. Krafla and
at Leirhnjukur in the center of the caldera. The activity is mainly in the form of mud pools and
fumaroles with minor sulphur deposition. Much of it is fault controlled but some of the larger
fumaroles are associated with explosion craters. At Leirhnjukur in the center of the caldera the
fumaroles and mud pools follow the trace of closely spaced eruptive fissures, among them the
two youngest ones which erupted during the Myvatn and Krafla fires 280 and 30 years ago.
Fumarolic activity increased significantly there during both volcanic episodes. Minor surface
manifestations occur at the southeast margin of the caldera. See map 2.3 in pocket. Exploitation
is limited to the west and south slopes of Mt. Krafla and the south caldera margin. Leirhnjukur
has been excluded from exploitation due to environmental aspects.

Fissure eruptions of the last three millennia

Volcanic activity of the last active phase of the eastern subswarm began about 2900 years ago
after a quiet period of about 5000 years. Three fissure eruptions occurred in the fault bounded
center of the rift zone at Leirhnjukur extending from there to the north and south. Another three
fissure eruptions occurred east of the main rift zone east and west of Mt. Krafla, nearer to the area
of present day exploitation. The eruptions are unevenly distributed in time (Table 2.4). The two
last ones included several eruptive events, lasting intermittently for 5 years (excluding a single
event following 17 years after the main episode) and 9 years. Individual events lasted a few hours
to several weeks. They are referred to as events and are grouped into eruptive episodes (fires =
eldar in Icelandic).

Table 2.4 Eruptions of Krafla volcanic system since 3000 y BP. Type of explosive volcanic
activity besides lava emission.
Year Krafla Bjarnarflag Gjastykki
1975-1984 X borehole erupted X
1724-1729 (1746) X+P hydrothermal X
About 900 AD X X
About 2000 y BP X+ hydrothermal
About 2300 y BP X+ hydrothermal
About 2900 y BP X X+ phreatovolcanic X

Note: X stands for lava flows and P for mixed rhyolite pumice-basalt scoria eruptions. The eruption of 1746 was a
minor one with mud and scoria thrown out in the Leirhnjukur area. Faults were also reported to have opened and thus

this event may be regarded as a final phase of the Myvatn fires.
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Explosive eruptions

Three of six eruptive episodes affected the geothermal system causing hydrothermal rock-mud
eruptions from the geothermal reservoir and mixed volcanic-hydrothermal eruptions. Most were
of minor explosivity with fall-out of mud traceable only a few hundred meters from the craters.
The largest occurred at the outset of the Myvatn fires (1724). It produced a small amount of
mixed basaltic scoria and rhyolitic pumice but developed into a hydrothermally driven mud
eruption which lasted half a day. The mud was blown south. Its thickness at the Krafla power
house is about 10 cm and 2—-3 cm at the main road east of Bjarnarflag, 7 km to the south (Figure
2.3). The thickness of the layer in the Krafla borefield was from 0,1-3 m (Figure 2.3). The
phreatovolcanic eruption of 2900 years ago caused fall-out of ash at Krafla which is about 7 cm
thick in the soil around there.

Faulting at Krafla

Most active faults of the eastern fissure swarm of Krafla pass west of the production area. Being
normal type growth faults the throws vary relative to the age of the affected lavas. Large scale
faulting during the Krafla fires occurred towards Leirhnjukur. A NW-SE trending normal fault
was reactivated though on the south slope of Mt Krafla and fumaroles became active on it. Large
normal faults trend from SSW to NNE towards the production area west of Mt Krafla with
displacements of over 100 m in the pre caldera Krafla shield. They separate between the shoulder
of the fissure swarm to the east and its graben structure to the west, however, with minor if any
throws during the Holocene.

Gas flux during Krafla fires

A hitherto unknown kind of hazard turned up during the Krafla fires as the western part of the
geothermal reservoir was fluxed by volcanic gases, rendering it unexploitable for years. The gas
increase and its effects are treated in Chapter 1.5, Section 1.5.

Bjarnarflag
Main geologic features

Bjarnarflag is a shallow, fault bounded depression at 320 m altitude which forms the westernmost
part of the larger Namafjall geothermal area. This is about 4 km? in size, rich in sulphuric
fumaroles, mud pools and steaming ground. Crater rows characterize the southern part of the
geothermal area whereas terraces of glacial outwash bound it to the north. Mt. Namafjall (470 m)
is part of a NNE-SSW trending, subglacially formed ridge system, composed mainly of pillow
lava. The geothermal area is dissected by the eastern fissure swarm of Krafla which is about 5 km
broad with prominent faults, however, they are smoothed out somewhat in the strongly altered
and clayey ground at Namafjall. Bjarnarflag west of the ridge is covered by lavas of different
ages and bounded by crater rows in the west and south. See map 2.4 in pocket.
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Geothermal manifestations

Geothermal activity at Bjarnarflag is mainly fumaroles which are conspicuously lined up along
faults and the 1728 crater row. The thermal activity increased markedly in 1977 during two
successive rifting events. These were caused by lateral magma flow from the Krafla magma
chamber as is manifest by a volcanic eruption up through a 1100 m deep borehole. Steam
emanations from groundwater in the lavas to the south and west of Bjarnarflag mark hot outflow
from the geothermal area. It emerges in open faults and as tepid springs at the shore of Lake
Myvatn. Their temperature increased markedly following the 1977 Krafla fires events, but has
dwindled since.

Crater rows yvounger than 3000 vears

Three fissure eruptions have occurred at Bjarnarflag during the last 3000 years. A large phreatic
eruption occurred at the outset of the first of those 2900 years ago. This was due to the access of
lake- and groundwater to the lava conduit allowing for efficient steam explosions. The ash layer
from that eruption is about 7 cm thick at Krafla and over 1 m at Bjarnarflag. The last eruption
occurred in 1728 during the Myvatn fires. The volcanic fissure cuts across Bjarnarflag and a
pahoehoe flow spread over the floor of the depression.

Faulting at Bjarnarflag

The central part of the eastern Krafla fissure swarm transects Bjarnarflag. It is bounded by a
single 5 m fault in the west and two of a similar combined throw in the east. Fault displacement
was limited to this strip during the Krafla and Myvatn fires. Fault displacement during the 1977
events affected every tectonic fissure in the area between the boarder faults. It totalled about 2 m
across the zone and subsidence was on the order of 1 m. See Figures 1.15 and 1.17 (Bjornsson et
al., 1979; Tryggvason 1984). Six boreholes were located along one of the eastern boarder faults.
A subsurface dyke intrusion intercepted four of them. Three were clogged. One erupted but
remained productive for the next 25 years. No gas fluxes apart from a minor increase in methane
were associated with the magma intrusions into the geothermal reservoir at Bjarnarflag.
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Figure 2.3 Spread of hydrovolcanic mud erupted at Krafla in 1724 and basaltic lava of 1728-1729. The mud
eruption started as a mixed rhyolite/basalt volcanic eruption which developed into a hydrovolcanic eruption due to
ingression and explosive boiling of geothermal water. It lasted half a day. Two years of intermittent rifting events
and another two years of also intermittent fissure eruptions followed. Map from Saemundsson 1991.
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Figure 2.4 The Krafla volcano-tectonic episode of 1975-1984 produced basaltic lava about 35 km® in area.
The eruptive phase of 1980-1984, which included five eruptive events that lasted 5—14 days each, was preceded by 5
years of intermittent rifting events. The main lava producing craters were in Gjastykki, well north of the Krafla
caldera. Southern Gjastykki is being explored for geothermal utilization. Map from Saemundsson (1991).
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Gjastykki
General features

The Gjastykki field is located on the Krafla fissure swarm 9 km north of Krafla at an elevation of
about 500 m a.s.l. It is located near the apex of an extensive, early postglacial lava shield. The
Krafla fissure swarm transects the center of the shield and later lavas have almost buried the
shield crater. See geologic and geothermal map 2.5 in pocket.

Young fissure eruptions

Two basaltic fissure eruptions have occurred in the Gjastykki geothermal area. The older
occurred about 2900 years ago and the younger during the Krafla fires 20-30 years ago. The area
is heavily broken up by faults and tension gashes which have formed incrementally over a period
of about 12000 years since eruption of the shield lava. The fault bounded, central, depression of
Gjastykki was overflowed by lava during both fissure eruptions.

Faulting of Gjastykki

Gjastykki is a 4 km broad, densely faulted strip of land. It is a graben structure with marginal step
faults of up to 40 m throw and numerous tension gashes across the graben floor. The spacing of
faults or fault bundles is commonly on the order of 100-200 m. Postglacial craters and thermal
manifestations occur in the structurally lowest part of the graben near to its west margin. Faults
and fissures on the floor of the graben were smoothed out by lavas of the Krafla fires. Their
location is known from mapping and air photos from before that eruption.

Transient nature of surface geothermal manifestations

Gjastykki is much inferior to Bjarnarflag as regards surface geothermal manifestations. The
activity there is of a transient nature, blooming during volcano-tectonic crises and fading off
during quiet intervals. During the Krafla fires maximum widening of the fissure swarm of about 9
m occurred at Gjastykki during 8 out of 20 rifting events with a corresponding accumulation of
intrusions underneath.

Subsurface geothermal characteristics

Gas chemistry of a fumarole which has persisted for more than 25 years gives a reservoir
temperature of ~260°C. A resistivity survey indicates that a subsurface temperature of more than
240°C has been reached over a 4 km? area at 500 m depth below surface, centered in the area of
the fumaroles. If the area proves to be suitable for exploitation, boreholes will be drilled within or
sidetracked towards this zone of latest rifting.
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2.4  Concluding remarks and future prospects for the NVZ geothermal areas

2.4.1 Future prospects of volcano-tectonic activity at Theistareykir

Theistareykir is divided in two parts as regards faulting. The Tjarnaras fault separates between
areas of meter scale faults and open fissures to the west and barely visible faults and higher
ground in the same early postglacial lava to the east. Fault movement after the youngest shield
lava of Theistareykjahraun (2500 years old) has been restricted to its westernmost outliers. The
eastern part is suitable and fairly safe as a building site. This part is also best suited as a borefield
from the point of view of drilling and reservoir characteristics. Theistareykjahraun is one of only
two lava shields in Iceland younger than 3000 years. Its volume was 1-2 km® a good deal of
which would have flowed down into pre-existing several meters wide ground fissures at its base.
Renewed volcanic activity of the Theistareykir system in the near future must be considered very
unlikely in view of the distribution of eruptions in time and rare occurrences of late Holocene
shields in Iceland. The possibility of a recurrent dyke injection underneath the western or central
part of the fissure swarm is more likely in the distant future (Table 2.1). The high density of the
olivine tholeiite magma of the Theistareykir system (and lava shields in general) is probably the
main reason for preventing it from reaching the surface during rifting episodes (Walker, 1989).

2.4.2 Future prospects for Krafla

From the minimum recurrence intervals of earlier episodes of about 250 years (Table 2.1), and
the fact that it takes time to build up sufficient tensional stress for a new episode, the Krafla
system is considered comparatively safe for utilization during this century at least. Inter rifting
volcanic eruptions due to overpressure in Kraflas magma chamber are not known to have
occurred since early Postglacial time. The production area and power station of Krafla are located
east of the main activity of the fissure swarm.

2.4.3 Future prospects for Bjarnarflag

Most surface constructions planned for future development of Bjarnarflag will be on relatively
safe ground, east of the zone that rifted in the 18th and 20th centuries. Boreholes, however, are
planned both in this area and partly sidetracked into the rifted segment to the west.

2.4.4 Future prospects for Gjastykki

The prospect area of Gjastykki reaches on to the margins of the central depression with its fresh
lava cover and zone of most recent rifting (Figure 2.4). A power house could be built on the
western flank outside it, in an area where faults and ground fissures are clearly visible. They can
thus be avoided as building sites, and in case of pipelines appropriate measures can be taken
where faults need to be crossed. Faults, now hidden by lava of the Krafla fires, are traceable on
air photographs and maps from before 1980.
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2.4.5 General conclusion regarding future activity

It is concluded from the above that a rifting episode can be expected perhaps once a century in
the northern part of the NVZ, accompanied by a volcanic eruption in the case of the Krafla and
Askja systems but less likely so as regards the Theistareykir volcanic system. However, from
Figure 1.13, strain release during the Krafla fires might need over 200 years of stress
accumulation of an 80 km segment to prepare for renewed activity of a similar scale to occur in
the NVZ at latitude corresponding to Bjarnarflag in the south and Theistareykir in the north. It
should be noted that dyke and sheet intrusions are beneficial to the geothermal system in the long
run. They form a dense complex at 1-3 km depth and act as a heat source which maintains and
drives the circulation of the geothermal system.

2.5 Siting of surface constructions and boreholes with regard to protective
measures against volcanic or volcano-tectonic hazards

In harnessing the high temperature geothermal areas under discussion it is difficult to select
perfectly safe ground. A prime issue from an engineering point of view is definition of a
production area suitable for steam production in terms of temperature and permeability.
Conditions for waste water disposal/reinjection must be considered as well as availability of fresh
water. Thus care must be taken to select solid ground for surface constructions where geological
conditions and engineering aspects fit best. This applies in particular to power generation
buildings but also to well sites and pipes. Faults and ground fissures are avoided as regards
buildings and drill sites. Pipelines must inevitably cross some. For reinjection the margins of the
geothermal reservoir need to be defined. Other factors which have to be considered include
definition of areas which are least likely to be inundated by lava. This may seem problematic, but
a rift related fissure eruption would be expected to follow the trace of the next episode before,
given a short repose period, with lava flows controlled by topography. Other types of volcanic
activity would be expected to occur in the same general area as the earlier ones.

At Theistareykir the three optimal situations happen to co-incide i.e. suitable production area, low
fault dencity, and least likely exposure to flow of lava. This also applies to Krafla as all surface
constructions are planned east of the part of the fissure swarm that was activated during the 18th
and 20th century volcano-tectonic episodes. It should be noted that the Krafla power station was
built close to a 1000 years old crater row (Daleldar) on solid ground west of an area thickly
covered by fall-out and partly redeposited clayey debris. At Bjarnarflag all surface constructions
erected up to 1975 were sited within the zone which was rifted during those episodes. Most of
them were damaged. For future development of Bjarnarflag surface constructions will be on
relatively safe ground, east of the zone that rifted in the 18th and 20th centuries. Boreholes,
however, are planned both in this area and side tracked into the rifted segment to the west. At
Gjastykki surface constructions will be at the west margin of the the fissure swarm and well west
of the segment which was affected by rifting during the Krafla Fires. Drill sites are planned in the
west of the rift, both on the graben floor and on its western shoulder. Due regard can and will be
given to the location of faults and fissures as these are clearly visible on the surface.
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Power transmission lines as designed will cross fissure swarms and the Husavik faults as do the
existing ones (Figure 1.1). During the Krafla episode a transmission line which crosses the
Bjarnarflag area (KR 1) was stretched due to about 2 m dilatation of ground fissures. Substations
are in all cases planned in areas where faults occur. At Krafla, Gjastykki and Bjarnarflag they are
well away from the recently activated fissures. A substation planned at Peistareykir will be
located in an area where faults have not been activated for the past 2500 years. The Holasandur
substation will be located on the southern limb of the Peistareykir fissure swarm in an area of
interglacial basalts covered by moraine and outwash. Faults which occur there, despite being
draped over by the morainic material, have a clear topographic expression. Minor faults or
tension gashes are not visible. Trenching would be needed to detect and avoid them. The
substations are as save as can be against lava flows in otherwise volcanic areas.

The location of the future power lines is outlined below with regard to faults and lava flows
(Figure 1.1). Power line El between Bjarnarflag and Krafla will lie partly along the recently
reactivated part of the Krafla fissure swarm. In the south and north it will lie parallel and east of
it. Also E2 will be entirely east of that part of the Krafla fissure swarm which was affected during
the Krafla fires. The eastern half of power lines C from Krafla west towards substation
Holasandur will cross the Krafla fissure swarm and come to be partly on lavas erupted during the
18™ century Myvatn fires. A 2 km broad strip within it was activated during the Krafla fires, the
dilatation amounting to about 6 m. Power line B will cross normal faults of the beistareykir
swarm in an area of interglacial basalts and glacial outwash in the south and the Husavik-Faults
in the north. Line D from Gjastykki west will cross a few minor tension cracks in early
postglacial lavas between the two fissure swarms of Krafla and Peistareykir. Line Aa will cross
faults of the beistareykir swarm at an acute angle, half of it in an area of Pleistocene basalts and
half in early postglacial lavas. Line D will continue almost parallel with the faults north to
beistareykir substation. Power line Ab from Peistareykir towards NE will cross the Peistareykir
fissure swarm at about 45° angle to Hoskuldsvatn, almost all of it on postglacial lavas. From
there the line will run parallel with B to north of the Husavik faults. The Husavik faults are
transtensional with a right lateral and a normal down to the SW components. West of
Hoskuldsvatn the B1 power lines cross in a northerly direction several NW-SE trending faults at
an angle of about 45°. They belong to this transtensional fault system.

There is little concern that the two fissure swarms will experience a new rifting episode in near
future, i.e. next 100 or even 200 years because the northern part of the NVZ may be regarded as
having been “reset” with regard to stress accumulation during the Krafla fires. For the Krafla
swarm this is concluded from the large strain release that occurred. The Theistareykir fissure
swarm is not considered to be of much concern either as there is no indication of it having been
activated during the past 2500 years except in the northwest, at the intersection with the TFZ.
There the stress field is different and transform faulting interacts with rifting of the fissure
swarm. A marked decrease in microearthquake activity on the Husavik faults following the
Krafla fires may indicate the same kind of “reset” for them or that they became locked.
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In Table 2.5 the hazards envisaged for the three geothermal areas are listed. It should be noted
that none of those are imminent but might be expected after some 200 years. If any of the three
geothermal or rather volcanic systems will be the scene of the next volcano-tectonic episode it is
most likely that it will follow the same path as the previous ones as regards fissure segments
activated. This is concluded from the short time elapsed since the last episodes. If delayed by
centuries it is more likely that a new segment breaks up.

Table 2.5 Possible hazards for geothermal power plants in NE-Iceland.

Hydrov?lcanic Lava flow Fault Dyking Gats
eruptions movements fluxing

Theistareykir, effects on
geothermal system no negligible X X ?
boreholes no negligible X X ?
well heads and pipes no negligible ? X ?
power house no no no no no
transmission lines no X X no no
Krafla, effects on
geothermal system X negligible
boreholes X negligible
wellheads and pipes X negligible no no no
power house X negligible no no no
transmission lines X X X no no
Bjarnarflag, effects on
geothermal system no negligible X X no
boreholes no X X X no
wellheads and pipes no X no no no
power house no negligible no no no
transmission lines no X X no no

Note: X marks possible hazard. no means not endangered. Hydrovolcanic includes hydrothermally driven eruptions.
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2.6 Ground movements and hazards caused by man

2.6.1 Ground sagging

Production of fluid from a geothermal reservoir causes drawdown of its groundwater level. This
may cause compaction of the drained rock series and sagging of the ground. The largest sag
observed so far in Iceland is at Svartsengi in SW-Iceland amounting to to maximally 28 cm
(Ingvar Thor, pers. comm.). The corresponding ground tilt there is less than that observed at the
Krafla power house from alternating inflation and deflation of the Krafla magma chamber. This is
not considered as hazardous.

2.6.2 Pressure increase of shallow steam zone

A corollary of drawdown in a boiling reservoir is the development or thickening of a shallow
steam zone. The volume increase from water to steam under conditions such as prevail at shallow
depth may be on the order of 50 fold with a corresponding pressure increase. This is manifest by
increased steam flow from hot ground and fumaroles and locally also by new steam emanations
from fissures. Such conditions may result in steam explosions if fissures open up. No such have
occurred so far in Iceland. The obvious practice in Iceland to avoid disastrous consequences is to
drill and exploit the steam zone. Krafla, and to a lesser degree Bjarnarflag, show signs of
drawdown.

2.6.3 Blowout

Blowouts may occur during drilling if casing is not sufficient to hold against reservoir
temperature and pressure in a situation of inside well flow. The last blowouts in Iceland occurred
30 and 40 years ago at Krafla and Bjarnarflag. Both were soon brought under control.

2.7 Hazard from distal events

Hazard from distal volcanic events is considered below for the power plants, transmission lines
and substations. Knowledge of the type of eruptions, their frequency, magnitude and location is
essential. Some experience has accumulated over the past decades regarding the effects of plinian
and phreatomagmatic ash fall-out on electric installations throughout the country. The geothermal
areas of the northern NVZ are out of reach of catastrophic floods due to volcanic melting of
glacier ice.

2.7.1 Ash fall-out

Volcanic hazard from distal events involves ash fall-out from volcanoes in Central and South
Iceland. Four of them erupt frequently: Katla, Grimsvotn, Bardarbunga and Hekla. The three first
are glacier covered and produce basaltic ash due to phreatomagmatic eruptions. The eruptions of
these may last for days or weeks with continuous ash production, however, most vigorous at the
beginning. The fourth, Hekla, starts with a dacitic to rhyolitic plinian phase of short duration.
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Katla in South Iceland has erupted on average twice a century during the last millenium (Larsen,
2000). The volcano is ice-covered and the eruptions are phreatomagmatic. Ash layers from Katla
in the soil of Northeast Iceland are generally only a few mm thick. Katla eruptions may last
several weeks with some ash production all the time.

Grimsvotn and Bardarbunga volcanoes taken together erupt 10-20 times a century. They are
located in the ice sheet of northwestern Vatnajokull, hence their eruptions are phreatomagmatic.
The ashes are common in the soil of Northeast Iceland (Figure 2.5) among them are two
prominent historic ash layers that were erupted in 1477 and 1717 AD. The former is 3—5 c¢m thick
in soils between Krafla and Theistareykir. Another two fell about 1300-1400 years ago. Their
thickness is about 1 cm in the area. So far no disturbances of the electric network are on record
due to eruptions of those volcanoes. There have been 3 of them since 1996.

