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2 Svensk sammanfattning

Två kraftiga jordbävningar, båda med magnitud 6.6,  skakade södra Islands lågland i juni
år 2000. Inga allvarliga personskador inträffade men flera hus skadades avsevärt.

Island ligger på den mittatlantiska ryggen, den divergenta plattgräns som separerar den
eurasiska från den nordamerikanska litosfäriska plattan. På södra Island är spridningen
uppdelad mellan två parallella zoner med grovt sett nord-sydlig riktning. Transform
rörelse mellan dessa spridningszoner tas upp av Södra Islands Seismiska Zon (SISZ)
vilken representerar en transform plattgräns mellan den eurasiska och den
nordamerikanska litosfäriska plattan. Inom SISZ har flera destruktiva jordbävningar ägt
rum och en långtidsprognos från 1985 angav en hög sannolikhet för en destruktiv
jordbävningssekvens före år 2010. Geodetiska mätningar på södra Island har utförts
sedan slutet av 1970-talet för att följa med jordskorpans deformation i området.

I detta projekt har jordskorpans deformation inom SISZ studerats mellan 1984 och 1995
för att söka efter eventuella signaler i deformationsmönstret som skulle kunna indikera de
två jordbävningarna i juni år 2000.

1984 skapades ett stort geodetiskt nät inom SISZ genom elektroniska avståndsmätningar
(EDM) mellan geodetiska kontrollpunkter i södra Islands lågland. 1995 mättes
positionerna av de flesta av dessa punkter med hjälp av GPS (the Global Positioning
System).

Avståndsförändringar i det geodetiska nätet mellan 1984 och 1995 har använts för att för
nodpunkter och deltrianglar i det geodetiska nätet  bestämma huvuddeformationer och
deras riktningar (principal strains), som beskriver ett likformigt deformationsfält.

Resultatet visar ett komplext deformationsmönster för södra Island mellan 1984-1995.
Under denna tidsperiod ägde tre större tektoniska händelser rum med en möjlig påverkan
på uppmätt deformation inom SISZ. I den västra delen av det geodetiska nätet så har den
uppmätta deformationen påverkats av den landhöjning och expansion kring vulkanen
Hrómundartindur, som mättes mellan 1991 och 1995, och fortsatte till 1998.

I den östra delen av nätet har Heklas utbrott 1991 troligtvis påverkat punkten 7220,
vilken är belägen närmast Hekla på det gamla lavaflödet Krokahraun. Som ett resultat av
utbrottet sjönk jordskorpan samman och förskjutningar ägde rum i riktning mot vulkanen.
Dock kan ansamling av magma för det utbrott som kom att äga rum år 2000 ha påbörjats
under perioden 1991-1995. I sådana fall kan effekterna av 1991 års utbrott ha motverkats
av att jordskorpan lyfts upp och att förskjutningar skett i riktning från vulkanen. På grund
av detta har de eventuella inflytandet från Heklas utbrott 1991 ej tagits hänsyn till i detta
arbete.

Jordbävningen i Vatnafjöll 1987, sydöst om Hekla, kan ha resulterat i deformation av
SISZ. Dock visar modellering med parametrar för jordbävningen endast obetydliga
förskjutningar för punkter i det geodetiska nätet på södra Island. Slutsatsen som dragits
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av detta är att, bortsett från den västra delen av nätet (påverkan från Hrómundartindur)
och den östra delen (möjlig påverkan från Hekla), den uppmätta deformationen har sitt
ursprung inom den seismiska zonen självt.

Väster och öster om det som skulle bli förkastningarna för jordbävningarna år 2000 så
verkar deformationsfältet mellan 1984 och 1995 vara relativt likformigt. I området mellan
dessa två framtida förkastningar så visar deformationsfältet ett komplext och varierande
mönster, både när det gäller storlek och riktning av huvuddeformationerna, och en
tolkning av detta är ej självklar och enkel.

I ett likformigt deformationsfält varierar deformationen med riktning från norr. Genom
att rita upp grafer för de deformationsfält som bestämts genom en minsta kvadrat
anpassning till data är det möjligt att få en uppfattning om hur väl antagandet om ett
likformigt deformationsfält håller. I några fall så uppnås en god anpassning för data
medan en eller flera avvikande deformationer förekommer i andra fall. Dessa anomala
deformationer har tolkats representera källor till avvikande deformation.