Hekla eruptions start with a plinian phase of rarely rhyolitic but usually dacitic to andesitic
pumice and ash. This volcano has erupted regularly every 10 years since 1970. In one case (1980)
ash from the plinian phase affected transmission lines in North Iceland as fine, wet ash was
plastered on to isolators and needed to be washed off (Figure 2.6). Large plinian type rhyolite
eruptions of Hekla have occurred after long repose periods (Thérarinsson, 1971). Ash layers from
the two largest ones are prominent in soils in Northeast Iceland. Their thickness is in the range of
3-5 cm in the area of Krafla and Theistareykir. They are marked as H3 and H4 in Fig. 2.5). They
occurred 4500 and 3100 years ago. The last ones of this type occurred in the 12th century (1104
and 1158). Similar magnitude eruptions are most unlikely to occur as a repose period of several
centuries would be required to generate a volume of acid magma comparable to that which
caused the previous ones.
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Figure 2.5 Soil sections from the area between Bjarnarflag and Husavik. Whitish ashes, H3 (3100 years old)

and H4 (4500 years old), provide straigarphic markers. The age and provenance of the more prominent ashes has
been determined by C-14 and by their chemical composition which is characteristic for each volcano. Fall-out of
basaltic ash was relatively frequent during the first millenia of the postglacial, i.e. during the time of and following
glacier melting. Ages are given for the most prominent ash layers. The year of fall-out is given for two historical
ashes.

Other volcanoes have had paroxysmal plinian eruptions in the not very distant past. Askja is one
of them. It had a plinian type eruption in 1875. This eruption lasted a few hours. It produced acid
pumice and ash which was blown to the east. The thickness of the pumice at a distance
comparable to Krafla and Theistareykir was about 5 cm taking the axis of maximum thickness as
a reference.

Oraefajokull had a plinian eruption in the 14™ century. It produced rhyolitic pumice which was
carried towards southeast. The magnitude of this eruption was similar as that of Askja 1875.

Torfajokull in South-Central Iceland had plinian rhyolitic eruptions about 2000 years ago and late

in the 9" century. Both were less explosive than those of Askja and Oraefajokull. The light ash of
the former which was blown to the northeast is barely recognizable in soils of the Myvatn area.
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The second was preceded by a phreatomagmatic eruption, the basaltic ash of which was blown
northeast and is found locally in the Myvatn area a few mm thick.
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Figure 2.6 Isopach map of the 1991 Hekla ash fresh fallen. Thickness is in cm. The arrow points at the area

affected by shortcuts. Figure from Larsen et al. (1992).

Ash fall-out from these volcanoes is not likely to interrupt power generation in the geothermal
fields. Transmission lines (isolators) are more likely to suffer disturbance as temporary shortcuts
may occur under unfavourable and a not very frequent weather conditions (wind from south
carrying rain). Substations would not be affected as these will be under cover. One case of
shortcuts in a rural district is known to have occurred in North Iceland at a distance of 150-200
km from Hekla.
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3. Assessment of crustal movements and related hazards
Freysteinn Sigmundsson”, Erik Sturkell”, Rikke Pedersen'”, Thora Arnadottir’”,
Halldér Geirsson™ , Pall Einarsson™.

(1) Nordic Volcanological Center, Institute of Earth Sciences, University of Iceland
(2) Icelandic Meteorological Office
3) Institute of Earth Sciences, University of Iceland

3.1 Crustal structure and rheology of the Northern Volcanic Zone

Volcanic and seismic processes are dependent on subsurface structure and material properties
where they occur. Understanding these processes requires knowledge about the environment
where these processes take place, the crust/mantle structure and rheology.

The oceanic crust-mantle boundary marks the transition from peridotitic mantle to gabbroic lower
crust, with the bulk of crustal material being formed by material melted and transported from the
mantle. For Iceland, the models of crustal structure have changed in recent decades. Results of
seismic and magnetotelluric measurements in the 1970s were interpreted in terms of a thin crust,
underlain by anomalous mantle with high melt concentrations. This model has about 10-15 km
thick relatively hot crust under parts of the volcanic zones, thickening away from these zones,
underlain by anomalous mantle with about 10% partial melt. This model seemed at that time to
be consistent with various types of data, including seismic shear-wave profiles collected across
Iceland (e.g. Gebrande et al., 1980), extrapolation of near-surface temperature gradients, and
results of magnetotelluric measurements clearly showing a high electrical conductivity zone (e.g.,
Beblo and Bjornsson, 1980). No seismic reflection from a Mohorovicic discontinuity (Moho) at
the crust-mantle boundary was inferred. Extensive seismic surveys in the last decade of the
twentieth century revealed a different picture. Seismic data indicate a thick cold crust under
Iceland, with crustal thickness increasing from ~15 km in the coastal areas towards ~40 km under
central Iceland, with clear seismic reflections interpreted to originate from the Moho. A summary
is given by Sigmundsson (2006a). The variable crustal thickness calls for variable activity in the
Icelandic mantle plume, and/or flow of the lower crust that can modify the topography of the
crust/mantle boundary. The earlier seismic data can be reconciled with the thick crust model
(Menke et al., 1996). There is little contrast in density between crust and mantle, and the large
crustal thickness in Iceland is consistent with high melt production in a mantle plume under
Iceland. A detailed study has in particular revealed the seismic structure at Krafla (Figure 3.1).
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Figure 3.1 Seismic study of the Northern Volcanic Zone and the Krafla central volcano. (A) The seismic array

of the FIRE 1994 project. (B) P-wave velocity cross section along the profile with a low-velocity anomaly under
Krafla interpreted as a magma chamber. Modified from Brandsdottir et al. (1997). Courtesy of Brandsdottir.

Various types of evidence suggest that only the uppermost fraction of the crust behaves in an
elastic manner over long time scales, with associated brittle failure if deviatoric stress exceed
critical limit (e.g., Sigmundsson, 2006a, b). This elastic behaviour over long time scales appears
to characterize the uppermost 5-10 km of the crust. At greater depth ductile deformation domin-
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ates (Figure 3.2), although brittle failure can as well occur in this layer, in particular if strain rates
are high (e.g., magma intrusion).

Rift
segment

Eruption

Magma
chamber

Figure 3.2 Schematic rheological structure of the oceanic crust and a riting event dominated by magna intrus-
ion. The uppermost 5-10 km of the crust behave in an elastic manner over long time scales, but at greater depth
viscoelastic effects are important and stresses relax in a ductile manner. Reproduced from Sigmundsson (2006b)
with permission of Nature, London.

3.2 Causes of crustal movements:
Plate spreading effects and pressure sources

The Northern Volcanic Zone in Iceland (NVZ) and its geothermal areas are continuously being

deformed due to their location on the boundary between the North-American and Eurasian plates.
The style of deformation in the area is known from various types of crustal deformation measure-
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ments, including electronic distance measurements (EDM), tilt observations, GPS geodesy, and
interferometic analysis of synthetic aperture radar images acquired by the satellites (ImSAR).

The Krafla rifting episode, 1975-1984, was followed by inflation of a shallow magma chamber
until 1989 (see Chapter 1, Section 1.5). At that time, gradual subsidence began above the magma
chamber and has continued to date, at a decreasing rate. Subsidence due to pressure decrease in a
shallow magma chamber is not the only source of deformation at Krafla as other deformation
processes occur at geothermal fields, together with plate spreading. In addition, deep-seated
pressure increase appears to take place, with its centre about 12 km north of the location of the
shallow magma chamber. This pressure increase has been interpreted as accumulation of magma
near the crust-mantle boundary at ~21 km depth (de Zeeuw-van Dalfsen et al., 2004). At this
depth, viscoelastic rheology is dominant. The relative strength of deformation sources in the
Krafla area has varied with time. New results from a leveling survey and GPS measurements in
2005 allow an updated view on the deformation field. Deformation rates spanning 2000-2005 are
the lowest recorded in the 30 years history of geodetic studies at the volcano. The rate of subsi-
dence 2000-2005 is less than 0.2 cm/y whereas it was about 5 cm/y in 1989-1992. Currently, the
highest rate of subsidence at Krafla takes place in the Leirbotnar area and there it appears to be
dominated by geothermal exploitation (Sturkell et al., submitted).

3.3 Co-rifting deformation

Rifting episodes are considered the primary geological hazard along the spreading plate boundary
in North Iceland. Observations from the Krafla rifting episode 1975-1984 demonstrate what can
be expected in a future rifting episode along the plate boundary. The events are described in
details in Chapter 1, Section 1.5. Following a quiet period along the plate boundary, a period of
years may be expected with series of eruptions and dike injections, associated with inflow
/outflow of magma to/from a shallow magma chamber playing a central role. The widening of the
crust in a rifting episode is expected to be on the scale of a meter or meters. Widening of the
Krafla fissure swarm during the 1975-1984 rifting episode was very variable, with a maximum of
up to 9 meters. The average widening was about 5 meters along a 80 km long segment. With
average plate movements across the plate boundary on the order of 2 cm per year, the inferred
average widening during the Krafla rifting episode corresponds therefore to about 250 years of
plate movements. North of the Krafla caldera where inferred widening was more than 8 meters,
the widening corresponds to more than 400 years of plate movements.

The onset of a new rifting episode along the plate boundary is expected to depend on a complex
interplay of tectonic stress accumulation and inflow of magma towards shallow levels in the
crust, e.g. recharging of a magma chamber. The exact timing of such magma recharging in the
crust is difficult to predict (see Section 3.7). The geologic knowledge presented in chapter 2
gives, however, some guidance. It is clear that time between rifting episodes associated with
eruptive activity is very irregular. For the last three thousand years, six rifting episodes

60 of 157



associated with volcanic activity are known in the Krafla volcanic system (Table 2.3). However,
in the preceding period from 3000 to 8000 years ago, only one eruption is known at Krafla.
During that time period, crustal spreading may have been accommodated by dike injections,
without eruptive activity. Rifting episodes may thus occur without eruptions. In general, magma
is inferred to be denser than the topmost (about 0-3 km) part of the crust and may thus in many
circumstances favour being emplaced as intrusion if magmatic overpressure is not large. For
Theistareykir, the only known rifting episode in historical time is a possible event in 1618,
happening without an eruption (see Chapter 2, Section 2.3.1). For an order of magnitude
probability of a new rifting episode associated with eruptive activity in the Krafla system, one
can consider the history of rifting episodes at Krafla as presented in Table 2.2.

The estimated intervals between onsets of new rifting episodes with eruptions at Krafla are about
251, 824, 950, 300 and 600 years (years BP correspond to years prior to 1950). The average
interval between onset times is 585 years and the standard deviation is 309 years, reflecting a
wide range in the length of intervals between rifting events. This time series can be treated with
statistical methods, but probabilistic estimates of a renewed activity at Krafla within a certain
time period will depend on a number of assumptions. Treating the onset times as a homogeneous
Poisson’s process corresponding to random instants of time (e.g., Ross, 2003) is one approach,
but that is likely to be an oversimplification of the real situation. A more complicated proba-
bilistic model may be warranted, considering that a new rifting episode appears less likely in
decades following a recently finished episode as presently at Krafla. If probability of renewed
activity is to be considered in general, then activity without eruptions (and not be reported in
Table 2.2 for Krafla), such as dike injection at depth and fracturing at the surface without
eruptions, needs to be considered. Such activity is unknown, but existence of “missing events” in
the time series for activity at Krafla would lead to shorter intervals between events than indicated
in the time series based on Table 2.2. For the Theistareykir system, only one eruption is known in
the last 9000 years (after the end of the extensive early postglacial volcanism). The probability of
renewed activity at Theistareykir is accordingly considered to be an order of magnitude less than
for Krafla.

The behaviour of a future rifting episode at Krafla may be expected to be similar as that of the
1975-1984 Krafla rifting episode. It is expected to consist of a series of events, with each event
being associated with rapid outflow of magma from a magma chamber and into the rift zone,
where the magma will either be emplaced as dikes or erupted to the surface. In the case of rifting
in Krafla or Theistareykir volcanic systems, the stress conditions may be such that limited dike
widening may presently be possible in these systems. Considering the short interval since the last
diking event of the Krafla Fires in 1984 and the spreading rate of about 2 cm/y, the expected
“space” created by gradual stretching across the plate boundary for new dikes in the crust is
severely limited. Events like those characteristic for the later half of the Krafla Fires, with limited
dike lengths and effusive lava eruptions, would be expected, with most magma being emplaced
on the surface rather than in dikes. Deformation during individual diking event might thus
resemble what occurred in 1984 at Krafla (Figures 3.3a and 3.3b). Alternatively, magma may be
emplaced as intrusions in the deeper parts of the crust.
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Figure 3.3a Geodetic network used to constrain deformation during the 1984 eruption of Krafla volcano
consisting of electromagnetic distance measurements (EDM) stations, optical levelling tilt stations, and levelling
bench marks. Shading shows the extent of a lava flow formed in 1984, with the broken line on top outlining the
eruptive fissure.
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Figure 3.3b Observed and model tilt and horizontal displacements (inferred from EDM) associated with the

1984 Krafla eruption. Eruptive fissure and extent of the modelled dike are indicated by broken and thick shaded line,
respectively. Inversion of the geodedetic data gives a model dike extending to 7 km dept. Green rectangle denotes
the location of a Mogi pressure source, located at 3 km depth. After Arnadottir et al. (1998). Copyright by the
American Geophysical Union.

Fracturing in new rifting episode would be expected to occur in a narrow zone directly above
dikes emplaced in the crust, in a similar manner as in the 1975-1984 rifting episode (Figure 3.4).
A narrow strip of land above the dikes is most affected. Zones of extensive recent fracturing
should be avoided as sites of buildings and other infrastructure when possible, as these may be
the sites of next diking events as well as past ones.
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Figure 3.4 Map view of horizontal displacements in the Krafla area March 1978 — March 1989, based on
electronic distance measurements. Reproduced from Tryggvason (1994) and Sigmundsson (2006a). The main
deformation occurs along the central axis of the Krafla fissure swarm, with large cumulative horizontal
displacements on both sides of the dike complex emplaced.

3.4 Post-rifting deformation

Rifting episodes appear to be followed by a time period of higher than average crustal
displacements, and stress changes, as the crust readjusts to the previous rifting events. Hazards
related to plate movements during such “post-rifting” periods include eventual fracture
movements and seismicity in response to rates of deformation higher than in the inter-rifting
period that follows (but much smaller deformation than during rifting episodes). Hazard
evaluation should consider the style of deformation during such periods, and if the post-rifting
deformation period after the Krafla Fires is finished.

GPS-measurements in North Iceland in 1987, 1990 and later, after the termination of the Krafla
Fires, revealed a higher than average extension rate across the plate boundary. Average extension
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rates in the period 1987-1990 across the Northern Volcanic Zone were as high as 5.6 cm/y, three
times the average spreading rate (Foulger et al., 1992; Jahn, 1992). In the 1987-1990 period,
horizontal displacements increased away from the rift axis and reached a maximum at a distance
of about 25-50 km from the spreading axis. At larger distances, the displacement rates decreased
again. Measurements in 1992, 1993 and 1995 revealed decaying extension rates compared to the
1987-1990 period (e.g., Volksen, 2000; Volksen and Seeber, 1998), with rates approaching the
long-term average. The observed rate in the 1993-1995 was 2.1 cm/y.

Various models for post-rifting deformation behaviour have been presented. Common to these
models is the consideration of an Earth model with ductile rheology under an elastic uppermost
layer. The ductile rheology leads to time-dependent transient response following a dike injection.
An overview of these models is given by Sigmundsson (2006a). The simplest model for a post-
rifting deformation assumes a simple viscous behaviour (Newtonian rheology) under an elastic
plate. A simple cross-sectional model consists of a dike injected into a thin elastic layer overlying
a Newtonian viscous layer (Figure 3.5). Such a model can broadly mimic the pattern of
deformation observed in north Iceland after the Krafla Fires and the model is as well useful to
understand the overall plate boundary deformation cycle (see Section 3.7).

flike intruded il'{l) the elastic y
ayer at time = \
A > x
h Elastic layer
v Modulus of rigidity =
A
Newtonian viscous layer
b viscosity =1
Y
MU\
Y : igil
Figure 3.5 ;preading plate boundary — model for post-rifting deformation.

A dike, injected at time ¢ = 0, extends through the thickness of the elastic layer. The model
assumes the elastic layer is thin and conditions of plane strain exist within it. The horizontal
displacement within the plate, u(x,?), is in that case only a function of time and distance, x, from
the dike. The horizontal velocity is du/0t. The underlying viscous layer, with thickness » and
dynamic viscosity 77, rests on a rigid surface. Velocity gradients within the layer amount to
approximately (1/b)0u/dt. Following from the basic definition of dynamic viscosity, the force or
traction exerted by the viscous layer on the base of the elastic layer is — (77 / b)@u/ ot . This traction
is balanced by elastic forces within the plate. Consideration of force balance, the relation between
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stress and strain, and material properties (e.g., Foulger et al., 1992; Heki et al., 1993; Sigmunds-
son, 2006a) leads to the following equation of motion:

ou o’u
—=Kk— 3.1
ot o’ G-1)
K is equal to:
K= Mhb (3.2)
n

where M is an elastic modulus and /4 is the thickness of the elastic layer. Equation 3.3 is the
diffusion equation and in this context the diffusivity term, x, is termed stress diffusivity. For a
dike of half-width U, intruded into the elastic layer at time ¢ = 0, the resulting horizontal
displacement field is:

X

u(x,t)=U,erfc 3.3
(x,0)=U, NP (3.3)
where erfc is the complementary error function. The horizontal velocity field is:
ou(x,t) U, x oy (3.4)

= e
ot NN

The above model predicts displacements and velocities of a similar type as observed in north
Iceland after the Krafla rifting episode.

High rate of displacements dominate during a period after dike injection because of stress
interaction; stresses built up in the viscous layer during the diking event relax and drive excess
displacements away from the dike axis. A velocity pulse diffuses away from the plate boundary,
in a characteristic pattern determined by the stress diffusivity. The fit of GPS-derived displace-
ments in 1987-1990 with this one-dimensional model suggest a stress diffusivity of 1.1 m?/s
(Foulger et al., 1992). Interpreatation of GPS-data collected in 1992 with the same model
provides a similar conclusion for the stress diffusivity (Foulger et al., 1994). The above analysis
demonstrates well the nature of post-rifting displacement and its temporal variations. However, it
depends on a number of simplifying assumptions. In reality, the finite length of dikes and
associated lack of opening off their ends will limit the amount of deformation. An extension of
the above model, considering the finite length of dikes, gives a map view of the horizontal
deformation field. Such a model by Heki et al. (1993) provides an improved fit to the
observations and gives a stress diffusivity of 10 m?s, an order of magnitude higher than
application of the cross-sectional model. Applying this model to the Krafla data assuming 4 =
8-30 km and b = 5-10 km, Heki et al. (1993) estimate the underlying viscosity to be
0.3-2x10"Pas.

In summary, modelling shows that observed displacements in the period 1987-1995 can be
explained as a response to transient post-rifting stress relaxation following the 1975-1984 Krafla
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rifting episode. Higher extension rates across the boundary in the period after the rifting events
originate from interaction of a ductile lower crust under an elastic brittle uppermost crust.
Judging from the present-day horizontal displacement field (see also Section 3.5), it appears that
the crustal stress due to the 1975-1984 diking events has presently relaxed. It appears that the
post-rifting deformation period is over, and there are no indications of elevated horizontal plate
motion taking place across the plate boundary.

3.5 Inter-rifting plate movements

The time between rifting episodes is mostly characterized by extension across the plate boundary
at a steady rate. This “inter-rifting” period follows the post-rifting period of enhanced
deformation rates, and it continues until a next rifting episode occurs. Deformation takes place
due to plate movements, but also due to magma movements and processes in geothermal areas.
Deformation directly related to plate movements is first considered, and in the following chapter
we evaluate deformation due to magmatic and geothermal processes that may take place during
the inter-rifting period.

Gradual stretching occurs presently across the plate boundary in North Iceland and the main
associated hazard is the associated build-up of stress. Geodetic measurements show how and
where stretching takes place, and they give an indication of the rate of stress increase along the
plate boundary. The areas of stress accumulation gradually build up potential for future activity
along the plate boundary, as the accumulated stress in these areas will be released in future
activity along the plate boundary.

Continuous GPS-measurements in Iceland show that plate motions outside a plate boundary zone
in Iceland are steady (Geirsson et al., 2006), with minor modulation e.g. due to snow loading in
Iceland (e.g., Grapenthin et al., 2006). The size and direction of plate movements agree with
global plate boundary models (Figures 3.6 and 3.7). The best-constrained global plate motion
model based on geologic evidence is the NUVEL-1A model (DeMetz et al., 1994). According to
the NUVEL-1A model, the full spreading velocity in central Iceland (64.5°N, 18°W) is 18.3
mm/yr in direction N105°E. Plate motion models can also be derived from geodetic data. A
model based on space geodetic data from 1993-2000, primarily observations from continuous
GPS stations distributed around the globe, was inferred by Sella et al. (2002). Their REVEL
model gives plate motion as Euler poles of rotation and angular velocities, in the same manner as
plate motion models based on geologic evidence. The model incorporates only GPS data from
stable plate interiors when determining angular velocities. GPS stations at or close to plate
boundaries, such as in Iceland, are excluded. This model gives a full spreading rate in central
Iceland as 19.7 mm/yr in a direction N103°E. The agreement with the NUVEL-1A model is good
despite the fact that the NUVEL-1A model corresponds to average motion in the last 3 Myr,
whereas the REVEL model describes plate motion in the 1993-2000 period.
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Figure 3.6 Horizontal crustal displacements inferred from continuous GPS-measurements in Northern Iceland

(Geirsson et al., 2006 and later work). Black arrows are observations, the inferred velocity vectors relative to a
stationary plate boundary. The white arrows are predictions of the REVEL plate motion model. See also
http://www.vedur.is. Data from stations indicated by name (RHOF, ARHO, AKUR, REYK) displayed in Figure 3.7.
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RHOF, ARHO and AKUR relative to REYK
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Figure 3.7 GPS time series at selected sites relative to the REYK reference station (Geirsson et al., 2006 and

later work). See Figure 3.6 for locations of the RHOF, ARHO and AKUR sites
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The plate movements are also revealed by other GPS-measurements in Northern Iceland. These
include the ISNET GPS surveys in 1993-2004 (Geirsson et al., 2006) (Figure 3.8).

Figure 3.8 Regional average plate velocities 1993-2004 in northern Iceland (ISNET suveys by the Land
Survey of Iceland — data processing Thora Arnadottir). The results are displayed in a reference system relative to a
stationary plate boundary.
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A study by Jouanne et al. (2006) reveals the strain accumulation in more details. When plate
movements in the 1999-2002 period are displayed relative to the stable Eurasian plate (Figure
3.9), then stations on the other site of the plate boundary move to the west at a velocity
approaching the full spreading rate of close to 2 cm/y. More stretching occurs across the Krafla
fissure swarm than across the Theistareykir fissure swarm, suggesting that Krafla may continue
to be the site of activity along the plate boundary in the future, as in the past.
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Figure 3.9 Regional crustal velocities 1999-2002 at the rift-transform junction in N-Iceland displayed relative

to stable Eurasian plate. After Jouanne et al., (2006).