På detta sätt identifierades källor av avvikande deformation mellan 1984 och 1995 i
närheten av fyra punkter belägna mellan de framtida juni 2000-förkastningarna samt
väster om den mest västra av dessa förkastningar. Förutom denna källa till avvikande
deformation så verkar alla vara relaterade till hög seismisk aktivitet mellan 1984 och
1995.

En ansats gjordes för att förklara den deformation som mätts upp på södra Island mellan
1984 och 1995. Först beräknades deformationsfältet associerat med en lång, rak, öst-
västlig transform plattgräns för det geodetiska nätet på södra Island. För detta användes
en relativ hastighet mellan den eurasiska och den nordamerikanska litosfäriska plattan på
1,8 cm/år. Som väntat är detta deformationsfält väldigt regelbundet och mycket långt från
det uppmätta.

Som en andra ansats modellerades den uppmätta deformationen som förskjutningar längs
en serie förkastningar i ett elastiskt, isotropt och homogent halvrum. På grund av
begränsningar i denna modell gjordes enbart ett försök att förklara förlängning eller
förkortning av avstånden i nätverket. Storleken på de dokumenterade
längdförändringarna i nätverket förklaras ej.

Resultatet av denna modellering är att en modell med förkastningar med en nord-sydlig
trend kan förklara tecknet för avståndsförändringar inom södra Islands geodetiska nät
mellan åren 1984 och 1995, samt att den generella vänsterlaterala transforma rörelsen på
södra Island kan tas upp av en serie sådana förkastningar.

De flesta av förkastningarna i denna modell är placerade där zoner med hög seismisk
aktivitet observerades mellan 1984 och 1995 och högerlateral förskjutning användes
oftast. Detta stämmer överens med den generella teorin om hur vänsterlateral transform
rörelse tas upp av SISZ. Dock användes öppning och stängning av förkastningar i några
fall samt vänsterlateral förskjutning i ett fall. Även om detaljerna i denna
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förkastningsmodell inte ska tas alltför allvarligt, så är de generella resultaten den
indikerar intressanta.

De huvudsakliga resultaten och slutsatserna av arbetet som presenteras i denna rapport är
identifierandet av avvikande preseismisk deformation före jordbävningen den 17:e juni år
2000, samt att studier av jordskorpans deformation på Island är värdefullt i arbetet med
att förutsäga jordskalv.

Deformationen som mätts på södra Island mellan 1984 och 1995 kan anses representera
den preseismiska fasen av jordskorpans deformationscykel i området. Den coseismiska
fasen är känd genom arbetet av Árnadóttir et al [28]. För framtida arbete rekommenderas
att bygga upp kunskap om de postseismiska och interseismiska faserna av jordskorpans
deformationscykel inom SISZ för att man med större säkerhet ska kunna identifiera
avvikande preseismisk deformation. Det rekommenderas också att ett vakande öga hålls
på de områden där avvikande deformation identifierades i detta arbete då dessa områden
kan vara platser för framtida jordbävningar.
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Summary

Two large earthquakes took place in the south Iceland lowland in June 2000, both with
magnitudes 6.6. No serious injuries occurred as a result of the earthquakes but several
houses were severely damaged.

Iceland is situated on the Midatlantic Ridge, the divergent plate boundary separating the
Eurasian and the Northamerican lithosperic plates. In south Iceland rifting is partitioned
between two parallell and roughly north-south trending zones. Transform motion
between these riftzones is accommodated by the South Iceland Seismic Zone (SISZ),
which represents a transform plate boundary between the Eurasian and Northamerican
lithospheric plates. Within the SISZ several destructive earthquakes have taken place and
a long term forecast from 1985 stated high probability of a destructive earthquake
sequence before 2010. Geodetic measurements in south Iceland have been performed
since the late 1970-ies to monitor crustal deformation in the area.

In this project the crustal deformation in the SISZ has been studied between 1984 and
1995 in order to search for eventual signals in the deformation pattern indicating the
earthquakes of June 2000.

In 1984 a large geodetic network was created within the SISZ by performing electronic
distance measurements  (EDM) between geodetic control points. In 1995 the positions of
most of these control points were measured using the Global Positioning System (GPS).

Distance changes in the geodetic network between 1984 and 1995 have been used to
estimate the principal strains and directions of a uniform strainfield for nodepoints and
subtriangles of the network.