The level of tectonic stress increase along the plate boundary can be inferred from the geodetic
measurements. If displacements only take place perpendicular to the rift zone axis, then we have
the conditions of plane-strain. Furthermore, if we assume the brittle upper crust that is being
stretched behaves as an incompressible elastic plate, the stretching will be balanced by thinning
of that plate. Conservation of volume requires the horizontal and vertical strain to be equal.
Under these assumptions, the relation between horizontal strain, ¢ , and tectonic stress, Ao,
perpendicular to the rift is (e.g., Jaeger et al., 2007):

Ao  =2(A+ e, (3.5
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where A and u are the Lamé moduli for the elastic plate. If we take 4 = ¢z = 30 GPa then we have
Ao~ (120 GPa) ¢_ . If a full spreading rate of 2 cm/yr is taking place across a plate boundary
zone of 20 — 60 km width, then the average strain accumulation is 0.3 - 1 pstrain/y. This will
cause tectonic stress build-up of about 0.04 — 0.12 MPa /y.

This stress will be released in future activity, but in a way depending on a complex interaction
with magma movements (see Sections 3.6 and 3.7). More stretching across the Krafla volcanic
system than the Theistareykir system facilitates magma generation and magma up-flow under
Krafla rather than the Theistareykir system.

3.6 Evolution of magmatic and geothermal pressure sources in the crust

The inter-rifting deformation is characterized not only by the plate movements discussed in the
preceding chapter, but also local deformation due to magmatic and geothermal processes in the
crust. Detailed geodetic studies have revealed these processes. Utilization of geothermal areas is
known to cause pressure changes in them, and eventual deformation. Measurements and inter-
pretation of the resulting deformation can reveal the processes taking place in geothermal areas.
Deformation due to such process can proceed at rate of millimetres or centimetres per year.
Although such processes may be important for the use of the geothermal fields, it is not consid-
ered a main hazard. One of the best observed sites of subsidence induced by geothermal exploit-
ation in Iceland is in Svartsengi (geothermal area where the Blue lagoon is located). Deformation
due to the exploitation has been constrained by a variety of techniques, including satellite radar
interferometry (e.g., Vadon and Sigmundsson, 1997).

The main hazard from magmatic and geothermal processes, in addition to rifting episodes, is
occurrence of an eruption or injection without significant rifting (individual eruptions between
rifting episodes, not associated with significant regional crustal widening along the plate
boundary). Frequency of such eruptions without rifting episodes varies at Iceland’s central
volcanoes. In the Northern Volcanic Zone, they are most frequent at the Askja volcano, as
discussed in Chapter 2, but not known in the Krafla volcanic system.

Geodetic measurements can identify areas of persistent deformation, and these areas may be
more susceptible to future activity than other areas. Geodetic measurements that constrain local
deformation processes include interferometric analysis of synthetic aperture radar images, as well
as resurveying of local geodetic networks (Figure 3.10).

Two sites of persistent local deformation, continuing for decades, are known in the Northern
Volcanic Zone; in the Krafla caldera and the Askja caldera (see e.g. overview by Sigmundsson,
2006a). The persistent deformation is interpreted as the response to processes taking place in
shallow magma chambers in these locations. At Krafla volcano various geodetic studies consist-
ently point to a similar location for the shallow magma chamber (Figure 3.11 and Figure 1.8).
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Figure 3.11 The shallow magma chamber at Krafla — Stars indicate inferred locations of Mogi sources from
different studies. After Sturkell et al. (submitted).
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Deformation in the Krafla caldera following the Krafla rifting episode 1975-1984 is not steady in
time. After 1989, the area has been subsiding but at a variable rate. Furthermore, the spatial
character of the subsidence has changed. Repeated levelling surveys demonstrate clearly the
evolution and change in style of deformation due to processes in the shallow magma chamber

(Figure 3.12).
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Figure 3.12 Vertical displacements inferred from levelling in the Krafla area 1989-2005. a) Vertical changes
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Sturkell et al. (submitted).
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The rate of subsidence has decayed to less than 3 mm/yr at present times, and it is inferred that
pressure reduction in the Krafla geothermal area has taken over as the dominant local deform-
ation process.

An additional deformation signal indicative of deep pressure increase under Gjastykki requires
particular consideration. This signal is best detected in an InSAR study of Krafla (Figures. 3.13a,
3.13b and 3.14). InSAR studies rely on interferometric analysis of synthetic aperture radar
images acquired by radar satellites (ERS and ENVISAT satellites have been the most used in
Iceland). Resulting interferograms show the inferred change in range from ground to satellite,
with an accuracy of about 10 mm (e.g., Massonnet and Sigmundsson, 2000). The satellite has an
incidence angle relative to the vertical (23° in the case of ERS), and as a consequence the inferred
change in range depends on a combination of vertical and horizontal displacements.

Figure 3.13a Location of an
InSAR study of the Krafla area showing
the town of Husavik (H), Lake Myvatn
(L), the Krafla fissure swarm (dotted),
the outline of the Krafla caldera central
volcano (solid white line), and the
Krafla caldera (white dashed line). M,
and M, inidcate the location of the
Krafla magma chamber and the site of
deep pressure increase in Gjastykki
respectively. Reproduced from de
Zeeuw-van Dalfsen et al., (2004).
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Figure 3.13b InSAR study of Krafla area. Interferograms (left column), models (center column), and residuals
(right column). Each full color cycle (fringe) corresponds to a change in range from ground to satellite of 28 mm.
See text for discussion. Reproduced from de Zeeuw-van Dalfsen et al., (2004).

The regional InSAR study of Krafla reveals inflation over a broad area centred on Gjastykki. In
the 1992-1999 period the rate of uplift averages to about 10 mm per year at its maximum, over a
~50 km wide area. The signal is consistently seen in a number of interferograms. The signal can
be attributed to pressure increase at about 21 km depth in the crust. The signal from the deep
pressure source can be further studied with additional interferograms. Interferograms based on
data from the ENVISAT satellite reveal that pressure appears to increase steadily in the deep
source. A comparison of two time periods, 1993-1995 and 2003-3005 reveals that although
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deformation due to the shallow magma chamber mostly disappears, then the signal from the deep
source is similar (Figure 3.14). A steady rate of pressure increase in the deep source is suggested.

Figure 3.14 Interferometric data covering the Northern Volcanic Zone. Black lines outline the fissure swarms
in the area, circular outlines show the location of central volcanoes and the black stippled outline shows the location
of the Krafla caldera. A) ERS data spanning 1993-1995. B) ENVISAT data spanning 2003-2005. Subsidence

above shallow magma chamber has declined but deep inflation under Gjastykki continues. After Pedersen et al.
(2007).
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The deep seated pressure increase under Gjastykki has been interpreted as magma accumulation
near the crust-mantle boundary at about 21 km depth (de Zeeuw-van Dalfsen et al. 2004). An
alternate suggestion is that it may relate to post-rifting deformation processes, but no model has
yet been produced that can explain GPS and InSAR derived present deformation in the area as a
post-rifting response. In particular the even rate of deformation over long time period is difficult
to reconcile with post-rifting process, that otherwise appear to be completed in the Krafla area.
The favoured explanation for the deep pressure increased is considered to be magma accumu-
lation. Simple model for that process appears to satisfactorily explain the observations (Figure
3.13a). Magma at this depth may be expected to be primitive basalt. The pressure source may
signify an ongoing intrusion in the lower crust, forming a lower crustal gabbro as a part of the
generation of the oceanic crust.

Continuous crustal movements can be expected at Krafla in coming decades even if deformation
rates in the last few years are low. Krafla is a restless caldera, movements up and down can occur
without eruptions. That is characteristic for many calderas world-wide.

3.7 Tectonic-magmatic interplay: The plate spreading deformation cycle
and magmatic systems

Some main aspects of the plate spreading deformation cycle have been outlined in the previous
sections of this chapter. In general, displacement field at spreading plate boundaries can be
regarded as the sum of deformation associated with the latest rifting episode, superimposed on
background movement, being the summed contributions of all prior episodes. When strain
accumulation (associated with stretching) has reached a critical limit the plate boundary will fail
and rifting occurs. The critical limit is, however, highly variable and depends strongly on
availability of magma. Therefore, intervals between rifting episodes are not regular.

If no magma is present at shallow depth along the plate boundary, then normal faulting will
relieve the stresses. In that case, the critical deviatoric stress is the one needed to cause normal
faulting. For example, to initiate slip of a normal fault at 5 km depth may require deviatoric
stresses on the order of 65 MPa, according to the Anderson theory of faulting (e.g., Turcotte and
Schubert, 2002). If magma is in contact with stretched brittle crust, then diking events will relieve
the stress by tensile failure and accommodate the spreading. The rupture criterion for tensile
failure (e.g., Pinel and Jaupart, 2003) is that the magnitude of the deviatoric stress must exceed a
certain threshold value, which is the tensile strength of the crust, 7. The criteria can be written
as

Ao, <-T (3.6)

where Ao, is the deviatoric minimum compressive stress (minimum compressive stress minus
lithostatic stress). The tensile strength of the crust in Iceland is not well known, but analysis of
hydro-fracturing measurements in the uppermost 600 m of a drillhole at Reydarfjordur, eastern
Iceland have revealed it to be 1-6 MPa (Haimson and Rummel, 1982).
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In absence of tectonic stress, magma chambers may fail because of stresses created by pressure
inside them. This has to be considered as well. For a two-dimensional magma source such as a
pressurized pipe in an infinite medium, the hoop stress (tensile stress on the pipe walls) is
constant along the walls of the pipe and is equal to the overpressure in the pipe. In this case, and
for a pressurized pipe of small radius in an elastic half-space, the eruption criteria will be

AP —T. (3.7)
The critical overpressure needed for failure, AP, equals the tensile strength. In general, the
geometry of magma sources will cause deviations from this simple relationship. Hoop stresses
on the walls of a magma chamber will be modified by the finite dimensions of the source, and
also by the presence of a volcanic edifice above the source. Stress concentration around magma

bodies has to be considered. A general form of the failure criteria includes an amplification
factor, k, such that the criterion becomes

kAP, — T, (3.8)

In reality, the stress concentration needs to be evaluated for three-dimensional sources. For
example, the hoop stress at the boundary of a sphere in an infinite elastic half-space is equal to
half the overpressure in the source, corresponding to k = 0.5 (McTigue, 1987).

In Iceland, both of two factors above contribute to the failure condition, the regional
accumulation of tectonic stress, and pressure increase in magmatic sources. By considering both
the effects expressed by equation 3.6 and 3.8, the condition for rifting is (e.g., Jaeger et al., 2007):

Ao, —kAP =T, (3.9)

As a consequence, inflow of magma towards shallow depths may be a precursor to many rifting
events where tensional stress may have previously built up to high levels. A modest volume of
magma flowing into a rift zone can therefore cause rifting, long before the strain could be
accommodated by normal faulting. Although magma may be generated in the mantle at a
relatively steady rate under normal conditions, its transport towards shallow levels may be highly
irregular and episodic, depending on the transport mechanism. This may be a primary factor
causing irregular intervals between rifting events.
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3.8 Rift-transform interaction and regional stress: Influence of the Krafla
volcanic system on stress along the Husavik-Flatey fault system

A diking event compresses crustal volumes adjacent to the intruded dike. Cumulative horizontal
displacement over regional scale show how horizontal displacement decays away from the dikes
intruded during the Krafla rifting episode. Stresses are significantly modified in this crustal
volume, with increased compressional stress. Such effect can modulate seismic activity.
Increased compressional stress may clamp faults and reduce seismicity from levels prior to
rifting. Seismic activity on the easternmost part of the Hlisavik-Flatey fault may be affected by
this process in relation to rifting in the Krafla volcanic system. Chapter 4.2 documents how the
easternmost part of the fault had nine earthquakes of magnitude 4 or larger in the period 1927-
1973. The last of these events occurred shortly prior to the onset of the Krafla rifting episode, but
none have been recorded since. As plate movements gradually restore stresses towards the pre-
rifting levels, seismic activity on the easternmost part of the Husavik-Flatey fault may eventually
increase again towards the level existing prior to the Krafla rifting episode. The known
earthquake history is considered in the seismic hazard estimate presented in Chapter 5.

3.9 Incorporation of crustal deformation results into hazards estimates

Volcanic hazards can be quantified in different ways. A study of the eruption history and past
events of a dormant volcano gives an estimate of the long-term probability of renewed activity.
Such estimates are often hampered by limited knowledge. Frequently, only few events are used to
estimate statistical distribution of repose periods in a volcanic area. Such probabilistic estimates
can be “upgraded” into time-dependent hazard estimates if information is available about
ongoing tectonic and magmatic activity in an area. A detailed understanding of volcano dynamics
is needed to fully understand the hazards involved. The style of crustal deformation in a volcanic
area inferred from repeated geodetic measurements can be incorporated into such hazard
estimates. The role of geodetic measurements is at least two fold: (i) identification of areas and
amount of significant tectonic strain accumulation and (ii) identification of areas of magma
movements and accumulation within the crust.

Gradual stretching across the divergent plate boundary in northern Iceland causes strain accumu-
lation of about 0.3 - 1 ustrain/yr. The associated tectonic stress build-up is on the order of 0.04 —
0.12 MPa /yr. When strain accumulation has reached a critical limit the plate boundary fails and
rifting occurs. The critical limit is highly variable and depends strongly on availability of magma.
If no magma is present at shallow depth along the plate boundary, then normal faulting will
relieve the stresses. In that case, the critical deviatoric stress is the one determining when normal
faulting occurs. Initiation of slip of a normal fault at 5 km depth may require deviatoric stresses
on the order of 65 MPa. If magma is in contact with stretched brittle crust, then diking events will
relieve the stress and accommodate spreading. The condition for rifting is then a deviatoric stress
that exceeds the tensile strength of the crust, inferred to be about 6 MPa in Iceland, or an order of
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magnitude smaller than if no magma is present. Inflow of magma towards shallow depths within
the rift zone may therefore be a precursor to major rifting events along the plate boundary. An
order of magnitude longer time is needed to accumulate sufficient stress to cause large scale
faulting in a magma starved system.

The rifting events at Krafla 1975-1984 and subsequent volcano inflation until 1989 have been
followed by no eruptive activity in the area. No known magma accumulation is taking place at a
shallow depth in the crust, but magma accumulation near the crust-mantle boundary has been
suggested (alternatively that signal may relate to post-rifting adjustment). Geodetic measurements
indicate a relatively uniform strain accumulation along the length of the plate boundary in north
Iceland and suggest that Askja segment adjacent to Krafla should be considered as the likely
location of renewed activity. However, future location of magma accumulation at shallow depth
will determine the site of the next eruptive or intrusive activity in the Northern Volcanic Zone.
Early detection of such renewed magma accumulation at shallow crustal depth, put in context
with previous pattern of magma movements in a volcanic area, is therefore a key in updating
long-term probabilistic volcanic hazard estimates. Much longer time series of crustal deformation
observations are needed in the area to fully understand the hazards throughout the full plate
boundary deformation cycle.

81 of 157



4. Assessment of earthquake hazard
Pall Halldorsson, The Icelandic Meteorological Office

Earthquakes in northeast Iceland occur mainly within the Tjornes Fracture Zone. Since 1994,
seismicity in this region has been monitored by the SIL seismic network. Earthquakes cluster on
two northwest trending lineaments (Figures 4.1 and 4.2) named the Grimsey-Kopasker lineament
and the Husavik-Flatey fault (HFF), which extends northward to the Kolbeinsey Ridge.
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Figure 4.1 Logarithm of the number of earthquakes since 1994, having a magnitude > 1.5 on the Richter

scale. Number of earthquakes is counted in confined 25 km? areas.

Earthquakes also cluster at Trollaskagi, located between Fjot and Dalvik, suggesting the presence
of a third lineament (Figure 1.6). Historically, all large earthquakes in the Tjornes fracture zone
have occurred on these lineaments. Additionally, increased seismicity on the Grimsey-Kopasker
lineament is, apparently, connected to rifting episodes in Iceland’s northern volcanic zone.
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4.1 Historical earthquakes in northern Iceland and their proximity to power
plants

Figure 4.2 shows the distribution of large earthquakes (M > 6) in northern Iceland. The events
include pre-1900 estimates of earthquake size and location, together with measured earthquakes.
Major earthquakes are sourced both on and off the coast of the Tjornes fracture zone.
Historically, the exact size and location of offshore earthquakes is uncertain because of the
difficulty of using intensity-based estimates.
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Figure 4. 2 Historical earthquakes (M > 6) since 1700 and earthquakes > 1.5 since 1994.

The following Table 4.1 summarises the proximity to and effects of large, historic earthquakes
that have occurred near to the sites of the power plants. Data on earthquake intensities and ground
acceleration are included, alongside felt intensity values, where available.
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Tafla 4.1

Theistareykir GjastykKi Krafla Bjarnarflag
Year M Dist Int Acc Dist Int Acc Dist Int Acc Dist Int Flﬁltt Acc
[km] | [MM] | [%g] | [km] | [MM] | [%g] | [km] | [MM] | [%g] | [km] | [MM] | [MM] | [%g]
1755 7 40 7 7 50 6% 5 60 6% 4 65 6% <4 3
1838 | 6.5 95 5 1 105 5 1 115 4% 1 115 4% 1
1872 | 6.5 30 6% 6 40 6 4 50 6 3 55 6 3
1872 | 6.5 50 6 3 60 6 2 70 5% 2 75 5% 2
1885 6 25 6 5 35 6 3 45 5% 2 50 5% 2
1910 | 71 75 6 3 85 6 2 95 5% 2 100 5% 5 2
1934 | 6.25 70 5 1 80 5 1 85 5 1 85 5 1
1963 7 130 5 1 140 5 1 145 5 1 145 4% 1
1976 | 6.2 45 6 2 50 6 2 60 5% 1 70 5 1
NN 6.5 15 7 18 25 7 8 35 6% 5 40 6 4

The table shows that, where felt intensities are known, the values are lower than calculated,
conforming with the assumption of higher attenuation rates in the eastern volcanic zone than in
Iceland in general; the same can also be assumed for predicted and actual ground acceleration.
The effect of a possible earthquake on the eastern part of the HFF — identified as ‘NN’ — is shown
in the table. The earthquake’s loci is at Hoskuldsvatn.
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Figure 4.3 Measured earthquakes (M > 3) in the region from 1930 to 2000.

84 of 157



The 1976 Kopasker earthquake was associated with the Krafla rifting episode, which spanned
1975 to 1989. The seismic moment of the 1976 earthquake was equal to the total moment of the
subsequent earthquake swarms between Axarfjordur and Krafla (Ragnar Stefansson, pers.
comm.). Two other earthquakes in Axarfjordur are known, one in 1618, the other in 1885. There
is no evidence of volcanic activity at the Gjastykki Krafla area at the same time.

4.2  Activity on the Husavik-Flatey Fault

Seismic hazards in the region are due primarily to large earthquakes on the Husavik-Flatey fault
(HFF). This northwest-striking system of faults adjoins the Theistareykir fissure swarm in the
east and the Kolbeinsey Ridge in the west. Before 1755, only one damaging earthquake is known
on the HFF. It occurred in 1260 and is described in medieval annals from the region as a “great
earthquake in Flatey”.

In 1755 an earthquake took place on the HFF, with an epicentre somewhere between Flatey and
Husavik. Its magnitude has been estimated at 7 on the Richter scale, and the intensity of the
earthquake in Husavik could have exceeded VIII on the Modified Mercalli scale. These
estimations are based on felt intensities. Note that the 1755 event represents the highest calcu-
lated intensity in the previous table. At Theistareykir, the intensity of the 1755 earthquake would
have been ~7, with a corresponding ground acceleration of 7% g.

The next sequence of earthquakes on the HFF began in 1867 with an earthquake that possibly
originated near to Hoskuldsvatn lake, east of Hisavik. The magnitude of this earthquake has been
estimated at 5.5 — 6 on the Richter scale. In 1872 two large earthquakes occurred in the
Skjélfandafloi bay. Both earthquakes were approximated at magnitude 6.5 on the Richter scale —
the first sourced just north of Husavik and the second close to Flatey. Both earthquakes caused
widespread damage in Husavik and the surrounding area. The intensity of the first event in the
Husavik area is thought to have exceeded VIII on the Mercalli scale (Halldorsson, 2005).

Since 1927, 9 earthquakes > 4 on the Richter scale have been detected within the HFF region.
They are as follows:

1927 M =4.1 Location; Reykjaheidi

1940 M = 4.5 Location uncertain; possibly west of Theistareykir, intensity in Husavik I1I
1940 M = 5.2 Location uncertain; possibly west of Theistareykir, intensity in Husavik VI
1944 M = 5.6 Location near Husavik, intensity there VI

1944 M = 5.7 Location near Husavik, intensity there VI

1944 M = 4.6 Location near Husavik, intensity there VI

1958 M = 4.6 Location between Husavik and Flatey

1972 M = 4.3 Location near Husavik, intensity there [V

1973 M = 4.0 Location near Husavik, intensity there [V
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Since 1872 no major earthquake has occurred on the HFF, however, a notable earthquake
sequence persisted in the region from 1940 to 1944, with the largest earthquake measuring M 5.6
on the Richter scale. The first two events were sourced from the eastern part of the fault, but their
location is considered inaccurate. Since 1973 no earthquakes exceeding magnitude 4 have
occurred on the fault. Figures 4.1 and 4.4 also reveals low seismicity on the eastern part of the
fault since 1994.
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Figure 4.4 Activity since 1994, M > 1.5. The concentric circles show the distance to Theistareykir at 10 km
intervals.

From 1999 a continuous GPS system (CGPS) has been operated in the Tjornes Fracture Zone
(TFZ). Its purpose is to monitor crustal movements and to provide more detailed insight into the
controls on seismic activity in Iceland. Between 2001 and 2006 the CGPS measurements show a
steady ESE drift of Raufarhofn relative to Akureyri by 18 mm a year, but at Tjornes the drift rate
is only 8 mm per year relative to Akureyri. This indicates that 60% of the present drift is
occurring across the Grimsey fault and 40% across the Dalvik and Husavik — Flatey faults
(Geirsson et al., 2006). It is not known whether this drift is occurring as aseismic slip on the
faults or whether stress is accumulating on locked faults. Given that the present-day seismicity
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does not indicate aseismic slip, 10 additional CGPS stations were installed in the Tjornes fracture
zone in September 2006 to help elucidate whether the HFF fault system is locked or not.

It is also possible that, following the 1975 — 1989 rifting episode in the Krafla area, aseismic
movements on the HFF might have released accumulated stresses in the region. However this
view is in contrast to the 1724 — 1746 Myvatnseldar rifting episode, which was followed 9 years
later by a major earthquake (M = 7) on the HFF.

Assuming that the HFF is locked and the accumulated moment can be estimated, the moment rate
is:
AM

At

O:MV

Where A is the rupture area, for the whole fault (assumed as 10 x 100 = 1000 km?), rigidity p =
30 GPa and drift rate v = 8 mm per year. Then the rate of moment accumulation is 2.4 x 10" Nm
per year. Therefore, the accumulated moment since 1872 is 3.1 x 10'"° Nm. If this energy were
released in one earthquake, the corresponding moment magnitude (My) would be 6.9 and the Ms
would be the same if the stress drop is 3 MPa.

As mentioned earlier, the HFF boarders the Theistareykir fissure swarm. It is plausible to assume
a future earthquake magnitude of 6.5 in the eastern part of the fault with an epicentre near to
Hoskuldsvatn. Table 4.1 summarises the effects of a 6.5 earthquake at the power plants sites.

4.3 Expected earthquake activity in the vicinity of power plants and sub-
stations

Figure 4.4 shows the surroundings of the study region and the seismicity levels in the period
1990 to 2005. The minimum magnitude of completeness is 1.2. During the last 15 years it is clear
that low levels of seismicity have persisted at the power plant sites.

The b-value is the relation between earthquake size and the frequency of occurrence, which is
represented by:

logN =a—bM
where N is the number of earthquakes > M. The maximum likelihood estimate of b is

b= 0.4343/(Mpn — Mmin) + 1.96b/An - for 95% confidence

were My, is mean magnitude for all events with magnitudes above or equal Mpi,, and n is the
number of events (Aki, 1965). The error assessment is based on the assumption of no uncertainty
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in My,. Figure 4.5 shows the number of measured earthquakes since 1930. The location of these
events is shown in Figure 4.6.
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Figure 4.5 Number of measured earthquakes in the area shown in Figure 4.6.
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Figure 4.6 Measured events (M > 3) since 1930.
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The largest event (M = 5.2) was located just west of Theistareykir on 12 January 1940. As ment-
ioned before, the location of this event is inaccurate and its foci could be in Skjalfandafloi. For
the interval 1940 — 1963, 20 earthquakes > 3 are known to have occurred in the region. The
detection level for earthquakes in the area before 1964 was above 4.5, meaning that an accurate
b-value for this period cannot be derived.

In the period 1964 to 1973, 97 events > 2 were detected in the area. The maximum magnitude
was 4.1 and the mean magnitude 2.49. Consequently, b =0.89 = 0.18 (Figure 4.7).
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Figure 4.7 Frequency versus magnitude for the period 1964 to 1973, M >

\
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In March 1974, increased seismicity was observed in the area and, in December 1974, the Krafla
fires began. During the rifting episode an additional seismic network was operated in the area.
Homogenous data exist to magnitude 3 during the rifting period (Figure 4.8).

The largest earthquake had a magnitude of 4.6 and it occurred on 16 January 1976. This event
belongs to the aftershock sequence of the Kopasker earthquake that happened on 13 January
1976. From 1975 to 1990, 172 earthquakes with M > 3.0 were observed in the area. The mean
magnitude was 3.37, giving a b-value of 1.17 + 0.17. Note that the b-value is significantly higher
in the period 1975 to 1990 than in the previous period (Figure 4.9).
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Figure 4.9 Frequency versus magnitude for the period 1974 to 1990, M > 3.0.
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In northern Iceland, the SIL seismic monitoring system has been in operation since 1994
(Stetansson et al., 1993). During this period, seismic activity within the region has remained low,
with the largest earthquake registering 2.6 on the Richter scale. A complete catalogue exists for
earthquakes exceeding magnitude 1.2.

BEEr
- E

4+

4z

3 fyow 55 50 45 20 35 80 25 20

Figure 4.10 Locations of events > 1.2 since 1994.

Within the period of the SIL seismic network, 116 events with a magnitude above 1.2 have been
detected in the area, yielding a b-value of 1.21 +0.22.
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Figure 4.11 Frequency versus magnitude for the period 1994 to 2006, M >1.2.

Earthquakes hazards are commonly estimated using b-values. It is based on the assumption that
the value is stable. However, many studies have demonstrated variations in the b-value over time.
And in the area around the vicinity of the possible power plants, we have observed a significant
change between the periods before and after 1975, fromb~=0.9£0.2tob = 1.2 + 0.2. A plausible
explanation for high b-values is a weak crust that is incapable of sustaining high strain and
heterogeneous stresses. The lower b-value before the last rifting episode indicates that the crust
has stabilized during the 200 years since the 1724 — 1746 rifting episode.

Therefore, in the following decades, a b-value of 1.0 is a conservative value for hazard estimation
in the area. Consequently, the probability of a magnitude 5 earthquake is considered to be low.

92 of 157



5. Earthquake Action

Jonas Thor Snaebjérnsson and Ragnar Sigbjornsson
Earthquake Engineering Research Centre, University of Iceland

5.1 Engineering Analysis of Seismic Hazard

5.1.1 Introduction

The objective of an earthquake engineering hazard analysis is to quantify the magnitude and
effects of ground motion due to earthquakes. The ground motion can be described by the
intensity of the earthquake, displacement, velocity or acceleration of the seismic wave at the site.
Seismic hazard is determined by the following three factors:

e The temporal and spatial distribution of the regional seismicity
e The attenuation of seismic waves radiating from an earthquake source
o The effects of the shallow geology in the distortion of the seismic motion

The hazard can be estimated using deterministic or probabilistic methods. In the first method
known as deterministic hazard analysis (DSHA), ground motion is estimated from a given set of
seismological parameters, such as earthquake magnitude and the distance from the earthquake
rupture zone to the site of interest. On the other hand, probabilistic hazard analysis (PSHA)
entails assessing the probability of exceeding a prescribed level of ground motion, for example
peak ground acceleration (PGA), at a site during a specific time interval, such as 50 years. The
analysis must incorporate the inherent uncertainty of the magnitude, location and time of
occurrence of future earthquakes as well as the attenuation of seismic waves as they propagate
from all the defined sources to the site.

The following sections will discuss the above-mentioned elements of engineering seismic hazard
analysis. A short review of the seismic sources involved and the applied earthquake catalogue is
given in section 5.1 along with a discussion of Icelandic attenuation characteristics. Models for
estimating earthquake motion are briefly discussed in section 5.2 and the regression models
applied in this study introduced. The fundamentals of the probabilistic seismic hazard analysis
are presented in section 5.3. The corresponding design specifications suggested are given in
section 5.5, along with comments emphasising the importance of a conceptual design approach.

5.1.2 Opverview of structures and the related hazard

In general, the overall seismic performance of power generating stations has been good. In
Iceland, however, it should be noted that such facilities have had limited exposure. One of the
most common disturbances in the operation of generating stations has been due to switchyard
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and substation damage that has forced them offline and getting them back online has sometimes
been a delayed process.

The following main components of a geothermal power plant system are all, to some extent
vulnerable to earthquake effects and ground movement:

e Production wells

o Pipe lines (insulated steel pipes ~1 m in diameter)

e Steam separators (~ 10 m high, ~500 m?)

« Cooling towers (~15 m high, 1000 m?)

e Power houses (access and control halls, turbine halls made of concrete shear walls
and/or steel frames, ~10 m high)

o Substations

e Transmission/power lines

Krafla power station, which has now been in operation for about 30 years, is a good example of a

geothermal power plant, such as those currently being planned. Figures 5.1, 5.2 and 5.3 show the
structures present at the Krafla site as well as their arrangement.

Power house

Cooling tower I

Switch yard
Seperator station |
Pipe lines

Production wells

Figure 5.1 Krafla geothermal power station.
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Production wells (boreholes)

The availability of geothermal energy is commonly linked to fracture zones caused by
earthquake or volcanic activity. It stands to reason that production wells may be affected by
ground movements. Partial collapse that may block the wells is a possibility. However, seismic
action is not known to have damaged production wells in Iceland severely, except on one
occasion when a fracture passed through a well in Bjarnarflag in the Krafla fires. However,
volcanic action did damage wells located inside the central graben during the Krafla fires (see
Chapter 1).

Temporary disturbance in production is known to happen after seismic events, mainly due to
pressure changes within the rock mass that may cause water levels to rise or fall, especially in
low temperature geothermal areas. These disturbances are usually reversed in few weeks or
months, but in general, increased fracturing and opening of old fractures appear to improve
geothermal activity in the long run. It is worth noting that only one production well was
permanently damage during the South Iceland earthquakes in June 2000.

1999/7/10

Figure 5.2 Krafla geothermal power station, turbine hall.

Pipelines
Seismic consideration should be given to all pipe installations. However, the cost of

implementation and system maintenance should be compared against consequences of system
failure.
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Pipelines are affected by differential motion due to wave propagation and permanent ground
deformation, e.g. induced by lateral spread, settlement and fault rupture.

In Iceland, pipelines have been damaged in earthquakes but mainly those that are buried, and
especially those made of asbestos or concrete. Pipelines typical for geothermal areas in Iceland
have not been damaged, but have also not been severely tested.

Pipeline performance in earthquakes is a function of the pipe material and the properties joints as
well as the earthquake action. The key pipeline performance parameters are: ruggedness of the
material (strength, ductility); resistance to bending failure of the pipe body; joint flexibility
ensuring the pipes ability to extend, compress or bend around a joint; and joint restraint making
the pipe-joint system hold together in extension.

A variety of methods are available to mitigate seismic damage to pipelines. These include:

e Avoiding or rerouting pipes around areas particularly susceptible to damaging ground
movements

e Various methods to isolate the pipeline from ground movements or reduce the effects
of ground movement

o High strength and/or high ductility materials for the pipelines themselves

o The use of joints with enhanced expansion/contraction or rotation capability

e Include bends in the pipeline at regular intervals to increase its overall flexibility

Buildings (steam separators, cooling towers, power houses)

The steam separator station, the cooling towers and the power house can be categorised as
building type structures. They will cover a considerable area (500-1000 m?) and will generally
have a height in the range 10 to 15 m. They are susceptible to earthquake actions in the same
way as every building would be and should be appropriately designed to account for seismic
excitation. These structures will have a load bearing system of either reinforced concrete shear
walls or steel frames. Their vulnerability will vary depending, not the least, on appendages such
as pipelines, power cables, towers, chimneys etc. Similarly, building halls with tall walls, which
offer limited possibilities of lateral support, such as the turbine halls, are often susceptible to
lateral force effects caused by earthquake motion and require careful design.
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Figure 5.3 Schematic map of the Krafla geothermal power plant and the surrounding area.

Substations

Damage to porcelain elements of high-voltage substation equipment has been a recurring
problem in earthquakes worldwide. It can often be attributed to equipment vulnerability and lack
of slack in conductors connecting the equipment, which is often aggravated by flexible
equipment supports that allow large relative displacements. Damage to transformers and related
equipment is also common, often due to insufficient anchorage. There is, in general, a difference
in equipment vulnerability depending on the operating voltage. Generally, the higher the
operating voltage, the more vulnerable is the equipment.

In Iceland substation damage, has not been a problem so far, most likely because no substation
has yet been tested by severe earthquake excitation.
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It should be noted in this context, that the proposed substations will be indoor facilities. Indoor
facilities generally have better seismic resistance than outdoor facilities and the equipment will
be protected from the adverse impact of the environment.

Transmission lines

Transmission lines have, historically, been resilient to earthquake damage. Their main
vulnerability seems to be foundation failure of transmission towers or the loss of a tower due to
landslides. It appears that the low natural frequencies of the lines decouple their mass from the
high energy content of earthquakes. Furthermore, their design loads for wind, ice and
longitudinal load combinations ensures adequate reserve strength for earthquakes. However, in
the 1999 Chi-Chi Taiwan earthquake, many transmission towers were damaged (Lee and Hsieh
2002), mainly due to ground failures and landslides, causing long-term blackouts in Taipei,
which otherwise experienced minor damage.

The South Iceland Earthquakes in June 2000 caused some damage to transmission lines in the
epicentral area. In all cases that damage was primarily related to towers located on soft ground.
Damage of towers in the Burfellslina 1 transmission line was related to differential settlements of
foundation on soft soil. Damage in Burfellslina 2 and 3 transmission lines was in all cases due to
loss of tension in the supporting cables. It should be noted, that these damages did not cause
disruption in power supply.

5.1.3 Selection of earthquake design criteria

For power plant structures and other industrial or lifeline-type installations it is important to
ensure undisturbed operation during common design events, whereas that may not be
economically feasible for extreme events. Therefore, it is generally recommended that the
following levels of earthquake action should be considered in the design process, i.e. an
Operating Base Earthquake for no damage and undisturbed plant operation, a Maximum Design
Earthquake for life safety and limited damage and a Maximum Credible Earthquake for collapse
prevention checking. These actions are defined as follows:

e« The Operating Base Earthquake (OBE) is defined as an earthquake that can
reasonably be expected to occur within the service life of the project, that is, within a
50% probability of exceedance during service life. This corresponds to a return period
of 144 years for a project with a service life of 100 years and a return period of 95 years
for a project service life of 50 years. The associated performance requirement is that the
project functions with little or no damage and without interruption of function. The
purpose of the OBE is to protect against economic losses from damage or loss of
service. Therefore, based on economic considerations an alternative return period for
the OBE may be chosen.
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e The Maximum Design Earthquake (MDE) is defined as the maximum level of ground
motion for which a structure is designed or evaluated. The associated performance
requirement is that the project performs without catastrophic failure although
significant damage or economic loss may be tolerated.

e The Maximum Credible Earthquake (MCE) is defined as the greatest earthquake that
can reasonably be expected to be generated by a specific source on the basis of
geological evidence.

For critical structures, especially in low seismicity zones, it is sometimes required that the MDE
be set equal to the MCE. Structures are considered critical if their failure during or following an
earthquake could result in loss of life. However, generally the MDE is selected as a less severe
event than the MCE, which provides for an economical design meeting specified safety
standards. The MDE is chosen based upon an appropriate probability of exceedance of ground
motions during the design life of the structure, such as 10% probability of exceedance in 50 to
100 years. This corresponds to a return period of 475 and 950 years, for a project with a service
life of 50 and 100 years, respectively.

5.1.4 Hazard modelling

The North Iceland Seismic Zone is a broad region of faulting and seismic activity, which
connects the submarine Kolbeinsey Ridge and the volcanic zone in North Iceland at the bay
Oxarfjordur. The seismic character of the zone is complex and cannot be associated with a single
fault or clearly identified plate boundary. However, based on the geological and geophysical
findings displayed by the figures in Chapters 1 through 4, it seems reasonable to associate the
seismicity with few hypothetical lines, visualised as seismic delineations. Three parallel WNW
trending lines represent the Tjornes Fracture Zone, and four lines trending NNE represent the
main fissure swarms of the Northern Volcanic Zone. These hypothetical lines are drawn on top of
the fissure swarms in Figure 5.4.

The first of the WNW trending lines, counting from north-east, is the Grimsey seismic
delineation that runs slightly north of the Grimsey island and joins the Krafla fissure swarm in
Axarfjordur. There is not a clear trace in the topography. Instead, the surface structure is
characterized by northerly-trending troughs and ridges. In some respect this resembles the
structure in the South Iceland Seismic Zone where the epicentral belt lacks clear surface
manifestation in terms of a single fault.

The second WNW trending seismic delineation runs from Hoskuldsvatn, past Husavik, across
Flatey and north of Eyjafjordur. The 1872 magnitude 62 earthquake originated within this
delineation. It caused widespread damage in Husavik, Flatey and Flateyjardalur.

The third inferred WNW trending seismic delineation runs from Eyjafjordur near Dalvik and to

the inlet of Skagafjérdur. A magnitude 7 earthquake occurred in the Skagafjordur inlet on this
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third delineation in 1963. As is the case with most historic earthquakes in the North Iceland
Seismic Zone, the epicentre was off the coast in the ocean and the land intensity therefore low to
moderate. The earthquake caused alarm and some damage in the nearby town of Saudarkrokur.

The first NNW trending fissure swarm, from west to east, runs through the geothermal area of
Theistareykir. The second NNW trending fissure swarm is linked to the Krafla central volcano
and runs through the geothermal areas of Krafla, Gjastykki and Bjarnarflag. The third NNW
trending fissure swarm runs through the geothermal area at Fremri Namar and the fourth NNW
trending fissure swarm is linked to the Askja central volcano. This last seismic delineation is
unlikely to have significant influences on the hazard at the four plant sites studied, but is included
for the sake of completeness.

The characterisation of seismic sources involves quantification of three basic parameters:

e Geometry and location of the source (or fault), (where do earthquakes occur?)
e Rate of earthquake recurrence (how often do earthquakes occur?)
e Maximum magnitude (how big can we expect theses earthquakes to be?)

Earthquake catalogues are the fundamental database used to determine where, how often and how
big earthquakes are likely to be. Unfortunately the related statistics are generally based on
geologically short catalogues. Therefore, the information from seismic monitoring, historic
records, geodetic monitoring, and geological records are combined to characterise seismic
sources. These data, when available, are used in a physical interpretation of seismic source zones.
Because different interpretations of the input data are possible, large uncertainties are often
associated with source characterisation.

A Parametric Earthquake Catalogue for Iceland has been compiled by Ambraseys and
Sigbjornsson (2000) using public domain teleseismic data. The study area is defined as the area
between the latitudes 62°N and 68°N and the longitudes 12°W and 26°W. The time period
spanned by the catalogue is one century, i.e. from 1896 to 1996. The selection of the starting year
for the catalogue was based on the fact that the first earthquake in Iceland for which there is
available instrumental data was the destructive 1896 South Iceland earthquake. The magnitude
scale applied is the surface-wave magnitude scale. The total number of events in the compiled
catalogue is 422, including 276 events with a recalculated surface-wave magnitude.
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Figure 5.4 The seismic source zones and lineaments applied in probabilistic seismic hazard analysis. This

figure is based on Figure 1.5 in Section 1.3 and the figures in Section 4. The solid red lines indicate seismic source
zones producing earthquakes with magnitude greater than or equal to 4 and the dotted lines refer to source zones
where event magnitude does not exceed 4. Legend: A — The Grimsey Island lineament, My, = 7.3; B — The Flatey
Island lineament: B1 — strike-slip earthquakes, M.x = 7.3, B2 — strike-slip faulting earthquakes, M,.x = 7.3, B3 —
oblique faulting earthquakes, Mp.x = 6.5; C — The Dalvik lineament, strike-slip earthquakes, M,,x = 7.3; D — The
Krafla zone, normal faulting earthquakes, M..x = 5.5; E — The Theistareykir zone, normal faulting earthquakes, M.x
=5.5; F — The Fremri-Namur zone, normal faulting earthquakes, M,,.x = 5.5; G — The Askja zone, normal faulting
earthquakes, Mp.x = 5.5; J — Kverkfjoll Mountain zone.

The geographical distribution of earthquakes is shown in Figure 5.5, including all events. The

circles denote earthquake epicentres applying an extended colour code as well as the size of the
circles to visualise the earthquake magnitude.
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The catalogue can be regarded as complete during the whole period for events with magnitudes
roughly exceeding magnitude 4’2, which is normally considered satisfactory for engineering
hazard assessment. Furthermore, the catalogue seems to cover the main earthquake areas fairly
well.
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Figure 5.5 Spatial distribution of earthquake epicentres in the Parametric Earthquake Catalogue for
Iceland for the period 1896 to 1996 (Ambraseys and Sigbjornsson, 2000). The following colour code is used:
blue — My € [7.0; 7.5]; purple — My € [6.5; 7.0]; red — My € [6.0; 6.5]; orange — My, € [5.5; 6.0]; yellow —
Mw € [5.0; 5.5]; yellow-green — My € [4.5; 5.5]; green — My € [4.0; 4.5]; white — My € [3.0; 4.0] or
undefined.

The activity of each source zone is described by frequency-magnitude occurrence relationship.
The rate of recurrence of earthquakes on a seismic source is assumed to follow the Gutenberg-
Richter relation. To characterise each source zone, the following parameters are evaluated:

o Mpax and My, the upper and lower bound magnitude, related to the tectonic setting,
geometry, and type of the seismic source

e The Gutenberg-Richter earthquake recurrence parameter (b-value)

e The activity rate, a,, i.e. the number of event within a given reference period having
magnitudes equal to or greater than M, on the source

e The average hypocentral depth

e Style-of-faulting
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It is clear that the presented parametric earthquake catalogue contains different types of
earthquakes occurring within the study area. For instance, it is obvious that the catalogue contains
earthquakes related to volcanic activity as well as earthquakes of more direct tectonic origin from
at least three fault zones.

The assumed upper bound of magnitude is taken as 7.3 for Zone A, B1, B2 and C in accordance
with the estimation for Iceland as a whole (Ambraseys and Sigbjornsson, 2000). The style-of-
faulting for these zones is assumed as strike-slip. The b-values for these zones are taken as equal
to 0.7 which is in fair accordance with available data. The assumed average upper bound of
magnitude for Zones D, E, F, G and J is taken equal to 5.5, which conforms to available data. The
b-values are in all cases taken equal to 1, which is in fair accordance with Chapter 4. The seismic
activity in these zones is assumed to be dominated by normal faulting earthquakes. The Zone B3
is of special interest in this study. Unfortunately, this is an area where reliable seismic
information is not available. Tentatively, the upper bound of magnitude is taken as 6.5 and the b-
value equal to 0.7. The style of faulting is taken as oblique. The lower bound of the magnitudes
considered in the hazard analysis is in all cases equal to 4. The activity rate is an uncertain
parameter assessed tentatively for each zone in such a way that the overall number of earthquakes
fit the available data. The earthquakes are in all cases characterised as shallow. The depth
parameter is based on statistical analysis and the results applied as overall values for the
identified zones (see Section 5.2.2).