The results show a complex pattern of strain in south Iceland between 1984 and 1995. In
this time period three major tectonic events took place having a possible influence on the
measured strain within the SISZ. In the westernmost part of the geodetic network the
measured deformation is affected by the uplift and expansion around the
Hrómundartindar volcano that occurred in the timeperiod 1991-1995-1998, as
documented through measurements.

In the easternmost part of the network the Hekla eruption 1991 probably affected the
point 7220, closest to Hekla, located on the old lavaflow Krokahraun. As a result of the
eruption contraction took place towards the volcano. However, in the period from 1991 to
1995 expansion around Hekla might have started as an eruption took place in the year
2000, possibly erasing the effects of the 1991 eruption. Therefore the eventual influence
of the Hekla eruption 1991 was not accounted for in this work.

The Vatnafjöll earthquake in 1987, occurring southeast of Hekla could have affected the
measured deformation in the south Iceland seimic zone. However, a model for which
source parameters of the earthquake were used, do not show any significant
displacements for the points in the south Iceland geodetic network. It is thus concluded
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that except for the westernmost part of the network (influence from Hrómundartindur)
and the very easternmost part (possible influence from Hekla) the measured deformation
has its origin within the seismic zone itself.

West and east of what should become the faults of the June 2000 earthquakes the
estimated strainfield between 1984 and 1995 appears relatively uniform. In the area
between these two future faults the strainfield shows a complex and variable pattern, both
when it comes to magnitude and direction of the principal strains, and interpretation is
not straight forward.

Studying plots of strain versus azimuth from north for the estimated uniform strainfield
for each nodepoint where a least squares fit was made to the data it is possible to get an
idea how well the uniform strainfield assumption holds. In some cases the data fits very
well and in other cases one or more outliers occurs, where the measured strains show
large deviations from those predicted by the uniform strainfield. These outliers are
interpreted as representing sources of anomalous deformation.

Sources of anomalous deformation between 1984 and 1995 were in this way identified in
the vicinity of four points located between the becoming June 2000 faults and in the
vicinity of one point west of the westernmost of these faults. Except for this source of
anomalous deformation they all seem to be connected with high seismicity between 1984
and 1995.

An attempt was made to explain the measured deformation between 1984 and 1995 in
south Iceland. First the deformation field associated with a long and straight east-west
transform plate boundary was calculated for the south Iceland geodetic network using a
relative velocity between the American and Eurasian lithospheric plates of 1,8 cm/year.
As expected this deformation field is very regular in appearance and very far from the
measured one.

As a second approach the measured deformation was modeled as slip on an array of
faults in an elastic, isotropic and homogenous halfspace. Due to the limitations of this
model it was only tried to explain the sign of the measured deformation, whether
individual lines in the network became shorter or longer as a result of the model, and not
the magnitude of lengthening or shortening.

The result of this modeling is that a model of north-south trending faults can explain the
sign of distance change in the south Iceland geodetic network between 1984 and 1995
and that the general left lateral transform motion in south Iceland can be accommodated
by such an array of faults.

Most faults in the model are located where zones of high seismicity were observed
between 1984-1995 and right lateral slip is most often used. This is consistent with the
general theory on how left lateral transform motion is accommodated by the SISZ.
However, opening or closing of faults was also used in some cases and in one case left
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lateral slip was used. Although the details of this fault model should not be taken too
seriously the general results it indicates is interesting.

The main results and conclusions of the work presented in this thesis is the identification
of anomalous preseismic deformation that took place before the June 17th 2000
earthquake and that crustal deformation studies in Iceland are useful in the work of
earthquake prediction.

The deformation documented in south Iceland between 1984 and 1995 can be considered
to represent the preseismic phase of the crustal deformation cycle in south Iceland. The
coseismic phase is known through the work of Árnadóttir et al [28]. For future work it is
recommended to build up knowledge on the postseismic and interseismic phases of the
crustal deformation cycle in south Iceland in order to increase the possibilites of
identifying anomalous preseismic deformation. It is also recommended to keep an eye on
the areas where anomalous deformation was identified in this work. These areas could be
locations for future earthquakes.
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1 Introduction

This section describes the background, the aims, methods and delimitations of the work
performed in this thesis project. In the last part of the section the structure of the report is
described.