A secondary type of conceivable ground motion in the vicinity of the proposed power plant sites
are volcanic tremors. Volcanic tremor is a sustained seismic motion which is observed at active
volcanoes during either quiescent or eruptive stages. It is a continuous rhythmic ground vibration
of low amplitude, generated by magma moving underground. This type of motion is not known
to have damaging effects on structures and is therefore not considered further herein.

5.1.5 Ground motion estimiation modelling

Estimates of expected ground motion at a given distance-to-fault induced by an earthquake of a
given magnitude are the second basic element of earthquake hazard assessments. These estimates
are usually equations, referred to as ground motion estimation equations or attenuation
relationships. They express the expected ground motion as a function of source-to-site distance
for a given magnitude (and occasionally other variables, such as style of faulting and site
conditions). Ground motion estimation relationships may be determined in two different ways:
empirically, using previously recorded ground motions; and theoretically, using seismological
models, which account for the source, site and path effects. However, there is an overlap in these
approaches, since empirical approaches fit the data to a functional form suggested by theory and
theoretical approaches often use empirical data to determine the key parameters.

The ground motion at a given site depends on the earthquake source, the seismic wave path and

the site response. Earthquake source signifies the earthquake magnitude, the depth and the focal
mechanism, the wave propagation depends mainly on material properties of the wave path as well
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as the length of the wave path from source-to-site. The site response deals with the local geology
commonly in terms of simplified site classification, e.g. hard rock, firm soil, etc., where the
ranking is usually expressed in terms of shear wave velocity at shallow depth. Hazard values
calculated for rock/stiff soil sites (the most common site classifications in Iceland) are lower than
hazard values calculated for soft soil sites.

Earthquake effects attenuate rather rapidly in Iceland. This is a well-established property of
Icelandic earthquakes and is believed to be related to the geological properties of the Icelandic
crust and the characteristics of Icelandic earthquakes. The crust is relatively young in geological
terms, heterogeneous and cracked. This results in higher anelastic attenuation than found in
continental crust. The largest earthquakes in Iceland originating in the North and South Iceland
fracture zones are characterised as shallow strike-slip earthquakes with a vertical fault plane
rupturing to the surface for moderate sized events. In a narrow near source zone the peak ground
acceleration (PGA) is roughly constant for a given event. For a magnitude 6% event the size of
this near source zone is limited to an area stretching 5 to 6 km from the surface trace of the
causative fault. In the intermediate field the attenuation is faster than in the far field, where it is
found to be inversely proportional to the source distance. For the above-mentioned moderate
sized event the horizontal PGA has attenuated down to approximately 15% g at a 15 km distance
from the surface trace of the causative fault (Sigbjérnsson and Olafsson, 2004). This scenario is
presented here as an approximation to the seismic events in the vicinity of the proposed power
plant at Theistareykir.

5.2 Earthquake strong-motion estimation models

The term ‘strong-motion estimation model’ refers both to the ground motion estimation model
mentioned above as well as to an earthquake response spectrum estimation model. They can be
used to obtain characteristic quantities like peak ground acceleration and response spectrum
acceleration. The methods and models outlined in this chapter are the basis for the probabilistic
seismic analysis presented in the following section.

The ground motion estimation models, often referred to as attenuation models or attenuation
laws, are used to obtain values for quantities used to describe the ground motion at a given site
induced by earthquakes in a surrounding seismogenic region. These models can be divided into
two main classes. Firstly, there are theoretical models, which are derived using the basic
principles of mechanics. Secondly, there are models derived using regression analysis, which in
principle consist of fitting an optimal model to a predefined strong-motion data set.

Strong-motion estimation models derived by regression analysis are more common in
engineering applications than the theoretical models. A comprehensive overview of the available
range of regression type models has been given by Douglas (2003). The reliability of these
models depends heavily on the data set applied to derive the model parameters although the
functional form is also an important factor.
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5.2.1 Theoretical models

Theoretical models are derived using the basic principles of mechanics. There are several
different modelling strategies in use, but primarily the modelling approaches can be divided into
two categories, 1.e. point source models and finite source models.

The point source model used in the present study is based on the Brune model for seismic shear
waves. It was derived by considering the effective stress needed to accelerate the sides of a
circular causative fault on which a stress pulse was applied instantaneously (Brune, 1970, 1971).
It is commonly used to obtain fault dimensions from spectra of shear waves for small to
moderate sized earthquakes (Udias, 1999). The model describes near- and far-field displacement-
time functions as well as spectra and includes the effect of fractional stress drop.

The stochastic simulation technique for seismic motion (Boore, 2003) is based on a theoretical
spectrum of point source and propagation process. In spite of the success of this method it is also
well-known that the point source model has its limitations. The effect of large finite source,
including rupture propagation, directivity and source receiver geometry, can profoundly influence
the amplitude, frequency and duration of ground motion. A common approach to model these
effects is to subdivide the fault into smaller parts, each of which is then treated as a point source
(Hartzell, 1978). The ground motion at the observation point is obtained by summing the
contribution over all sub-parts of the fault. A basic assumption in the implementation of this
approach concerns the manner in which point sources and the effect of propagation are defined
(Papageorgiou, 2003).

In view of the seismicity at the study sites, a near-field event large enough to display directivity
or fling-step effects is unlikely. Furthermore, considering the uncertainty associated with the
available modelling procedures it was not considered feasible to include these effects directly in
the ground motion modelling for the study sites in question.

5.2.2 Regression models

In a resent study Ambraseys et al. (2005) derived a new set of regression models for both
horizontal and vertical strong motion, which fulfil as far as possible the required model criteria
and in addition account for the different faulting mechanism. The applied data is from the ISESD
data bank (http://www.ISESD.hi.is, Ambraseys et al. 2002), which is one of the best available
sources for strong ground motion data. The data bank contains data from over 12 countries in
Europe and the Middle East. Data from the Icelandic Strong-Motion Network is a considerable
part of the available data, especially for strike-slip source mechanism. Hence, the seismic
environment in Iceland should be fairly well reflected in the Ambraseys strong-motion model.

In the models introduced by Ambraseys et al. (2005) the peak ground acceleration, PGA, and
response spectrum, S,, are expressed respectively, as follows:
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PGA=f, (Mw,d,site condition, style offaulling)

S, =/x (Tn,M d, site condition, style offaulling)

w?

Here, d is the distance from site to source, M,, is moment magnitude and 7, is the undamped
natural frequency of the structure.

The functional form adopted in the study of Ambraseys et al. (2005) is given as:

log,, (y) =a,+a,M  +(a,+a,M )og,+d* +a; +aSs+a,S,+aF, +aF,+a,F, (51)
Here the following notation is used:

a ... ay are regression coefficients derived using the data set outlined above,
M,, is moment magnitude (> 5)

d is source to site distance in km

Ss=1 for soft soil sites and 0 otherwise

S, =1 for stiff soil sites and 0 otherwise

Fy=1 for normal faulting earthquakes and 0 otherwise

Fr=1 for thrust earthquakes and 0 otherwise

Fo=1 for odd faulting earthquakes and 0 otherwise.

This general form is used both for the peak ground acceleration and the response spectral ordinate
for both horizontal and vertical motion. Two different sets of regression coefficients are used to
represent each component of acceleration. For the spectral ordinates, one set of parameters is
derived for each set of undamped natural periods and critical damping ratios.

It should be noted that no data from western North America is used by Ambraseys et al. (2005) in
their derivation of the regression model equations. That decision was, in part, based on the
finding of Douglas (2003) that ground motions in Europe and Californian data seem to be
different and that this difference is statistically significant. However, when the model was
compared with data from the Parkfield earthquake (September 28, 2004) it was found to fit the
data reasonably well, thus indicating that the differences in ground motions in western North
America and Europe are perhaps not as significant as suggested in the above-mentioned study by
Douglas (Ambraseys et al. 2005)

Earlier studies, where available regression models have been applied to Icelandic data have
indicated slower attenuation than is characteristic for the Icelandic data (Olafsson and Sigbjorns-
son, 1999). This is also seen to be the case when the Ambraseys et al. (2005) model is compared
to data from the June 2000 earthquakes, as well as a theoretical model discussed in Sigbjérnsson
and Olafsson (2004). Similar results are obtained for the response spectrum (Snaebjérnsson et al.
2004). However, a better fit is obtained for the more flexible structures (see Figure 5.6) than for
the stiffer ones. A more thorough discussion of the bias can be found in Ambraseys et al. (2005).
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Figure 5.6 Attenuation of linear elastic spectral acceleration response. Comparison of strong-motion

estimation models to data. Undamped natural period is 1.0 s and the critical damping ratio is 5%. The blue curve
represents the Ambraseys et al. (2005) model and the blue dashed curves represent + one standard deviation. The
circles and triangles represent data from the South Iceland earthquakes on 17 and 21 June 2000.

5.2.3 Duration of ground shaking

The duration of strong shaking is one of the quantities needed in engineering analysis and
earthquake resistant design of structures. An estimate of duration is required as an input into
probabilistic analysis and therefore needed in connection with the methods discussed in the
following chapter of spatial variability as well as for Monte Carlo simulation of time series.
Furthermore, the damaging effects of an earthquake are strongly related to the duration of strong
shaking. This is especially the case for deterioration of reinforced structural concrete as repeated
cycles of seismic action leads to repeated cracking of the concrete and yielding in the
reinforcement steel resulting in strength degradation and low cycle fatigue. Duration of strong
shaking also plays an important role regarding operational reliability of equipment during
earthquakes.

There are several definitions of duration. The most common are bracketed, uniform and
significant durations, both absolute and relative. They need to be calculated with user-specified
limits, which make direct comparison often difficult. The definitions of the most common ones
are given in Ambraseys et al. (2004).
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Figure 5.7 Relative significant duration of shallow strike-slip earthquakes. The duration values obtained for
the June 2000 South Iceland Earthquakes compared to suggested duration model (solid line). The dashed lines
represent the model + one standard deviation of full dataset.

In cases when duration is used in connection with quantities like peak ground acceleration to
model seismic action it is common to use the relative duration measures. In this assessment of
duration, the relative significant duration has been applied, which is defined as the time interval
between two separate fixed threshold values that are exceeded by the normalised Arias intensity.
The relative significant duration appears to represent the S-phase of ground shaking in the near
and intermediate fault area reasonably well, but in most cases in our study areas it is the S-waves
that create the dominating horizontal seismic action on structures. Hence, it is also found that the
relative significant duration of vertical motion tends to be greater than the horizontal motion. The
reason is that the P-waves contribute relatively more to the vertical component than the
horizontal component of acceleration.

The model suggested for the relative significant duration is given as follows:

log,,(duration)=b, + b,M, + b, 1ogw(,/d2 +b} ) (5.2)
Here, b, ... b4 are regression coefficients derived using regression analysis and appropriate data

set, M,, is moment magnitude, d is source-to-site distance.
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Figure 5.8 Relative significant duration of shallow strike-slip earthquakes with near vertical fault plane.
Suggested model representing duration as a function of distance to surface trace of causative fault for different
magnitude values.

Applying data from the ISESD databank (Ambraseys et al. 2002), obtained in shallow strike-slip
earthquakes from Armenia, Greece, Iceland, Italy, Slovenia and Turkey, the following parameters
were obtained: by = -1.3877; b, = 0.2451; b3 = 0.6280; and b4 = 4.50. The residual error is
approximately normal distributed with standard deviation equal to 0.166 (log-scale). These
parameters refer to distance in km and duration in s. The resulting curve is shown in Figure 5.7
for magnitude 6.5 earthquake along with data from the South Iceland earthquakes on 17 and 21
June 2000. Here a logarithmic scale is used for the distance to emphasise the near fault area. The
dashed lines indicated + one standard error as obtained from the whole dataset applied. Visually
the fit of the model to these data appears reasonable even though the model tends to give longer
duration for distances shorter than 10 km than the duration reflected by the data points.

Finally, Figure 5.8 gives the relative significant duration as a function of distance to surface trace
of the causative fault for different earthquake magnitude values. It is seen that the relative
significant duration in the near fault area is not expected to exceed 10 s on average. However, it
is also seen that the uncertainties reflected in the standard error can increase this value
significantly. It is found that this increase is almost 50% if one standard deviation is added to the
values reflected in the curves of Figure 5.7.
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5.2.4 Spatial variation of wave motion

Observations from closely-spaced strong-motion arrays have shown that earthquake ground
accelerograms measured at different locations within the dimensions of large scale engineered
structures are significantly different. Modifications of common engineering methods have
subsequently been developed to include the effect of incoherent ground motion. Furthermore, in
current and upcoming code provisions, i.e. Eurocode 8, these effects are addressed, however,
without the sufficient detailing needed for practical applications in engineering design (Eurocode
8, 2003). The current engineering practice assumes routinely:

o Excitations at all support points are the same; or
« Excitations are different by only a wave propagation time delay, i.e., excitations at all
locations are assumed to be fully coherent.

The first approximation, (a), is a good one for structures with small horizontal dimensions at the
structure-ground interface. The second approximation, (b), is valid for horizontal structures with
large dimensions. However, this approach is oversimplified as the incoherence in ground motion
is missing, which may lead to incorrect or inaccurate results.

An improved model should include all main effects governing the spatial structure of strong
ground motion. These can be summarised as follows:

e Wave passage effect: The wave passage effects result from seismic waves arriving at
different times at different stations.

e Incoherence effect: The incoherence effects result in loss in coherence of the wave
motion. They are due to differences in the manner of superposition of waves (a)
arriving from an extended finite source, and (b) wave scattering by irregularities and
inhomogeneities along the wave path and at the site.

o Local site effect: Differences in local soil conditions at each station may alter the
amplitude and frequency content of the bedrock motions significantly.

Based on these simplified observations, if local site effects are neglected, spatial variability of
strong ground motion can be modelled as a locally homogeneous and stationary random field
with cross-spectral density given as:

S, (f.d,)=S,(f)coh(f.d,)exp(id, (f.d,)) (5.3)

Here, f'is frequency, d,, is the separation distance between the observation points referred to by
the indices 7 and s, S, is the auto-spectral density, coh,, is the coherence spectrum and ¢, is the
phase spectrum. The wave passage effects are furnished in the phase spectrum, whereas the
coherence spectrum accounts for incoherence, i.e. loss in coherence visualised by coherence
values that are less than one.
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Coherence

The horizontal incoherence of ground motion has been studied using selected records from
shallow strike-slip earthquakes obtained at rock sites in events with magnitude about 6.5. The
records were obtained from the ISESD databank (Ambraseys et al. 2002 and 2004) from sites in
Iceland, the South Iceland Lowland and in Turkey near the North Anatolian Fault.

The estimates of the coherence were computed from the strong-motion phase of acceleration
containing 90% of the wave energy. The spectral estimates were obtained using Welch’s
averaged periodogram method. Before carrying out the computations the horizontal components
of the records were transformed into principal coordinates

The loss in coherence increases, on average, with increasing frequency and increasing separation
distance, which is in accordance with results reported in the literature. It was found that an
empirical coherence model of the following type, commonly referred to in the literature, does not
fit very well to the applied dataset:

coh (f.,d,)=exp(-a, f)exp(-a,d.) (5.4)

Here f'is frequency in Hz, d,, is the separation distance between the observation points in m, a;
and a, are parameters determined using linear regression analysis. An extension of the above
model is the following simplified exponential type model:

coh, (f, d, ) = exp(— a f® ) exp(— a,d’ ) (5.5)

where f'is frequency in Hz as above, d,, is the separation distance between the observation points
in m and a; ... as are parameters determined using non-linear regression analysis. It should be
noted that values of the parameters a; ... a, depend on the units used for the frequency and
distance. The following values were obtained using non-linear least-squares data fitting:

a=[a; a> a; a;]1=[3.6462-10° 0.4890-10° 1.85 2.85]

The fitted coherence model of Eq.(5.5) is displayed in Figure 5.9 and in Figure 5.10 the model is
expressed as a function of frequency in Hz and separation distance in m. In spite of some
theoretical shortcomings this model is found to be a reasonable approximation that fits the
selected data better than the other available models tested. The presented model is especially
applicable for moderate sized strike-slip earthquakes.
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Figure 5.9 Horizontal coherence spectra. The black and blue curves are estimates derived from measurements
and the red curves represent the suggested model using Eq. (5.5).

Phase

A commonly used model for the phase spectrum is to take it proportional to the gross propagation
time delay reflecting the wave passage effects. Using this approach, the following simplified
model for the phase spectrum is suggested:

¢rs (f?drs) = _27Z._drs (5'6)

14

Here, V' denotes the gross apparent velocity vector and d,, is the separation between observation

points. The velocity vector should be transformed into principal coordinates before applying this
equation with the coherence model outlined above.

v
|2

The above presented models are useful in response calculations of horizontal structures,
especially if linear statistical models apply. For non-linear response cases the above models have
found application in the simulation of time series. However, if time series are needed, then
completely different approaches can be adopted. These approaches are based on finite source
models, i.e. the specific barrier model, and Green’s function modelling of the spatial structure of
the long periodic motion (Halldorsson and Papageorgio, 2005). It is worth noting that in such an
approach it is usually necessary to use information on spatial incoherency to model the high
frequency content of the simulated time series.
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Figure 5.10 Simplified exponential model for horizontal coherence spectrum expressed as a function of

frequency in Hz and separation distance in m. The model is given in Eq.(5.5) with the following parameters: a = [ a,
a, ay as ] =[ 3.6462-10° 0.4890-10° 1.85 2.85 ]. It is worth noting that the parameters are dimensionally
dependent.

5.3 Probabilistic seismic hazard analysis

5.3.1 Introduction (methodology)

The term seismic hazard refers to potentially damaging phenomena associated with earthquake
threats. In general it is used to describe the phenomena qualitatively by setting up possible
scenarios and spelling out potential effects. On the other hand, when the intentions are to express
quantitatively the likelihood, frequency or probability of occurrence of specified effects at a
particular site in a given region the term is commonly referred to as probabilistic seismic hazard
and the quantitative methodology used named probabilistic seismic hazard analysis (PSHA). The
theoretical foundation of the analysis is based on the framework of structural reliability and
safety (Melchers, 1999). Contemporary probabilistic seismic hazard methodology is commonly
based on the work of Cornell (1968) and McGuire (1995). The same methodology applies also to
the development of structural design criteria expressed in terms of uniform hazard spectra to be
used in performance-based codified design.

The purpose of this chapter is to outline the applied methodology and present the obtained

computational results put forward as hazard curves and uniform hazard spectrum for the study
site. The methodology applied herein follows the main trend in probabilistic seismic hazard
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analysis as presented by Tenhaus and Campbell (2003) and McGuire (2004). Application to the
Icelandic seismic environment are discussed in Sélnes, Sigbjornsson and Eliasson (2004) and
Snaebjornsson, Sigbjérnsson and Olafsson (2006). The analysis incorporates the inherent uncert-
ainty of the size and location of future earthquakes, as well as the attenuation of seismic waves as
they propagate from all possible sources in the seismic zones to the study site. For this purpose
probabilistic modelling is required for:

e The magnitude (see Section 5.1.4)
o The epicentre (see Section 5.1.4) and distance to earthquake source
o The strong ground motion estimation relations (see Section 5.2)

To facilitate the probabilistic analysis generating synthetic earthquake catalogue using the Monte
Carlo technique augments the existing parametric earthquake catalogue. An example of a
simulated catalogue is displayed in Figure 5.11 representing a period of 200 years. In this context
is worth emphasizing that the lower bound of magnitude is taken as 4 based on structural
engineering considerations. Therefore, the number of earthquakes in the Northern Volcanic Zone
is considerably smaller than the number of events within the three seismic lineaments defining
the Tjornes Fracture Zone.

The earthquake hazard curves are derived from the synthetic earthquake catalogue applying the
strong-motion estimation model described in Section 5.2.2 and order statistics. Even though the
simulation is carried out for a big catalogue, i.e. a catalogue covering a very long time period, the
hazard curves show some random deviation from the expected smooth curve. This is dealt with
by repeating the simulation of the hazard curve several times and then take the average value.
This approach gives consistent results for the hazard values considered, even after 50 simulations
based on a synthetic earthquake catalogue covering time period of 200 centuries.
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Figure 5.11 An example of simulated parametric earthquake catalogue for North Iceland. Seismicity is
associated with dashed lines (blue) visualising the hypothetical seismic delineations and fissure swarms. The time
period is 200 years and the radius of the study area is 100 km with the centre at Theistareykir. The magnitude range
is between 4 and 7.3, where the upper bound is source zone dependent.

5.3.2 Hazard curves for peak ground motion

The methods and models outlined have been used to derive earthquake hazard curves for peak
ground acceleration at the four selected study sites, i.e. Theistareykir, Gjastykki, Krafla and
Bjarnarflag, which are all located within the fissure swarms in the Northern Volcanic Zone. The
results are displayed in Figure 5.12(a) and (b) as well as Tables 5.1 and 5.2 for selected hazard
values. Both horizontal and vertical acceleration components are considered. In Figure 5.12 the
industrial lot at Bakki near Husavik has been included as a reference value characteristic for
moderate to large earthquakes originating on the Flatey-Husavik seismic delineation. It is seen
that the peak ground acceleration at the four study sites, which are located within the Northern
Volcanic Zone, are significantly lower than at the Bakki lot, which is close to the Flatey seismic
delineation. This variability in earthquake action is further demonstrated in Figure 5.13, which
gives an indication of the distribution of horizontal peak ground acceleration (PGA) from the
Bakki industrial lot in the north to the Bjarnarflag site in the south for a return period of 475
years. This has for instance bearings on the design of overhead transmission lines going from the
power plants in the south to the Bakki site in the north (see Figure 1.1).
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Table 5.1 Horizontal peak ground acceleration (PGA) derived from the hazard curves.

Mean Annual Probability Simulated horizontal PGA (g)
Reference ;ZL;ZZ, p robc(zyliility excee(gl;nce T heist'a- Gjastykki Krafla Bjarnar-
(year) exceedance | in 50 years reykir flag
OBE 95 1.05% 40.9% 0.17 0.12 0.10 0.10
EUROCODE 8 475 0.21% 10.0% 0.25 0.19 0.18 0.18
1,000 0.10% 4.88% 0.29 0.22 0.21 021
MCE 3,000 0.033% 1.65% 0.34 0.26 0.26 0.25

Table 5.2 Vertical peak ground acceleration (PGA) derived from the hazard curves.