1.1 Background

A large earthquake, surface wave magnitude 6.6 [1], took place in the south Iceland
lowland in the afternoon of the 17th of June 2000, the Icelandic National Day. The
epicentre of the earthquake was approximately 10-15 km north of the town Hella, near
the farm Skammbeinsstaðir. Three and a half days later, about one hour after midnight
the 21st of June, another earthquake took place about 15 km west of the epicentre of the
previous one, with equal surface wave magnitude 6.6 [1]. The epicentre was south of the
mountain Hestfjall and about 10 km east of the town Selfoss.
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FIGURE 1.1. The June 2000 earthquakes in south Iceland. Thick black lines shows the
faults where right lateral slip took place (shown by the arrows). The stars shows the
epicentres of the earthquakes. The major rivers and towns in the area are shown as well
as the location of the mountain Hengill. Black box in inset shows the location of the study
area.

Due to good weather and the fact that many people were outside to celebrate the National
Day when the first earthquake took place no serious injuries occurred. However, several
houses were severely damaged, especially in the town of Hella, as the town is in close
vicinity to the 16 km long fault with a strike of N9°E that was active during the
earthquake [1]. The second earthquake caused less damage due to the larger distance to
more densely populated areas.

The earthquakes took place in an area called the South Iceland Seismic Zone (SISZ)
representing a transform plate boundary between the North American and the Eurasian
lithospheric plates. The zone is a 10-20 km wide belt of north-south trending fractures
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(fig 2.1, fig 2.2) stretching about 70 km from the volcano Hekla in the east towards the
mountain Hengill in the west. During the time since Icelands settlement in the ninth
century several destructive earthquakes have taken place in this region [2].

The SISZ has been the scene of active earthquake prediction research for more than two
decades. A long term forecast for the area assumed that a series of large earthquakes was
due with high probability during the next decade [3]. The June 17th earthquake took
place in the area where the next large earthquake was expected. However, no short term
precursors were recognised and it came as a surprise. In retrospect, some possible
precursors have been found in the events preceeding this earthquake. A short term
warning was however issued to the authorities 26 hours before the June 21 earthquake
stating the likely location and that preparations should be made for an impending
earthquake within short [1].

Earthquake prediction and forecasting can be aided by monitoring of the crustal
deformation in the active area, both for long and short term predictions [4, 5]. In 1984 a
previously established network of ground control points in the zone surrounding the plate
boundary in South Iceland was densified. A geodetic net was created by determining
distances between the points in the network using electronic distance measurements
(EDM). In 1995 the position of each point in the network was remeasured using the
Global Positioning System (GPS).

1.2 Aims of the study

The main aim of this thesis is to construct a map of the crustal deformation between 1984
and 1995 surrounding the plate boundary in south Iceland in order to look for possible
strain precursors to the June 2000 earthquakes. The objective is to find out if repeated
geodetic measurements and calculations of strain together with other kinds of information
can provide a valuable tool for future earthquake predictions in south Iceland. Another
aim has also been to try to explain the observed deformation by using two geodynamic
models of the SISZ, one simple and one more complex. These models can also be used to
obtain knowledge about the mode of plate movement along the south Iceland transform
plate boundary.

1.3 Methods

In order to create the crustal deformation map of south Iceland for the period 1984 to
1995 the geodetic network in south Iceland is divided into subparts. Each subpart consists
either of a triangle in the network or a nodepoint, where a number of lines intersect. For
each subpart, where possible, the parameters describing a uniform strainfield are
estimated. Each set of parameters describes how strain, or relative distance change, varies
with orientation from north for each subpart. The crustal deformation map consists of a
plot of those parameters for all subparts.

The background for the calculations of the uniform strainfield parameters is given in
chapter 4. Section 4.3 discusses approaches taken by other authors when calculating
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strain in geodetic networks and explains the approach taken in this thesis work. The
calculations themselves are described in chapter 5.

The two geodynamic models for SISZ were chosen because of their relative simplicity
eventhough the more complex of the two models include quite advanced calculations.
These models are described in more detail in section 6.3 and 6.4.

The main part of the work in this thesis has been to write programs to perform the
necessary calculations. Programs have been written by the author for all calculations
except for the ones expressing the more complex geodynamic model of the SISZ. The
program used for those calculations was written by Okada [42].

1.4 Delimitation’s

The work in this thesis project is limited to study crustal deformation in south Iceland for
a period of 11 years, based on geodetic data from the years 1984 and 1995. Data on
seismicity in south Iceland from this timeperiod is only used for reference. More detailed
delimitations are given in relevant sections of the thesis.

1.5 Report structure

The second chapter of the report describes the geodynamical environment of Iceland with
respect to plate tectonics. The SISZ is described regarding existing faults, historical large
earthquakes, seismicity 1984-1995 and geodetic measurements within the zone.

Earthquake mechanisms and the relation between crustal deformation and earthquake
occurrence, as well as basic concepts of earthquake prediction, is dealt with in chapter
three.

The equations behind the calculation of the crustal deformation in south Iceland are
described in chapter four. This chapter provides the background for the following
chapter.

Chapter five describes the south Iceland geodetic network and the data used for the
calculations. The data processing and programming is the subject of one section, while
another deals with least squares fitting of data. Finally, one section is concerned with the
elimination of spurious data.

The crustal deformation map is presented in chapter six as well as the results of the
attempt to explain the observed deformation with the two geodynamical models of the
SISZ.

Conclusions and a discussion, followed by recommendations, is the subject of the last
chapter of the thesis, chapter 7.
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2 Geodynamic environment of Iceland

The location of Iceland, both geographically and geodynamically, is described in this
chapter as well as the SISZ, both when it comes to seismicity and geodetic measurements
to monitor crustal deformation.

2.1 Basic information about Iceland

Iceland is located in the Atlantic ocean, approximately 1200 km west of Norway and 500
km east of Greenland. The area of the country is 103 000 square kilometers, roughly
equal to the area of Norrbotten, the northernmost county of Sweden with an area of
99000 square kilometers. The same applies to the size of the population, 280 000 people
live in Iceland compared to 258 000 in Norrbotten. The capital of Iceland, Reykjavík, lies
on the same latitude as Umeå, the regional capital in Västerbotten, the county to the south
of Norrbotten in Sweden. The biggest city in the north of Iceland, Akureyri, lies on the
same latitude as Luleå, the regional capital of Norrbotten. The northernmost point of
Iceland, Hraunhafnartangi, barely touches the arctic circle.

2.2 The Midatlantic ridge

Iceland is situated on the Midatlantic ridge, the divergent plate boundary separating the
Eurasian and North American lithospheric plates and the African and South American
lithospheric plates.

The seafloor spreading of the Midatlantic ridge starts at a triple junction with the
Southwest Indian ridge, the two ridges almost perpendicular to each other. Here the
South American and the African lithospheric plates meet with the Antarctic lithospheric
plate at a latitude of approximately 55°S. Following the Midatlantic ridge northwards it
roughly resembles the coastline of Africa. At the Azores triple junction, latitude
approximately 36°N, the North American and the African plates meet with the Eurasian
lithospheric plate.

To the north the Midatlantic ridge is offset by a number of smaller transform zones and
the major Charlie-Gibbs Fracture zone at 52°N with an offset of 350 km. Systematic
changes occur in the characteristics of the ridge and the seafloor spreading when Iceland
is approached. Just north of Charlie-Gibbs fracture zone the spreading occurs at right
angle to the plate boundary, the ridge trends N-S and has a well developed rift valley and
a high rate of seismicity, typical for the Midatlantic ridge. Approaching Iceland the trend
of the ridge changes direction to N35°E near latitude 56°N  and oblique spreading
appears to take place north of this point. The central rift valley gives way to a central
horst north of 58.5°N and the seismicity rate becomes lower [6]. Thus, although the half
spreading rate of the Midatlantic ridge is small (1 cm/year), it seems to have some
characteristics of a fast spreading ridge when approaching Iceland.
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2.3 The Midatlantic ridge in Iceland

When entering Iceland the Midatlantic ridge follows the Reykjanes Peninsula until the
spreading becomes partitioned between two parallell and roughly north-south trending
riftzones in the south of Iceland, the western and eastern volcanic zones (WVZ & EVZ).
Transform motion between the two riftzones is accommodated by the east-west trending
South Iceland Seismic Zone (SISZ), described in more detail below.  GPS measurements
in south Iceland between 1986 and 1992 suggests that most of the rifting takes place in
the eastern volcanic zone and that rifting is dying out in the western volcanic zone [7].
North of Vatnajökull the spreading of the midatlantic ridge is confined to the northern
volcanic zone (NVZ) reaching the north coast of Iceland. Off the coast spreading is offset
to the west by the broad Tjörnes fracture zone (TFZ) in order to transfer motion from the
spreading in Iceland to the ocean floor continuation of the Midatlantic ridge north of
Iceland.