Mean Annual Probability Simulated horizontal PGA (g)
Reference ;ZZ;Z p robiz)?ilily exceeocimce Theist.a— Gjastykki Krafla Bjarnar-
(year) exceedance | in 50 years reykir Slag
OBE 95 1.05% 40.9% 0.08 0.06 0.05 0.04
EUROCODE 8§ 475 0.21% 10.0% 0.14 0.10 0.08 0.08
1,000 0.10% 4.88% 0.17 0.11 0.10 0.10
MCE 3,000 0.033% 1.65% 0.22 0.14 0.13 0.13

akki industrial lot (~45% g)
ONW of Grisatungufjoll (~38% g)

{>SE of Hoskuldsvatn (~32% g)
YV Theistareykir (25% g)
V¥ Gjastykki (19% g)
Yk Krafla Power Plant (18% g)

V' Bjarnarflag (18% g)

Figure 5.13 Distribution of horizontal peak ground acceleration (PGA) from the Bakki industrial lot in the
north to the Bjarnarflag site in the south. The values are based on synthetic parametric earthquake catalogue,
assuming rock site conditions and return period of 475 years.
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For the three sites, Gjastykki, Krafla and Bjarnarflag, situated within the region of the Krafla
central volcano fissure swarm the obtained peak ground acceleration can be treated as being
equal for practical purposes. The Theistareykir site, on the other hand, yields significantly higher
PGA values, resulting from the proximity to the Flatey-Husavik delineation and the conservative
model values adopted (see Section 5.1.4).

It can be seen by inspecting Tables 5.1 and 5.2 that the ratio between the vertical and the
horizontal component is in the order 0.5 for study sites within the Northern Volcanic Zone, while
for the Bakki site it is more than 0.8 for the longer mean return periods included. This reflects the
different nature of the area considered. On the one hand the volcanic fissure swarms produce
small normal faulting events and on the other hand strike-slip earthquakes of magnitude 7
originate on the Flatey-Husavik delineation.

5.3.4 Uniform hazard spectrum for linear elastic response

The uniform hazard spectrum is derived in a similar manner as the above presented peak ground
acceleration values in Tables 5.1 and 5.2. The starting point is a synthetic parametric earthquake
catalogue. In general it enhances the accuracy of the estimation if more than one catalogue is
applied. Then the hazard curves for the spectral ordinates are derived using the strong-motion
estimation models presented in Section 5.2.2. The uniform hazard spectra are then obtained from
the hazard curves covering undamped natural periods logarithmically spaced in the range 0.05 to
2.0 s. In all cases the critical damping ratio is taken to equal to 5% of the critical value. The
results are shown in Figure 5.14 for the horizontal and vertical action for the sites at
Theistareykir, Gjastykki and Krafla.

To facilitate the comparison of the uniform hazard spectra with standardise codified spectra a
normalisation is performed using the peak ground acceleration as a reference value. This process
gives the seismic coefficient curves presented in Figure 5.15 below.

It can be seen that the variation of the normalised spectra (seismic coefficient) for the different
mean return period is not very great, especially not for the vertical action. This supports the
commonly accepted simplification to adopt only one curve to describe the normalised spectrum.
This approach is discussed further in section 5.5.
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(b)
Normalised earthquake response spectra for linear elastic systems under uniform hazard. Critical

damping ratio is equal to 5%. Site conditions are rock. (a) Horizontal action, (b) vertical action.

Figure 5.15



5.3.4 De-aggregation of strong motion

The de-aggregation of the hazard curves for strong-motion at the study sites indicates the
following main trends.

For the Theistareykir site, the event contributing most to the 475 year horizontal peak ground
acceleration is a moderate sized earthquake with small epicentral distance. The same applies to
the horizontal spectral acceleration for structures with short natural periods. On the other hand,
for structures with long natural periods a moderate sized to big earthquake with epicentres on the
Flatey-Husavik delineation start to dominate. The event contributing most to the 475 year vertical
peak ground acceleration and response spectral acceleration is a moderate sized local earthquake.

For the sites at the Krafla fissure swarms, the event contributing most to the 475 year peak
ground acceleration is a small to moderate sized local event with small epicentral distance. The
same event also contributes most to the 475 year spectral acceleration for short periodic
structures, whilst a big distant event dominates the response of long periodic structural systems.
The vertical peak ground acceleration as well as spectral ordinates is influenced most by small to
moderate sized local events.

These results give an indication regarding the selection of earthquake scenarios to be used in the
generation of synthetic time series required for the so-called deterministic analysis.

5.4  Deterministic seismic hazard analysis

The term ‘deterministic seismic hazard analysis’ refers to the methods used to obtain strong-
motion information for engineering design. The information is derived from predefined determin-
istic earthquake scenarios specified in terms of seismological parameters like earthquake magni-
tude, distance from the causative earthquake fault to the site of interest as well as style of faulting
and site conditions. The strong-motion estimation models provide the tools required for such an
analysis. The purpose is to generate synthetic acceleration series and the derived response spectra
for selected earthquake scenarios. Special emphases are placed on strong-motion induced by
events corresponding to available information on faults and general geology of the study area.

5.4.1 Earthquake scenarios

To be able to assign a probability level to the earthquake scenarios selected for design purposes they
should be based on the de-aggregation discussed above. Further support can also be found using
credible geological information on faults and fractures in the area. This leads to the following
scenarios corresponding roughly to the event corresponding most to the 475 year peak ground
acceleration and spectral acceleration for structural systems with short natural period:

o The Theistareykir site: magnitude 6 event with short epicentral distance.
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o The Bjararflag, Krafla and Gjastykki sites: magnitude 5 to 5% event with short epicentral
distance.

The maximum credible earthquakes for these sites are approaching the upper bound defined in
Section 5.1.4 (see Figure 5.4).

5.4.2 Fault rupture effects on surface motion

The fault rupture induced by moderate sized earthquakes may result in a low frequency pulse at
sites in the direction of the causative fault. This effect can be significant as seen in the South
Iceland earthquakes in 2000. The result is a broad peak in the response spectrum in the natural
period range 1.0 to 1.5 s. For structural systems with periods in this range this effect should be
considered (see section 5.4.3 on simulation of time series) For small earthquakes (magnitude 5.5
or less) this is usually of no concern as the ruptured fault surface is not large enough to create a
significant difference in the arrival times of the radiating seismic waves (i.e. the fling effect).

5.4.3 Time series of strong ground motion

Time-history representations of earthquake motion may be applied, according to Eurocode 8
(2003), by using either recorded or simulated accelerograms generated through a physical
simulation of source and travel path mechanisms, provided that the samples used are adequately
qualified with regard to the seismogenetic features of the sources and to the soil conditions
appropriate to the site. The duration of the accelerograms should be consistent with the
magnitude and the other relevant features of the seismic event underlying the establishment of the
peak acceleration and seismic coefficient for the zone under consideration.

The synthetic time series derived based on source models (Olafsson et al. 2001; Olafsson and
Sigbjornsson, 2004) for the above defined earthquake scenario for the Theistareykir site, is
displayed in Figure 5.16 along with the corresponding response spectrum. The applied site
condition is rock and the adopted critical damping ratio for the spectral calculations is 5%. Both
horizontal and vertical components are shown. The frequency content of the vertical acceleration
is slightly higher than found in the horizontal component. Furthermore, the vertical peak
acceleration is significantly lower than that of the horizontal component in accordance with the
above obtained results and Section 5.1.4.

Similar time series can be obtained for the sites located within the Krafla fissure swarm. The

main differences are the smaller magnitude and shorter duration, which result in lower peak
ground acceleration than found in the case of the Theistareykir site.
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5.4.4 Linear elastic response spectra

It should be recognized that the response spectra derived from the simulated synthetic time series
deviates significantly from the uniform hazard spectra presented in Section 5.3.4. The reason is
that the uniform hazard spectra are obtained as a ‘weighted’ sum of response spectra obtained
from a (given) synthetic earthquake catalogue. This is seen in Figure 5.17 below for the
Theistareykir site. The black curves are response spectra derived from synthetic time series based
on the above defined scenario event, i.e. a magnitude 6 earthquake with very short epicentral
distance. The red curve represents the uniform hazard spectrum for Theistareykir corresponding
to the mean return period of 475 years. The deviation of the red and black curves is especially
seen in the short period range and in the range around 1.5 seconds where the black curves tend to
overshoot the uniform hazard spectrum. The reason for the deviation in the long periodic range is
due to near fault effects included in the simulation model. It is found that a fair fit to the
simulated spectra can be obtained using the spectral model by Ambraseys et al. (2005) repres-
ented by the blue curve. In this case zero epicentral distance has been applied which is not
entirely consistent with the synthetic spectra. The fit can, however, only be regarded as
reasonable for the short period range while the deviation in the range around 1.5 s is persisting.
Hence, it is recommended to account for potential near-fault effects for the Theistareykir site,
especially in the case, if nearby active faults are identified.
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Figure 5.17 Horizontal, linear elastic response spectra based on simulated time series (black curves) compared
with uniform hazard spectrum (red curve) with mean return period 475 year and a spectrum based on the model of
Ambraseys et al. (2005) for magnitude equal to 6 and epicentral distance < 5 km. Location: Theistareykir. Site
condition: rock. Critical damping ratio: 5%.

124 of 157



5.5 Definition of earthquake action

The earthquake action is described in terms of two parameters, i.e. the value of the reference peak
ground acceleration on firm ground and the elastic response spectral acceleration as a function of
undamped structural period.

The peak ground acceleration of horizontal and vertical motion are defined through the uniform
hazard curves put forward in section 5.3 and values representing various mean return periods are
listed in Tables 5.1 and 5.2.

5.5.1 Suggested design specifications

In Section 5.1, definitions of different design earthquakes were given. In view of the engineering
hazard study presented, it is recommended that an event corresponding to mean return period
equal to 95 year is defined as an operating base earthquake, an event defined for a 475 year mean
return period as the maximum design earthquake and an event corresponding to a 3000 year mean
return period as the maximum credible earthquake.

Based on probabilistic hazard analysis it is recommended that the PGA values summarised in
Table 5.1 shall be used as the basic quantities for the definition of uniform hazard spectra for
horizontal action and the PGA values summarised in Table 5.2 shall be used as the basic
quantities for the definition of uniform hazard spectra for vertical action.

Uniform hazard spectra for horizontal action are shown in Figure 5.14 and the corresponding
seismic coefficient in Figure 5.15. Spectral ordinates of the type commonly used in engineering
design, that fit the uniform hazard spectra, are given in terms of the seismic coefficient by the
following expression:

PGAhorizontal X (1 * 0.05

><(2.5—1)j 0s<T <0.05s

S, = PGA

a horizontal

x2.5 0.055<T <0.25s (5.7)

7/8
PGA,,,.ona % 2.5(%} 0255 <T<25s

Here, PGAnorizontar 18 the horizontal peak ground acceleration (see Table 1), 7' is the undamped
natural period in seconds (s) and the critical damping ratio is taken as 5%. This simplified
expression for the uniform hazard spectrum is plotted in Figure 5.18.

The spectral form of Eq. (5.7) is compared with Eurocode 8 response spectra of Type 1 (high-
seismicity context) and Type 2 (moderate-seismicity context). It can be seen that the Eurocode
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Type 1 spectrum severely overestimates the action for periods below 2 s, whereas the Eurocode
Type 2 spectrum underestimates the action for periods above ~1 s. The spectral form of Eq. (5.7)
corresponds to the Eurocode 8 spectrum, Type 2, except for an introduction of a power of 7/8 for
the last segment.

SEISMIC COEFFICIENT

1 1
0 0.5 1.5 2 2.5

1
UNDAMPED NATURAL PERIOD (s)
Figure 5.18 Suggested seismic coefficients (normalised spectral acceleration ordinates) for horizontal

earthquake action (black dash-dotted curve) plotted along with simulated data (see Figures 5.13 and 5.14). Critical
damping ratio is equal to 5%. Rock conditions are assumed. The Eurocode response spectra is also shown on the
figure, type 1 is the cyan dashed line and type 2 is the cyan dotted line.

Uniform hazard spectra for vertical action are shown in Figure 5.14 and the corresponding
seismic coefficient in Figure 5.15. Similar to the horizontal action specified above, spectral
ordinates of the vertical action, in terms of the seismic coefficient, are given by the following
expression:
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PGA,, .. %1 +L(2.5 -1) 0s<T<0.05s
0.05

S, = PGA

a vertical

x2.5 0.05s<T<0.15s (5.8)

0 13 3/4
PGA,, . x Z'S(Tj 0.155<T <255

Here, PGAyerical 18 the vertical peak ground acceleration (see Table 2), T is the undamped natural
period in seconds (s) and the critical damping ratio is taken as 5%. This simplified expression for
the uniform hazard spectrum is plotted in Figure 5.19. Again, the Eurocode spectral form for
vertical action is compared to the simulated data and the spectral form of Eq. (5.8). As can be
seen the Eurocode spectrum, overestimates the expected action for periods between 0.05 s and
0.15 s, but underestimates the action for periods above ~1 s. The spectral form of Eq. (5.7)
corrects these deficits by lowering the peak value and by introducing a power of 3/4 for the last
segment.

3.51

SEISMIC COEFFICIENT

2.5

0.5 1 15 2
UNDAMPED NATURAL PERIOD (s)

Figure 5.19 Suggested seismic coefficients (normalised spectral acceleration ordinates) for vertical earthquake
action (black dash-dotted curve) plotted along with simulated data (see Figures 5.13 and 5.14). Critical damping ratio
is equal to 5%. Rock conditions are assumed. The Eurocode response spectrum for vertical action is also shown on
the figure (cyan dotted curve).
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It can be observed that the derived linear elastic response spectrum has distinct features that are
different from those seen in the case of the normalised standard spectrum in Eurocode 8'.
However, the guideline table values defining the breakpoint values for the Type 2 (moderate-
seismicity context) spectral form in Eurocode 8 have been selected here.

The reason for the differences between the Eurocode spectrum and the results from the seismic
hazard analysis is primarily linked to the characteristics of the seismic environment in North
Iceland. There are several source zones at different distances from the sites and different
magnitude earthquakes. In general the earthquakes are small to moderately sized and therefore
reasonable that the resulting spectral shape resembles the Type 2 Eurocode spectrum. On the
other hand distant earthquakes may exceed magnitude 7, which influences the longer period
response. This dependence on the local seismic environment is recognised in Eurocode 8, and
individual countries can define their own type and shape of spectrum to fit their local conditions.
It is also stated in Eurocode 8, that when the earthquakes affecting a site are generated by widely
differing sources, the possibility of using more than one shape of spectra each with a different
value of PGA, should be considered to adequately represent the seismic action. In the approach
presented herein, the hazard simulation accounts simultaneously for the different sources
involved and it is simpler and more reliable to apply a single spectral shape associated with one
set of ground acceleration values.

The horizontal seismic action is described by two orthogonal components assumed as being
independent and represented by the same response spectrum.

The horizontal and vertical action described above can be treated as statistically independent.
Hence, the horizontal and vertical acceleration can be regarded as uncorrelated.

For structures with natural periods above 2.5 s it is recommended to use the respective S, values
forT=2.5s.

In this presentation so far, only linear elastic systems have been considered, which is not entirely
satisfactory for design. The reason for this is that firstly, engineered structures usually do not
behave strictly linearly and secondly, it is economically feasible to utilise the inelastic structural
behaviour to dissipate the earthquake-induced wave energy. This is commonly achieved in codes
by introducing a structural behaviour factor that is used to reduce the strength demand. The
reduction of strength, on the other hand, increases the displacement demand and, at the same
time, the ductility demand. Unfortunately, the structural behaviour factors do not depend only on
the structural property but also on the properties of the earthquake action, such as the spectral
composition of accelerograms and duration characteristics. These effects are primarily influenced
by the source characteristics. As the earthquakes expected are small to moderately sized, the

' It is worth noting that the boxed guideline values in Eurocode 8 have not been calibrated for Icelandic
environments.
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inelastic response tends to be significantly smaller than anticipated from the experience of big
earthquakes.

Comment on the application of the design response spectra

The response spectra for horizontal and vertical action have been defined for three natural period
regimes. It is appropriate to point out, that spectral shapes for the first segment containing the
lowest natural period regimes may be suitable for an OBE event. However, it is recommended
that for an MDE or an MCE event the second spectral regime is applied for structures of low
natural period. During MDE and MCE events substantial deterioration of structures is generally
predicted and consequently the natural period may increase resulting in an un-conservative
design if the first part of the response spectra is applied.

Comment on target reliabilities and importance factors

Target reliabilities for no-collapse or damage limitation requirements are generally established by
the National Authorities for different types of buildings or civil engineering works on the basis of
the consequences of failure. In Eurocode 8, reliability differentiation is implemented by
classifying structures into four importance classes, depending on the consequences of collapse for
human life, on their importance for public safety and civil protection in the immediate post-
earthquake period, and on the social and economic consequences of collapse. An importance
factor is assigned to each importance class. The importance factor y,= 1.0 is for importance class
II buildings, i.e. ordinary buildings, and is associated with a seismic event having a reference
return period of 475 years. Power plants fall within importance class IV, according to the code
with an importance factor y,= 1.4.

It is stated in the code that wherever feasible this factor should be derived so as to correspond to a
higher or lower value of the return period of the seismic event (with regard to the reference return
period) as appropriate for the design of the specific category of structures. Effectively, this has
been done herein. Referring back to Tables 5.1 and 5.2, and the defined PGA values for various
mean return periods, it can be noticed that the resulting ratios, when normalized with the PGA
value for a mean return period of 475 years, actually correspond quite well with the importance
factor in Eurocode 8. Judging by this comparison, a design PGA value for a 3000 year mean
return period (MCE) would correspond to an importance class I'V.

5.5.2 On inelastic effects

The presentation so far has only dealt with linear elastic systems. For design purposes the
inelastic structural behaviour must be considered. The reason for this is that engineered structures
usually do not behave strictly linearly and it is economically feasible to utilise the inelastic
structural behaviour to dissipate the earthquake-induced wave energy. This is commonly
achieved in codes by introducing a structural behaviour factor which is used to reduce the
strength demand. The reduction of strength, on the other hand, increases the displacement
demand and at the same time the ductility demand. Unfortunately, the structural behaviour factor
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does not depend only on the structural property as such but depends also on the properties of the
earthquake action, such as the spectral composition and duration characteristics of the
accelerograms.

For simplification it is suggested that the design spectrum can be derived from the suggested
elastic response spectrum divided by an appropriate behaviour factor. The following relation is
adopted to relate the global ductility factor and the structural behaviour factor:

g= (5.9)

Here, g is the structural behaviour factor, us is the global ductility factor, 7¢ is the transition
period (see the above presented elastic response spectra in section 5.5.1) and 7 is the undamped
natural period. It should be noted that the structural behaviour factor is dependant on the
structural period, especially for stiff systems. For a given structural behaviour factor the
following formula is obtained for the global ductility factor:

1+(g —1)% I'<T.
Hs =
(5.10)
q T.<T
A corresponding relationship applicable for the local ductility is given as follows:
T
1+2(q—1)70 T<T.
Hy = (5.11)
2g -1
1 T.<T

This is in accordance with the recommendation of Eurocode 8 in the case that more precise data
and analysis are not available.

The design spectrum can be expressed in terms of the structural behaviour factor defined above.

For the horizontal action, taking the critical damping ratio equal to 5%, the following expressions
are obtained:
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horizontal

l 25 _1 0<T<T,
horzzontal B
TB (5.12)
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q

Sdesign (T) =

PGA

horizontal

2.5 (TC j”g T.<T<25s

¢ \T

Here, T is the undamped natural period, 75 = 0.05 s and 7¢ = 0.25 5. The behaviour factor ¢ is
obtained from Eq. (5.9) for a given ductility factor and the transition period 7¢ = 0.25 s. The
vertical action for 5% damping ratio is given as:

PGAvertical : |:l + l [E — 1]j| 0<T< TB
e (5.13)
2.5 F oo
PGA . ] .
S design (T ) = vertical q
25 (T.\" T <T <25
PGAvertical Tt (—Cj C
q T

where, 75 = 0.05 s and 7¢ = 0.15 s and the behaviour factor ¢ is obtained from Eq. (5.9) for a
given ductility factor and the transition period 7¢ = 0.15 s. The seismic coefficients in Figure
5.20 are obtained after normalisation with PGAorizontar and PGAyerical, réspectively.

It should be noted that the seismic coefficients defined in this way approach 1 as the undamped
natural period goes towards 0. This is based on the assumption that an infinitely stiff structure is
non-ductile. In Eurocode 8, on the other hand, the corresponding quantity approaches 2/3
conforming to the assumption of a minimum structural behaviour factor of 1.5 to be used in
design.
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Figure 5.20 Normalised response spectral acceleration (seismic coefficient) for inelastic systems with different

ductility factors. Critical damping ratio is equal to 5% and rock site conditions are assumed.

The overall response behaviour should be considered more or less elastic for acceleration levels
that can be considered as relatively small. In such cases a global ductility ratio equal to 1.5 should
be adopted for horizontal action. In other cases the global ductility ratio should be preferably not
exceed 2.5 for elements defined as critical (horizontal action with 475 year mean return period).
This implies a local ductility factor equal to 4 for flexible systems. For the vertical action global
ductility ration should preferably not exceed 1.5.

Comment on displacement response

The relative global displacements corresponding to the inelastic response spectra defined above
can be derived using the following displacement spectrum:

2
Sd(T|H8):H8 (2_77;) Sdesign(T|Hs) (5.14)

Here T is the undamped natural period, p;is the global ductility factor and S,

esign

is the design

spectrum defined above in Eq. (5.12) and (5.13) after substitution of an appropriate structural
behaviour factor.
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Figure 5.21 Relative displacements for linear elastic systems obtained by Eq.(5.14) for the horizontal action
derived from the suggested design spectrum (the red curve) along with displacements corresponding to Eurocode 8
spectrum Type 2 (solid blue curve) and Eurocode 8 spectrum Type 1 (dashed blue curve). The peak ground
acceleration (PGA) is taken as equal to 0.25 g which corresponds to the Theistareykir site. Critical damping ration is
equal to 5% of the critical. Site conditions are rock.