FIGURE 2.1. Geodynamics of Iceland. SISZ – South Iceland Seismic Zone, WVZ, EVZ &
NVZ – the Western, Eastern & Northern Volcanic Zones, TFZ – Tjörnes Fracture Zone.
The box outlines the study area, the SISZ, accommodating left lateral transform motion.
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Iceland owes its existence above sealevel, with the unique situation of spreading taking
place on land, to the position of a plume of hot, partly molten material, in the mantle
beneath Iceland. By investigation of the velocity structure of seismic waves in the mantle
beneath Iceland the center of this mantle plume has been found to be below the western
part of Vatnajökull and the mid-Icelandic highland [8]. This manifests itself in the most
active volcanism in Iceland during at least the last 800 years [9] and the fast ridge
spreading characteristics of the Midatlantic ridge close to Iceland [6]. The mantle plume
beneath Iceland highly affects the way the spreading of the Midatlantic ridge takes place
in Iceland.

Mantle plumes, with their roots deep in the mantle, have proved to be in the same
position for very long periods of time. As lithospheric plates move relative to the mantle
plumes so do the plate boundaries. In Iceland it appears that the plate boundary have
drifted towards the west through time as two older major rift zones have been found on
the Snæfellsnes Peninsula in the west and in the extreme northwest of Iceland, in the
Westfjords [10] (fig 2.1).

However, rifting seems to be maintained over the Icelandic mantle plume by discrete
eastward ridgejumps when the plate boundary has drifted some critical distance away
from the plume [11]. This can explain the low rate of spreading in the western volcanic
zone and the formation of the SISZ. At the moment it seems that the spreading in the
western volcanic zone is dying out while rifting in the eastern zone is propagating
southwards from the mantle plume.  As a result the SISZ has also propagated to the south
in order to accommodate the necessary transform motion between the eastern and western
volcanic rift zones.

It has been suggested, however, that rifting can change between the two zones on any
time scale, depending on the availability of magma. An increased magma supply in the
western zone could make it take over the rifting from the eastern zone, in which case the
transform motion between the two rift zones would have to move to the north [7].

2.4 The South Iceland Seismic Zone

The South Iceland Seismic Zone is an east west trending zone of high seismicity in
southern Iceland where left lateral transform motion between the North American and the
Eurasian lithospheric plates is accommodated. However, there is no expression of a major
east-west oriented transform fault in the area. Instead, a number of N-S trending faults
(fig 2.2) have been mapped [12] where right lateral strike-slip motion seems to have
taken place.
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FIGURE 2.2. Mapped faults in the SISZ. Grey lines: fault traces on the surface. Crosses:
towns in the area. Hvitá, Sog, Ölfusá and Þjórsá are major rivers. Hengill is a mountain
northwest of Hveragerði. Location of faults after: Jóhannesson, H. and Sæmundsson, K.
(1998). Geological Map of Iceland. 1:500 000. Tectonics. Icelandic Institute of Natural
History, 1st edition.

Boundary element modeling by Hackman et al [13] has confirmed that east-west left
lateral transform motion in south Iceland can be accommodated by right lateral motion in
an array of N-S trending faults. There exists different explanations for this way of
accommodating the E-W transform motion. One is that the SISZ is relatively young and
that a major throughgoing fault has not had time to form [13]. Another is interplay
between the general E-W tensional stress in the crust and the shearing and compressional
stresses at depth caused by outflow of the mantle plume [14]. When compressional stress
is relieved in earthquakes, dyke injection is favoured in directions perpendicular to the E-
W tensional stress field [14].

2.5 Seismicity in the South Iceland Seismic Zone

Several of the largest earthquakes since the settlement of Iceland in the ninth century
have occurred within the SISZ and have been accounted for in written documents with
more or less reliability. Reports of earthquakes before the year 1700 are regarded as
incomplete [2]. Sequences of very destructive earthquakes occurred in 1784 and 1896. In
these cases large earthquakes first occurred in the east followed by earthquakes further
west with smaller areas of destruction, indicating a decrease in magnitude. The
magnitudes for the largest earthquakes in the sequences 1784 and 1896 have been
estimated to 7.1 and 6.9, respectively [15].

During the 20th century the largest earthquake within the SISZ was a magnitude 7
earthquake in the year 1912, occuring west of the mountain Hekla. Until 1987 some
earthquakes with a magnitude larger than 4.0 occurred within the SISZ. These occurred



17

in close proximity of the volcano Hekla in 1947 and 1970, related to ongoing volcanic
eruptions of Hekla [16].

In may 1987 a magnitude 5.8 earthquake occurred at the Vatnafjöll mountain, a volcano
lying within the eastern volcanic zone, approximately 12 km SSW of Hekla [16]. The
fault plane solution of the earthquake showed right lateral strike-slip faulting on a north
striking fault, thus resembling earthquakes within the SISZ. This indicates an extension
of the SISZ into to the eastern volcanic zone [17].

Another important tectonic event in the eastern part of  the seismic zone was the eruption
of mount Hekla in 1991. GPS-measurements between 1989 and 1991 for control points
around Hekla reveal contraction around the volcano. Modeling of the deformation
associated with the eruption indicated displacements towards the volcano just smaller
than ~3 cm at distances larger than 20 km from mount Hekla [18].

The Hengill area, in the westernmost part of the SISZ, had a period of increased seismic
activity between 1994 and 1998. Repeated levelling (1992-1995) and GPS-measurements
(1991, 1995 and 1998)  in the area showed uplift and expansion around the
Hrómundartindur volcano indicating an increase in pressure in its roots [19, 20]. It is
suggested that the increased crustal deformation in this area, with the crust being in a
state of high stress levels and close to failure, has triggered the seismic activity [20].

In the south Iceland lowlands few earthquakes (~1-2) reached a magnitude of 4 between
the second half of 1987 and the beginning of June 2000 [16, 21]. In the second half of the
year 2000 between 6 and 8 magnitude 4 earthquakes took place as well as about 5
magnitude 5 earthquakes [21].
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FIGURE 2.3. Seismicity within the SISZ 1984-1995. Earthquake epicentres are marked
with a plus, dark grey lines represent previously mapped faults and the two light grey
lines represent the faults of the June 2000 earthquakes.

The seismicity within the SISZ between 1984 and 1995 is shown in figure 2.3. The high
seismicity in the Hengill area can be seen clearly. Further east, seismicity is concentrated
to more or less north-south elongated zones. Noteworthy is the concentration in vicinity
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of the June 17th and June 21st faults. In some cases the seismicity also appears to be
taking place on known preexisting faults. The majority of the earthquakes shown in
figure 2.3 are small, Ml magnitudes up to 2, and most of them took place between 1992
and the end of 1995.

The installation and extension of the SIL (South Iceland Lowland) earthquake detection
system within the SISZ from 1990 and onwards have increased the detectability of small
earthquakes in the area [14]. An interpretation suggesting increased seismicity during the
second half of the period 1984-1995 can therefore not be justified.

The time distribution of large earthquakes in the SISZ has shown that periods with
frequent earthquakes have occurred with 45-112 years interval. In such a period, lasting
from a few days up to a few years, earthquakes in the eastern part of the zone are
followed by earthquakes with similar or lower magnitude further west [2]. However,
single earthquakes also occur within the interval between these periods, examples are the
1912 and the 1987 earthquakes. As a major earthquake period had not taken place since
1896 a long term forecast from 1985 stated a 80 % probability of such a period before the
year 2010 [3].

2.6 Geodetic measurements in the SISZ

In order to create a base for studies of crustal deformation within the SISZ small geodetic
networks for distance measurements were created in the districts Flói, Holt and Ölfus in
1977,1979 and 1981, respectively. The measurements in Holt were repeated 1983.
Students at the University of Iceland were doing the measurements as a part of a course
in seismology. In 1984 these networks were incorporated in a large network spanning
over the whole length of the seismic zone. Part of this network was measured by
University of Iceland [22] and part of it by the National Energy Authority [23]. Distance
changes in the earlier subnetworks were irregular and did not show any uniform
deformation as expected by an ideal plate boundary [24].

In 1986 the first measurements using the Global Positioning System were performed in
Iceland in a large international project with participants from several institutions. Ground
control points were measured in almost all parts of the country although the most dense
measurements were made within the SISZ [25]. These data were used together with GPS
measurements from 1989 to model the crustal deformation within the SISZ [26].