The relative displacements obtained by Eq. (5.14) are displayed in Figure 5.21 for the horizontal
action derived from the suggested design spectrum (the red curve) along with displacements
corresponding to Eurocode 8 spectrum Type 2 (solid blue curve) and Eurocode 8 spectrum Type
1 (dashed blue curve). The radial lines in the figure correspond to different undamped natural
periods. In all cases only linear elastic systems are considered, i.e. the global ductility factor, s,
is equal to one. By inspecting the figure it is observed that the proposed design spectrum
resembles the Type 2 Eurocode 8 spectrum for the stiff structures, while it approaches the Type 1
spectrum for the flexible structures. This behaviour is due to the fact that the uniform hazard
spectrum (the red curve in Figure 5.21) is governed by small to moderate locally-induced
earthquake action for the short period structure while moderate to big distant earthquakes tend to
dominate the earthquake action induced by long period structures.
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Figure 5.22 Relative displacements for inelastic systems obtained by Eq. (5.14) for the horizontal action

derived from the suggested design spectrum. The peak ground acceleration (PGA) is taken as equal to 0.25 g which
corresponds to the Theistareykir site. Critical damping ration is equal to 5% of the critical. Site conditions are rock.
The black curve describes linear elastic systems and is included as a reference for the inelastic systems.

The relative displacements for inelastic systems are displayed in Figure 5.22 as derived from
Eq.(5.14) representing the horizontal action. The peak ground acceleration used is equal to 0.25 g
which corresponds to the Theistareykir site. The global ductility factors are in the range of 1 to 8.
It is seen that the displacements are independent of the ductility factor for structures with an
undamped natural period above 0.25 s. Conversely for structures with an undamped natural
period shorter than 0.25 s the displacements increase with growing ductility factor. Hence, the
lines describing the undamped natural period radiating from the point (0.0) in Figure 5.21 have
been transformed into ‘vertical’ lines. This behaviour, which is characteristic for the inelastic
displacements, is a result of the assumed relation between the global ductility and structural behaviour
factor.
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5.5.3 Recorded time series and derived data for general reference

As stated in Eurocode 8 and discussed in section 5.4, time-history representation of the
earthquake motion may be used. In that context, it should be pointed out that time series as well
as linear spectra from the South Iceland earthquakes in June 2000 are available online at the
website: http://www.isesd.hi.is/. This information is also available on a CDROM, entitled
European Strong Motion Database, Vol. 2, with non-linear response spectra added among other
relevant data.
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Figure 5.23 Relative displacements for linear elastic systems derived by simulations (black curves) compared
to the proposed design spectrum (red curve) as well as Eurocode 8 Type 2 spectrum (solid blue curve) and Type 1
spectrum (dashed blue curve). The peak ground acceleration is taken equal to 0.25 g which corresponds to the
Theistareykir site.

Figure 5.23 displays five response spectra obtained by simulation using a source model approach.
These response spectra are compared to the recommended design spectra as well as Eurocode 8
spectra Type 1 and 2. In two cases the simulated spectra overshoots the displacements derived
from the recommended design spectrum. This occurs for long period structures and is due to
rupturing effects observed for sites in the direction of the causative fault. These fling effects can
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even lead to overshooting of Eurocode Type 1 spectrum for structures with period exceeding 1.0
s. Hence, special consideration should be given to potentially active fault close to the
Theistareykir site judged capable to produce a moderate sized earthquake, i.e. with magnitude
exceeding 6.

5.5.4 Conceptual design consideration for damage tolerant structures

Experience from past strong earthquakes demonstrates that the aspect of seismic hazard needs to
be taken into account in the early stages of the conceptual design of a building. The objective is
to achieve a structural system which, within acceptable costs, satisfies the fundamental
requirements specified and guarantees favourable structural behaviour during earthquakes. The
following guiding principles governing the initial conceptual design are general considerations
that designers should try to adhere to, however it should be noted that their applicability may
vary depending on the type of structure and the conditions involved:

e  Structures should have adequate foundation

e Structures should be simple

e Structure should be compact and regular in both plan and elevation. Avoid structures with
elongated or irregular plans; that have substantial setbacks in elevation; or those that are
unusually slender

e Avoid unnecessary mass and achieve a uniform distribution of mass

e Transmission of the seismic (inertia) forces to the ground should be direct and clear, i.e.
complete load path

e  Uniformity, symmetry and redundancy should be ensured

e Structures should be statically undetermined i.e. redundant. Use a backup structural
system wherever possible

e Bi-directional resistance and stiffness should be ensured

e Torsion resistance and stiffness should be ensured and symmetry preserved (main
structural elements should be placed symmetrically near to the periphery of the building)

e Structural elements should be appropriately connected with floor systems or diaphragms
(which must have sufficient in-plane stiffness)

e Use a uniform and continuous distribution of stiffness and strength. Avoid non-structural
components that unintentionally effect this distribution. Avoid sudden changes in member
sizes or details

e Permit inelastic action (damage) only in inherently non-critical ductile elements (i.e., in
beams rather than columns)

e Detail the members to avoid premature, brittle failure modes. Utilize capacity design
principles to avoid undesired shear, axial or joint failures and to foster ductile flexural
failure modes in the event of accidental overloads

e Avoid hammering (pounding) of adjacent structures

e Tie all structural components together. Anchor non-structural components to the structure
to avoid falling hazards
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e Avoid systems with low amounts of viscous damping. Absence of non-structural
components tied to structure may be an indication of low damping in steel structures

The main principles mentioned in the above listing are discussed in Eurocode 8 and by

Bachmann (2003). In this context it is worth mentioning that softening of the structural system
may often be more beneficial than strengthening (Bachmann, 2003).
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6. Summary and conclusions

Landsvirkjun, in cooperation with Theistareykir Ltd and Landsnet plans to build geothermal
power plants at four sites in the volcanic zone in NE Iceland and transmission systems to an
industrial site at Bakki near Husavik. For location see Figure 1.1. The four geothermal areas
considered for power production are at Krafla, Theistareykir, Gjastykki and Bjarnarflag. The goal
is to produce 400 MWe. The first production phase of 200 MWe is expected to be finished in
2012 and the second production phase of 200 MWe in 2015.

This report presents a study of geo—hazards that may cause operational interruptions or damage to
planned geothermal power plants in NE Iceland, transmission lines and substations. The hazard
assessment for the area of concern can be limited to three types of geo-hazards. They are: a)
volcanic activity with lava flows from nearby craters or fissures and ash fall from distal
volcanoes, b) earthquakes originating in the Tjornes Fracture Zone as well as local earthquakes
within the volcanic zone, and c) tectonic movements of land associated with the plate
movements, deformation due to rifting and intrusion of magma into the crust. A second objective
of the report is to determine the likely impacts of hazardous events in the area, on the planned
power plants and transmission systems and mitigate risk through suggestions of protective
measures and location of structures along with structural design recommendations based on a
predefined probability of occurrence.

A most important measure to mitigate risk is the decision to build the four planned power plants
and drill the production wells at four different locations in an area of some 10 x 30 km within the
volcano-tectonic zone. Simultaneous eruptive activity and fracturing in all of the four considered
geothermal fields at any time is very unlikely. In the case that one field or a part of a geothermal
field becomes un-exploitable it should be possible to increase the production in the other fields or
obtain reserve power from the regional grid. There will be two independent transmission lines
running from the power plants to the industrial lot at Bakki. Each power line will be able to carry
the total energy needed i.e. 400 MWe. One of the transmission lines will be running in a geo-
logically stable zone to the west of the hazardous volcano-tectonic zone, except for a short
distance west of the Krafla power plant and hence its vulnarability to geo-risk is considered low.
This further increases the overall reliability of power transmission.

6.1 Volcanic hazard

The northern volcanic zone (NVZ) is segmented into discrete volcanic systems consisting of a
central volcano and a fissure swam. A large strain release affected the northern part of the NVZ
in 1975-1984. Regarding local volcanic hazard for the next 100-200 years it may be considered
the safest of the spreading zones in Iceland for harnessing geothermal energy. Ash-fall from
distal volcanoes can not be excluded as a potential hazard, however, large plinian eruptions are
rare. Phreatic eruptions from sub-glacial eruptions are more common, but few have caused heavy
ash-fall in NE-Iceland. Furthermore, the substations will be indoor facilities and are, hence, not at
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risk from ash-fall from local or distal volcanoes. Ash-fall on power-lines could cause temporary
disturbances but is not considered as a major risk factor.

During Postglacial time volcanic eruptions of the Theistareykir volcanic system have been of the
lava shield type only, most of them occurring in early Postglacial time, i.e. more than 10,000
years ago. Only one later eruption has occurred in the area. It produced Theistareykjahraun about
2500 years ago. The early Postglacial lavas of the Theistareykir area are extensively broken up by
normal faults and tension gashes. Faulting during the last 2500 years has been limited to the
western part of the swarm. The eastern part, where the future production area is located is
considered suitable and fairly safe as a building site for the planned power plant. This part is also
well suited as a drilling area from the point of view of well siting and reservoir characteristics.
Theistareykjahraun is one of only two lava shields in Iceland younger than 3000 years. Renewed
volcanic activity of the Theistareykir system in the near future must be considered unlikely in
view of the distribution of eruptions in time and rare occurrences of late Holocene shields in
Iceland. The possibility of a recurrent dyke injection underneath the western or central part of the
fissure swarm is a more likely scenario in future.

The geothermal fields at Krafla, Bjarnarflag and Gjastykki are all located in the Krafla volcanic
system. It has been the main center of rifting in this part of the NVZ during the past 3000 years.
There have been 6 fissure eruptions in the Krafla volcanic system in the last 3000 years. Three
occurred between 2000 and 3000 years ago, the other three in historical time, i.e. after ~870 AD.
The last eruption occurred in 1975-1984. It was accompanied by dike intrusions and up to 9 m
widening of the fissure swarm. The strain release associated with this episode would require
centuries for build up of stress to prepare for a new rifting episode. During this volcanic episode
only the central part of the fissure swarm split up and subsided. In this context it should be noted,
that the existing power plant at Krafla is sited outside this critical central zone and the planned
power plants will also be sited outside the central zone. Volcanic gas fluxes rendered a part of the
Krafla geothermal system unexploitable for over two decades. However, Bjarnarflag (~8 km to
the south) was not affected. Hydrothermal and hydrovolcanic eruptions have accompanied some
of the fissure eruptions at Krafla. From the minimum recurrence intervals of earlier episodes of
about 250 years, and the fact that it takes time to build up sufficient tensional stress for a new
episode, the Krafla system is considered comparatively safe for utilization during this century at
least. Inter rifting volcanic eruptions due to overpressure in Kraflas magma chamber may have
occurred in early Postglacial Time during excessive volcanic production following rapid isostatic
rebound.

As mentioned above the production area and power station of Krafla are and will be located east
of the main activity of the fissure swarm. Similarly, the surface constructions planned for future
development of Bjarnarflag will be on relatively safe ground, east of the zone that rifted in the
18th and 20th centuries. Boreholes, however, are planned both in this area and partly sidetracked
into the rifted segment to the west. The prospect area of Gjastykki is located on the margin of the
central depression. A power house can be built outside it on the western flank, in an area where
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faults and ground fissures are clearly visible and can thus be avoided. In case of pipelines,
appropriate measures can be taken where faults need to be crossed.

It is concluded, that a rifting episode in the NVZ as a whole can be expected roughly once every
century. The rifting episodes may be accompanied by a volcanic eruption in the case of the Krafla
and Askja systems but volcanic eruption is less likely in the Theistareykir volcanic system. It
should be noted that dyke and sheet intrusions are beneficial to the geothermal system in the long
run. They form a dense complex at 1-3 km depth and act as a heat source which maintains and
drives the circulation of the geothermal system.

6.2 Tectonic movements

Plate movements cause gradual stretching across the rift zone in Northern Iceland, which
accommodates the full spreading rate of about 2 cm/yr over a plate boundary deformation zone
some 20 — 60 km wide. The average strain accumulation is 0.3 - 1 pstrain/yr, and the associated
tectonic stress build-up is on the order of 0.04 — 0.12 MPa /yr. This strain accumulation causes
rifting episodes, but their timing is modulated by availability of magma in the rift. Episodic flow
of magma from the mantle towards shallow depth causes irregularity in timing of rifting
episodes, but they are the main geologic hazard along the plate boundary. The probability of a
new rifting episode in any of the four northernmost volcanic systems in the Northern Volcanic
Zone is considered to be low, with the most probable rifting site being the Askja volcanic system,
which is more than 50 km outside the area of interest in this study. During a future rifting episode
in the Krafla volcanic system a similar behaviour is expected as in thel8th century and in the
Krafla fires with major diking events, and fracturing focused in a narrow strip of land above an
intruded complex of dikes. The dikes are expected to extend only through a fraction of the crust,
with plate motion being accommodated in the lower crust by ductile processes. Deformation is
expected at Krafla, Gjastykki and Theistareykir during inter-rifting periods. Local magmatic and
geothermal pressure sources are known to have contributed continuously to deformation
processes at Krafla in past decades, but not at Peistareykir which appears more stable.
Deformation due to pressure variations in a shallow magma chamber at the Krafla volcanic
system may be expected, as well as deformation due to exploitation and other processes in
geothermal fields. They can cause deformation at a rate of up to few centimeters per year.
Furthermore, a deep-seated pressure increase appears to take place under Gjastykki at the present
and is interpreted as magma accumulation near the crust-mantle boundary. The evolution of this
source is being monitored with a geodetic monitoring program in the area.
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6.3 Seismic hazard

Seismic hazard in the region is due primarily to large earthquakes on the Husavik-Flatey fault
(HFF). This northwest-striking system of faults adjoins the Theistareykir fissure swarm in the
east and the Kolbeinsey Ridge in the west. Before 1755 only one damaging earthquake is known
on the HFF; it occurred in 1260 and is described as a “great earthquake in Flatey” in medieval
annals from the region. In 1755 an earthquake took place on the HFF, with an epicentre
somewhere between Flatey and Husavik. Its magnitude has been estimated as 7 on the Richter
scale. At Theistareykir, the intensity of the 1755 earthquake would have been ~7, with a
corresponding ground acceleration of 7% g. In 1872 two large earthquakes occurred in the
Skjalfandafloi bay; both earthquakes were approximated at magnitude 6.5 on the Richter scale.
Since 1927, 9 earthquakes >4 on the Richter scale have been detected within the HFF region

It is possible that, following the 1975 — 1984 rifting episode in the Krafla area, aseismic
movements on the HFF might have released accumulated stresses in the region. Assuming that
the HFF is locked, the accumulated moment since 1872 is estimated 3.1 x 10"° Nm. If this energy
were released in one earthquake, the corresponding moment magnitude (My,) would be 6.9. It is
therefore plausible to assume a future earthquake magnitude of 6.5 in the eastern part of the fault
with an epicentre near to Hoskuldsvatn.

In the area around the vicinity of the planned power plants, a significant change between the
periods before and after 1975 is observed, from b =~ 0.9 + 0.2 to b = 1.2 = 0.2. The most common
explanation for high b-values is a week crust, incapable of sustaining high strain and
heterogeneous stress system. The lower b-value before the last rifting episode indicates that the
crust had stabilized during the 200 years since the 1724 — 1746 rifting episode. For an individual
year within the region the a-value is 2.5.

6.4 Earthquake action design criteria

The seismic hazard is described in terms of the peak ground acceleration on firm ground and the
normalized response acceleration (seismic coefficient) as a function of un-damped natural period
of the structure. The critical damping ratio is taken equal to 5% in accordance with Eurocode 8.
The probabilistic seismic hazard model for the study area reflects the different zones of seismic
activity. On one hand, there are the seismic zones defined in terms of the fissure swarms in the
North Volcanic Zone, where the earthquakes are small to moderate sized, and, on the other hand,
the seismic delineations that belong to the Tjornes Fracture Zone, largely located off-shore,
where the earthquakes are expected to be moderate sized to big. In this context the selected upper
bounds for earthquake magnitude is a key parameter. The adopted upper bounds are in all cases
judged to be conservative in view of the available geological information and data. This applies
especially to the on-land part of the Flatey-Husavik seismic delineation where limited data are at
hand. The result is conservative PGA-values leading to potential earthquake action that can be
treated as upper bounds.The result of this is that the earthquake action is highest closest to the
Husavik-Flatey seismic delineation but lowest at the southernmost sites where it is only
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moderate. For a uniform hazard event with 475 year mean return period the peak ground
acceleration is not expected to exceed 20% g for the Krafla volcanic system, while for
Theistareykir it is expected to be around 25% g. For comparison this value is about 45% g at the
industrial lot at Bakki. This dependence of earthquake action on geographic location has bearings
on the design of overhead transmission lines going from the power plants in the south to Bakki in
north.

Based on the probabilistic hazard analysis three different earthquakes have been defined to
facilitate the design. They are, an Operating Base Earthquake (~100 year return period) for no
damage and undisturbed plant operation, a Maximum Design Earthquake (~457 year return
period) for life safety and limited damage and a Maximum Credible Earthquake (~3000 year
return period) for collapse prevention checking. Estimated horizontal peak ground acceleration
(PGA) for each of the defined earthquakes is derived from the hazard curves.

Duration of ground motion has an effect on both the spectral acceleration ordinates and the
structural behavior factors. A model of duration of ground motion is presented in terms of the
relative significant duration. It should be noted that the duration of strong shaking is relatively
short for the study sites. The dynamic amplification of earthquake induced response tends to be
higher for events with long duration, than for those with shorter durations. The rapid attenuation
of spectral acceleration ordinates with increasing source distance is also worth noting.

The effects of the spatial variation of earthquake motion should be considered for structures with
large horizontal dimensions, e.g. pipelines. A simplified model, judged to be applicable for the
current study area, has been presented.

Deterministic seismic hazard analysis based earthquake scenarios derived from de-aggregation of
the PSHA results was introduced. In that context time-history representation of the earthquake
motion was demonstrated through examples of simulated time-series and evaluated elastic
response spectra for the Theistareykir site. Earthquake response spectra for linear elastic systems
under uniform hazard were evaluated. Based on those, seismic coefficients (normalised spectral
acceleration ordinates) for horizontal and vertical earthquake action to be applied in design were
suggested in-line with the spectral shapes Type 1 (high-seismicity context) and Type2 (moderate-
seismicity context) from Eurocode 8.

To facilitate the structural design and to take into consideration inelastic effects seismic
coefficients representing different ductility factors have been included. The design data presented
should be sufficient for an initial design phase, more detailed design data will be provided upon
request as the project evolves. The recommended design spectra and the prescriptions presented
are conservative and can be used with confidence.

142 of 157



6.5

Main conclusions

Time between major volcano-tectonic rifting episodes in the Krafla volcanic system is
several 100s of years. The last episode, called the Krafla fires, lasted 1975-1984. Another
similar episode took place 250 years ago in the early 18th century and before that, about
1000 years ago, the area was volcanically active.

The last eruption in the Theistareykir field occurred about 2500 years ago. Since then no
tectonic movements have occurred in the eastern part of the field where the present
drilling area is located and where the planned power-plant will be built.

During the 18th and 20th century rifting episodes a major stress release took place in the
northern part of the North Volcanic Zone. Therefore, the probability of new rifting during
the next 100-200 years is low.

Probability of earthquakes with M > 5 within or close to the geothermal fields is low.
However, earthquakes up to M = 6.5 within the southern part of the Husavik fault are
considered.

Risk can be mitigated by locating structures outside the central zone of the fissure
swarms. Risk is further mitigated and reliability of energy delivery increased by building
four power plants at four different locations in the volcano-tectonic zone. It is extremely
unlikely that all four geothermal areas will be affected simultaneously during a rifting
episode or seismic event.

Two separate transmission lines will be running from the power plants to the industrial lot
to enhance the reliability of energy delivery. Each power line will be able to carry the
total energy needed. One of the transmission lines will be running through a geologically
stable area west of the fissure swarms of the volcano-tectonic zone, except for a short
distance west of Krafla. This further increases the overall reliability of power
transmission.

Probabilistic seismic hazard analysis reveals low to moderate earthquake hazard for the
proposed powerplant sites. This result is obtained using conservative estimates for upper
bounds of earthquake magnitudes.

De-aggregation of the seismic hazard curves indicates that small to moderate sized near-
fault earthquakes with short duration contribute most to the suggested design values for
the proposed power plant sites. In the case of long periodic structures a big distant
earthquakes may be a contributing event.

The results of the de-aggregation are used in deterministic hazard analysis resulting in
simulated time series applicable for design considerations.

The main findings of the probabilistic and deterministic hazard analysis are synthesized
into suggested design provisions for earthquake action conforming to Eurocode 8. This
includes presentation of inelastic effects.
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Location of geothermal sites at Krafla, Theistareykir, Gjastykki and Bjarnarflag and the industrial loy at
Bakki. Also shown are existing and future power lines (green lines).

Iceland is an elevated plateau of volcanic basalt in the North Atlantic, situated at the junction between
the Mid-Atlantic-Ridge (MAR) which characterizes the plate boundaries of the American and the
Eurasian plate and the elevated Greenland—Iceland—Faeroes Ridge. The Reykjanes Ridge southwest of
Iceland and the Kolbeinsey Ridge to the north are segments of the MAR. The spreading rate is around
lem/y, indicated by blue arrows. Magnetic anomalies (blue lines) indicate increasing age in million
years (Ma) of the ocean bottom with increasing distance from the rift axes. Also shown in red are the
volcano-tectonic rift zones crossing Iceland from southwest to northeast. The South Iceland Seismic
Zone (SISZ) in the south and the Tjornes Fracture Zone (TFZ) in the north are transverse zones which
connect the volcanic rift zones to the segments of the MAR.

Plate movements from 1993 to 2004 in Iceland measured in GPS surveys. Regional north component of
the movement has been removed. The center zone of the rift zones in north and east Iceland was kept
fixed. Data provided by Landmaelingar Islands (National Land Survey of Iceland, 2007).

Simplified geological map of Iceland. The yellow area indicates the volcano-tectonic zone younger
than 0.8 Ma. The green area shows bedrock 0.8-3.3 Ma old, and the blue area indicates Tertiary
bedrock with age up to 16 Ma (Saemundsson, 1978). Open circles represent central volcanoes and
direction of the associated fissure swarms (arrows). Filled red circles indicate large olivine-tholeiitic
lava shields (not all shown). Heavy or dotted lines mark the transform faults and the dotted circle
indicates the proposed location of the mantle plume beneath the island. SISZ is the south Iceland
Seismic Zone. The map is modified from Saemundsson (1978). The geothermal areas assessed in this
report, Krafla and Theistareykir, are marked in the NE volcanic zone.

Spatial distribution of earthquakes in and around Iceland in the years 1994-2004. Red dots of different
sizes indicate earthquakes of various magnitudes (Halldorsson, 2005). Also shown are fissure swarms,
elongated yellow areas, and central volcanoes, circular areas, mapped by Saemundsson (1978).

The volcanic zone in NE-Iceland is segmented into five major discrete volcanic systems. They include
a central volcano characterized by topographic high (light red areas) and elongated fissure swarms
(yellow areas) with proximal eruptive fissures and distal non-eruptive faults and tensional fissures
(Saemundsson, 1974, 1978). The main seismic lineaments of the Tjornes Fracture Zone are shown as
massive or dotted lines: a) Kopasker—Grimsey fault, b) Hisavik-Flatey fault and c¢) Dalvik lineament.
The location of the seismic lineaments is based on earthquake distribution in Figure 1.5. The Krafla
power plant is marked with filled triangle K and the future power plants at Theistareykir, Gjastykki and
Bjarnarflag with open triangles and Th, G and B respectively. The filled square, just north of the town
Husavik, shows the location of the industrial lot at Bakki.

Aerial view to the north of the Krafla fissure swarm by Gjastykki some 10 km north of the caldera. The
fissure swarm is about 5 km wide and some 80 km long. It is bounded by normal faults to the east and
west. In between open tensional fissures are dominating. Several fumaroles and steam vents can be
seen, that were reactivated during the initial phase of the Krafla Fires before the area was covered by
lavas.

Estimated thickness of the brittle crust in NE Iceland. Numbers at the isolines indicate thickness in km.
TFZ is the Tjornes Fracture Zone. The bottom of the brittle crust ( seismogenic layer) is assumed to be
at 700°C. The depth estimate is based on surface temperature gradient data (Saemundsson et al., 2003)
and the depth to a low-resistivity layer assumed to be at 1100°C (Bjérnsson et al., 2005). Red circles
are high-temperature areas and the yellow zones are fissure swarms (Saemundsson, 1978).

Inflation — deflation bowl with an apex at the SE end of the hill Leirhnjukur near the center of the
Krafla caldera and ~1 km NNE of the Krafla power house shown as a red square. Average land
elevation changes (left), one subsidence event (middle) and inflation rate during an inflation period
(right) are shown. The center of the inflation-deflation bowl was nearly at the same place during the
whole episode and presumably delineates the location of the top of the magma chamber. The two S-
wave shadows, mapped by Einarsson (1979) are on the other hand located to the west and east of the
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Figure 1.10

Figure 1.11

Figure 1.12

Figure 1.13

Figure 1.14

Figure 1.15

Figure 1.16

Figure 1.17

center of the inflation bowl (see Fig. 2.2). Figure modified from Bjornsson et al., (1979).

Land elevation changes during the Krafla fires at benchmark FM5596 0,8 km SSE of the apex of the
inflation-deflation bowl. The first 9 years are characterized by continuous inflow of magma of about 1-
5 m’/s into a shallow magma chamber at 3 km depth, and drainage of magma into the fissure swarm in
short rifting events, releasing the pressure in the magma chamber. In 9 of 24 total rifting events magma
came up to the surface, indicated by red stars. Most of the rifting took place during the first 5 years
(1976-1980) when the magma was flowing into the fissure swarm. During the next 4 years (1981-1984)
most of the magma came up to the surface. During the following 2 years1985-1986 the elevation was
stable, which indicates that the inflow of magma had stopped. In 1987 the land started to rise again,
indicating increasing pressure in the magma chamber or intrusions into the roots of the central volcano
without rifting. In March 1989 the inflow of magma from below suddenly stopped and since then slow,
exponentially decaying deflation has been observed. Blue dots are elevation values based on extensive
dry tilt surveys with a distal reference point. Open triangles during the first year show elevation
calculated from tilt measurements at the Krafla power house, and the open squares are based on tilt
measurements at a station south of the power hose. The curve itself is calculated from daily tilt
measurements within the power house. The smallest subsidence events (< 4cm) shown in Table 1.1 are
too small to be seen in this diagram. Redrawn from Bjornsson and Eysteinsson (1998).

Fissure - eruption in the Krafla area in September 1977. The fissure is about 800 m long. The magma
erupted at the beginning of the Krafla eruptions has a low viscoscity, contains high amount of gas and
is flowing like water.

Activated areas of the Krafla fissure swarm from 1975 to 1978. Only one section is activated during
each subsidence / rifting event. Redrawn from Einarsson and Brandsdoéttir (1980), who delineated the
active areas by locating earthquake epicenters. Mapping of ground fissures delivered in some instances
a more detailed picture, for example during the initial rifting phase in December 1975 where the whole
central part of the fissure swarm was activated (Sigurdsson, 1977, 1980), and not only the western part
as indicated by the earthquake locations.

Total accumulated widening along the Krafla fissure swarm during the 1975-1984 volcanic episode.
The maximum extension of 9 m took place close to the northern rim of the caldera. Redrawn from
Tryggvason (1984) with additional data for September 1984 from E. Tryggvason and F. Sigmundsson.

Horizontal migration of earthquakes with time from the Krafla caldera to the north along the fissure
swarm during a subsidence-rifting event in July 1978. The horizontal distance is measured from the
center of the caldera. In the Snagi area some 10 km north of the caldera most of the earthquakes were at
2-4 km depth, but one occurred at 7 km and another at 14 km depth. The highest magnitude was around
4 but the majority of the earthquakes had a magnitude between 2.5 and 3.5. The b-value was 1.7 + 0.2
Figure from Einarsson and Brandsdottir, 1980).

Vertical movements across the Krafla fissure swarm at Bjarnarflag /Namafjall some 10 km south of the
center of the caldera. The first profile (1974-1976) shows subsidence along the whole profile which
might be part of the initial subsidence bowl, as well as regional pre-rifting subsidence. The second
profile includes the rifting event of April 27.-28. 1977, as the magma was flowing to the south. The
center part of the fissure swarm subsided about 80 cm and the flanks to the east and west were uplifted
some 20 cm. The fourth profile includes the rifting event of 8.-10. September 1977 when the magma
was also flowing to the south and some 6.5 m’of scoria were erupted through one of the geothermal
wells in Bjarnarflag. The last profile (1977-1979) shows some subsidence in the center part and uplift
of the flanks.

Widening and elevation changes across the Krafla fissure swarm in Kelduhverfi, some 40 km north of
the caldera, during a rifting event in January 1978. Figure redrawn from Sigurdsson (1980).

The upper part shows the tilt variations of the power house (in micro-radians) caused by land elevation
changes, for the period August 1976 to January 1978. The middle part shows variation in width of a
fissure located close to the apex of the inflation-deflation bowl. The fissure width correlates with the
elevation (tilt). The lower part shows the width of a fissure in the central fissure swarm at Bjarnarflag,
south of the caldera. The width is nearly constant except during two rifting deflation-events when the
magma moved to the south, i.e. in April and September 1977. The widening of the fissure is around 20
cm in both cases. Figure from Bjornsson et al., (1979).
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Figure 1.18

Figure 1.19

Figure 1.20

Figure 2.1

Figure 2.2

Figure 2.3

Figure 2.4

Figure 2.5

Figure 2.6

Figure 3.1

Figure 3.2

Figure 3.3a

The upper part shows horizontal movements from 1971 to 1980 in the Krafla area. The measurements
were made by Moller et al. (1982) in co-operation with Orkustofnun. Horizontal widening of upto 8
m was observed across the active fissure swarm but contraction of the flanks. The lower part shows
elevation changes from 1975 to 1980 on an E-W profile crossing the Krafla fissure swarm by
Bjarnarflag. The measurements were made by Kanngieser (1983) in co-operation with Orkustofnun.
Here the elevation data have been projected onto latitude 16°40". The flank zones of the fissure swarm
were uplifted around 0.6 m and uplift was observed out to a distance of 30 km from the rift zone.
Figure from Bjornsson (1985).

Variation in CO, content in two geothermal wells at Krafla from 1975 to 1984, measured in weight %
of the total flow. Redrawn from Armannsson et al., (1989).

A simplified model of episodic rifting in NE Iceland. Tension is gradually built up in the axial rift zone
and is released every few years in a rifting episode.

The Northern Volcanic Zone (NVZ) is segmented into discrete volcanic systems. They include a
central volcano and a fissure swarm with proximal eruptive fissures and distal non-eruptive faults and
ground fissures. The two northernmost systems, those of Theistareykir and Krafla, host geothermal
reservoirs to be harnessed, three of which are already exploited or proven. Dots show earthquake
epicenters of magnitude 1-5 over a 4 years period (1982-1985). Map by Einarsson and Saemundsson
(1987).

Central part of the Krafla volcanic system showing the caldera and the fissure swarm which traverses it.
An inner segment of the fissure swarm was active during the last two volcanic episodes of 1724—1729
and 1975-1984. The geothermal areas of Krafla and Bjarnarflag are shown. Krafla has a magma
chamber (S-wave shadow, Einarsson, 1978) at 3-7 km depth. Map from Saemundsson 1991.

Spread of hydrovolcanic mud erupted at Krafla in 1724 and basaltic lava of 1728-1729. The mud
eruption started as a mixed rhyolite/basalt volcanic eruption which developed into a hydrovolcanic
eruption due to ingression and explosive boiling of geothermal water. It lasted half a day. Two years of
intermittent rifting events and another two years of also intermittent fissure eruptions followed. Map
from Saemundsson 1991.

The Krafla volcano-tectonic episode of 1975-1984 produced basaltic lava about 35 km? in area. The
eruptive phase of 1980-1984, which included five eruptive events that lasted 5-14 days each, was
preceded by 5 years of intermittent rifting events. The main lava producing craters were in Gjastykki,
well north of the Krafla caldera. Southern Gjastykki is being explored for geothermal utilization. Map
from Saemundsson (1991).

Soil sections from the area between Bjarnarflag and Husavik. Whitish ashes, H3 (3100 years old) and
H4 (4500 years old), provide straigarphic markers. The age and provenance of the more prominent
ashes has been determined by C-14 and by their chemical composition which is characteristic for each
volcano. Fall-out of basaltic ash was relatively frequent during the first millenia of the postglacial, i.e.
during the time of and following glacier melting. Ages are given for the most prominent ash layers.
The year of fall-out is given for two historical ashes.

Isopach map of the 1991 Hekla ash fresh fallen. Thickness is in cm. The arrow points at the area
affected by shortcuts. Figure from Larsen et al. (1992).

Seismic study of the Northern Volcanic Zone and the Krafla central volcano. (A) The seismic array of
the FIRE 1994 project. (B) P-wave velocity cross section along the profile with a low-velocity anomaly
under Krafla interpreted as a magma chamber. Modified from Brandsdéttir et al. (1997). Courtesy of
Bryndis Brandsdottir.

Schematic rheological structure of the oceanic crust and a riting event dominated by magna intrusion.
The uppermost 5-10 km of the crust behave in an elastic manner over long time scales, but at greater
depth viscoelastic effects are important and stresses relax in a ductile manner. Reproduced from
Sigmundsson (2006a) with permission of Nature, London.

Geodetic network used to constrain deformation during the 1984 eruption of Krafla volcano consisting
of electronic distance measurement stations (EDM), optical levelling tilt stations, and levelling bench
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Figure 3.3.b

Figure 3.4

Figure 3.5
Figure 3.6

Figure 3.7

Figure 3.8

Figure 3.9

Figure 3.10
Figure 3.11

Figure 3.12

Figure 3.13a

Figrue 3.13b

Figure 3.14

Figure 4.1

Figure 4.2
Figure 4.3

marks). Shading shows the extent of a lava flow formed in 1984, with the broken line on top outlining
the eruptive fissure.

Observed and model tilt and horizontal displacements (inferred from EDM) associated with the 1984
Krafla eruption. Eruptive fissure and extent of the modelled dike are indicated by broken and thick
shaded line, respectively. Inversion of the geodedetict data gives a model dike extending to 7 km depth.
Green rectangle denotes the location of a Mogi pressure source, located at 3 km depth. After Arnadottir
et al. (1998). Copyright by the American Geophysical Union.

Map view of horizontal displacements in the Krafla area March 1978 — March 1989, based on
electronic distance measurements. Reproduced from Tryggvason (1994), Sigmundsson (2006a). The
main deformation occurs along the central axis of the Krafla fissure swarm, with large cumulative
horizontal displacements on both sides of the dike complex emplaced.

Spreading plate boundary — model for post-rifting deformation.

Horizontal crustal displacements inferred from continuous GPS-measurements in Northern Iceland
(Geirsson et al., 2006 and later work). Black arrows are observations, the inferred velocity vectors
relative to a stationary plate boundary. The white arrows are predictions of the REVEL plate motion
model. See also http://www.vedur.is. Data from stations indicated by name (RHOF, ARHO, AKUR,
REYK) displayed in Figure 3.7.

GPS time series at selected sites relative to the REYK reference station (Geirsson et al., 2006 and later
work). See Figure 3.7 for locations of the RHOF, ARHO and AKUR sites.

Regional average plate velocities 1993-2004 in northern Iceland (ISNET suveys by the Land Survey of
Iceland — data processing Thora Arnadottir). The results are displayed in a reference system relative to
a stationary plate boundary.

Regional crustal velocities 1999-2002 at the rift-transform junction in N-Iceland displayed relative to
stable Eurasian plate. After Jouanne et al., (2006).

Local GPS and tilt network at Krafla from Sturkell et al. (submitted).

The shallow magma chamer at Krafla — Stars indicate inferred locations of Mogi sources from different
studies. After Sturkell et al. (submitted).

Vertical displacements inferred from levelling in the Krafla area 1989-2005. a) Vertical changes 1989-
2005, b) vertical changes 1995-2000, c¢) vertical changes 2000-2005, and d) vertical changes 1989-
2005. After Sturkell et al. (submitted).

Location of an InSAR study of the Krafla area showing the town of Husavik (H), Lake Myvatn (L), the
Krafla fissure swarm (dotted), the outline of the Krafla caldera central volcano (solid white line), and
the Krafla caldera (white dashed line). M, and M, indicate the location of the Krafla magna chamber
and the site of deep pressure increase in Gjastykki respectively. Reproduced from de Zeeuw-van
Dalfsen et al., (2004).

InSAR study of Krafla area. Interferograms (left column), models (center column), and residuals (right
column). Each full color cycle (fringe) corresponds to a change in range from ground to satellite of 28
mm. See text for discussion. Reproduced from de Zeeuw-van Dalfsen et al., (2004).

Interferometric data covering the Northern Volcanic Zone. Black lines outline the fissure swarms in
the area, circular outlines show the location of central volcanoes and the black stippled outline shows
the location of the Krafla caldera. A) ERS data spanning 1993-1995. B) ENVISAT data spanning
2003-2005. Subsidence above shallow magma chamber has declined but deep inflation under
Gjastykki continues. After Pedersen et al. (2007).

Logarithm of the number of earthquakes since 1994 in a 25 km” area having a magnitude > 1.5 on the
Richter scale. Number of earthquakes is counted in confined 25 km” areas.

Historical earthquakes (M == 6) since 1700 and earthquakes > 1.5 since 1994.
Measured earthquakes (M = 3) in the region from 1930 to 2000.
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Activity since 1994 (M > 1.5). The concentric circles show the distance to Theistareykir at 10 km
intervals.

Number of measured earthquakes in the area shown in Figure 4.6.

Measured events (M > 3) since 1930.

Frequency versus magnitude for the period 1964 to 1973, M > 2.

Number of events (M > 3) 1974-1990.

Frequency versus magnitude for the period 1974 to 1990, M > 3.0.

Locations of events > 1.2 since 1994.

Frequency versus magnitude for the period 1994 to 2006, M > 1.2.

Krafla geothermal power station.

Krafla geothermal power station, turbine hall.

Schematic map of the Krafla geothermal power plant and the surrounding area.

The seismic source zones and lineaments applied in probabilistic seismic hazard analysis. This figure is
based on Figure 1.5 in Section 1.3 and the figures in Section 4. The solid red lines indicate seismic
source zones producing earthquakes with magnitude greater than or equal to 4 and the dotted lines refer
to source zones where event magnitude does not exceed 4. Legend: A — The Grimsey Island lineament,
Miax = 7.3; B — The Flatey Island lineament: B1 — strike-slip earthquakes, M,,,x = 7.3, B2 — strike-slip
faulting earthquakes, M,.x = 7.3, B3 — oblique faulting earthquakes, M,,,x = 6.5; C — The Dalvik
lineament, strike-slip earthquakes, My, = 7.3; D — The Krafla zone, normal faulting earthquakes, M.x
= 5.5; E — The Theistareykir zone, normal faulting earthquakes, M,.x = 5.5; F — The Fremri-Namur
zone, normal faulting earthquakes, M,,.,x = 5.5; G — The Askja zone, normal faulting earthquakes, M.«
= 5.5; J — Kverkfjoll Mountain zone.

Spatial distribution of earthquake epicentres in the Parametric Earthquake Catalogue for Iceland for the
period 1896 to 1996 (Ambraseys and Sigbjornsson, 2000). The following colour code is used: blue —
My € [7.0; 7.5]; purple — My € [6.5; 7.0]; red — My € [6.0; 6.5]; orange — My € [5.5; 6.0]; yellow
— My € [5.0; 5.5]; yellow-green — My, € [4.5; 5.5]; green — My € [4.0; 4.5]; white — My, € [3.0; 4.0]
or undefined.

Attenuation of linear elastic spectral acceleration response. Comparison of strong-motion estimation
models to data. Undamped natural period is 1.0 s and the critical damping ratio is 5%. The blue curve
represents the Ambraseys et al. (2005) model and the blue dashed curves represent + one standard
deviation. The circles and triangles represent data from the South Iceland earthquakes on 17 and 21
June 2000.

Relative significant duration of shallow strike-slip earthquakes. The duration values obtained for the
June 2000 South Iceland Earthquakes compared to suggested duration model (solid line). The dashed
lines represent the model + one standard deviation of full dataset.

Relative significant duration of shallow strike-slip earthquakes with near vertical fault plane. Suggested
model representing duration as a function of distance to surface trace of causative fault for different
magnitude values.

Horizontal coherence spectra. The black and blue curves are estimates derived from measurements and
the red curves represent the suggested model using Eq. (5.5).

Simplified exponential model for horizontal coherence spectrum expressed as a function of frequency
in Hz and separation distance in m. The model is given in Eq.(5.5) with the following parameters: a =
[a, a, a3 a;]=[3.6462:10° 0.4890-10° 1.85 2.85 ]. It is worth noting that the parameters are
dimensionally dependent.

An example of simulated parametric earthquake catalogue for North Iceland. Seismicity is associated
with dashed lines (blue) visualising the hypothetical seismic delineations and fissure swarms. The time
period is 200 years and the radius of the study area is 100 km with the centre at Theistareykir. The
magnitude range is between 4 and 7.3, where the upper bound is source zone dependent.

154 of 157



Figure 5.12

Figure 5.13

Figure 5.14

Figure 5.15

Figure 5.16

Figure 5.17

Figure 5.18

Figure 5.19

Figure 5.20

Figure 5.21

Figure 5.22

Figure 5.23

Peak ground acceleration (PGA) for the study sites based on synthetic parametric earthquake catalogue
and assuming rock site conditions. (a) Horizontal component, (b) Vertical component. The hazard
curve for the industrial lot at Bakki near Husavik has been added to give a reference to a site close to
the Flatey seismic delineation.

Distribution of horizontal peak ground acceleration (PGA) from the Bakki industrial lot in the north to
the Bjarnarflag site in the south. The values are based on synthetic parametric earthquake catalogue,
assuming rock site conditions and return period of 475 years.

Horizontal (a, ¢, e) and vertical (b, d, f) earthquake response spectra for linear elastic systems under
uniform hazard. Critical damping ratio is equal to 5%. Site conditions are rock.

Normalised earthquake response spectra for linear elastic systems under uniform hazard. Critical
damping ratio is equal to 5%. Site conditions are rock. (a) Horizontal action, (b) vertical action.

Two examples, (a) and (b), of simulated time series of ground acceleration and corresponding response
spectra based on the result of a de-aggregation study for the Theistareykir site. Rock site conditions are
assumed and the critical damping ratio is taken as equal to 5%.

Horizontal, linear elastic response spectra based on simulated time series (black curves) compared with
uniform hazard spectrum (red curve) with mean return period 475 year and a spectrum based on the
model of Ambraseys et al. (2005) for magnitude equal to 6 and epicentral distance < 5 km. Location:
Theistareykir. Site condition: rock. Critical damping ratio: 5%.

Suggested seismic coefficients (normalised spectral acceleration ordinates) for horizontal earthquake
action (black dash-dotted curve) plotted along with simulated data (see Figures 5.13 and 5.14). Critical
damping ratio is equal to 5%. Rock conditions are assumed. The Eurocode response spectra is also
shown on the figure, type 1 is the cyan dashed line and type 2 is the cyan dotted line.

Suggested seismic coefficients (normalised spectral acceleration ordinates) for vertical earthquake
action (black dash-dotted curve) plotted along with simulated data (see Figures 5.13 and 5.14). Critical
damping ratio is equal to 5%. Rock conditions are assumed. The Eurocode response spectrum for
vertical action is also shown on the figure (cyan dotted curve).

Normalised response spectral acceleration (seismic coefficient) for inelastic systems with different
ductility factors. Critical damping ratio is equal to 5% and rock site conditions are assumed.

Relative displacements for linear elastic systems obtained by Eq.(5.14) for the horizontal action derived
from the suggested design spectrum (the red curve) along with displacements corresponding to
Eurocode 8 spectrum Type 2 (solid blue curve) and Eurocode 8 spectrum Type 1 (dashed blue curve).
The peak ground acceleration (PGA) is taken as equal to 0.25 g which corresponds to the Theistareykir
site. Critical damping ration is equal to 5% of the critical. Site conditions are rock.

Relative displacements for inelastic systems obtained by Eq.(5.14) for the horizontal action derived
from the suggested design spectrum. The peak ground acceleration (PGA) is taken as equal to 0.25 g
which corresponds to the Theistareykir site. Critical damping ration is equal to 5% of the critical. Site
conditions are rock. The black curve describes linear elastic systems and is included as a reference for
the inelastic systems.

Relative displacements for linear elastic systems derived by simulations (black curves) compared to the
proposed design spectrum (red curve) as well as Eurocode 8 Type 2 spectrum (solid blue curve) and
Type 1 spectrum (dashed blue curve). The peak ground acceleration is taken equal to 0.25 g which
corresponds to the Theistareykir site.
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