GPS measurements were again performed in the year 1992 and 1995. The measurements
in 1986 and  in 1992 suggested that 85 +/- 15% of the relative motion between the
Eurasian and the Northamerican lithospheric plates was accommodated by the SISZ and
that left-lateral shear strain was accumulating across the zone [7]. The result of the
analysis of the 1992-1995 motion agrees in general with the 1986-1992 results [27].

In this thesis project it is the data from the distance measurements 1984 and the GPS
measurements 1995 that have been used to calculate the field of deformation in the SISZ
between 1984 and 1995.
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In the summer of 2000 the network of GPS points in south Iceland was remeasured. A
few points were measured before the earthquake the 21st of June but the major part of the
network was measured after the two earthquakes. Modeling of the coseismic crustal
deformation in the two earthquakes (Árnadóttir et al [28]) suggests right lateral slip on
vertical faults extending from the surface down to 10 km depth for the June 17th fault and
8 km for the June 21st fault. The length of the two faults according to the best fitting
model is 9,5 km and 12 km with slip being about 2.0 m and 1.5 m, respectively. The
strike of the faults is N-S and N3°E, respectively.

GPS geodesy is a well established method to study crustal deformation in Iceland. During
the summer of 2001 new measurements have been done of the geodetic network in SISZ.
After the release of strain in the 2000 earthquakes these measurements are important as a
base for monitoring strain accumulation in south Iceland.
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3 Earthquake mechanisms

The occurrence of earthquakes is related to deformation and failure of rocks.When
deformed, fresh rock may fail by fracturing. For older rocks however, it is more likely for
failure to take place along preexisting fault planes or other zones of weaknesses.

3.1 Deformation and failure of fresh rock

When a rock is acted upon by a system of forces it will be subject to a stress field. This
stress field is responsible for the deformation of the rock. If the stress field is uniform, i.e.
the stress level is the same in all directions, the rock will only change size in the
deformation process; its shape will be maintained. In a differential stress field the stress
level is not the same in all directions and the shape of the rock will be changed when
deformed [29].

The stress situation within a rock can be described by three principal stresses, σ1, σ2 and
σ3, acting as normal stresses on three mutually perpendicular surfaces. The shear stress
across these surfaces has a value of zero. σ1 is the maximum stress, σ2 the intermediate
stress and σ3 the minimum stress. In the crust the principal stresses are usually
compressive, although σ3 may be tensile close to the surface [30].

Deformation of a rock is defined using the term strain. Strain is expressed as the change
in length, volume or shape relative to the original length, volume or shape [30].

FIGURE 3.1  Relation between stress and strain for a rock.

Figure 3.1 shows an example of the relation between stress and strain for a rock. Three
different regions can be seen in the figure. In the elastic region the deforming stress
produces an immediate strain that is immediately recovered if the stress is removed.
In the plastic region the stress exceeds a level called the yield stress. Above this level
deformation takes place in a viscous or viscoelastic way. If the rock shows viscous
behaviour stress is proportional to the strain rate. This means that strain will increase
linearly with time at a different rate for each level of stress. This deformation is
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permanent and non-recoverable. In viscoelastic behaviour some of the strain is elastic in
the sense that it is recoverable. However, this strain will not be produced immediately,
only after some time. The same applies to stress removal, the elastic strain will only be
recovered after a time delay. For higher strains non recoverable viscous deformation
takes place.

The mode of rock deformation in the plastic region is ductile, meaning that no marked
discontinuities will be produced in the rock during the deformation process. In contrast,
brittle failure takes place at an ultimate stress level corresponding to the strength of the
rock. When this happens the continuity of the rock is broken with the forming of a
fracture or fractures and the elastically stored energy will be released. Most rocks can
exhibit either ductile deformation or brittle failure depending on factors such as level of
differential stress (σ1-σ3), hydrostatic pressure, temperature, pore fluid pressure and strain
rate [29].

3.2 Deformation of previously fractured rocks

The above discussion refers to deformation of fresh rock, previously nonfractured. If a
preexisting fracture or fault surface exists the rock may deform and fail for stress levels
lower than the strength of the rock. Deformation is then taking place by stick-slip
behaviour on the fault surface where rapid slip will alternate with longer periods of no
slip. Figure 3.2 shows a block slider model explaining the stick slip behaviour of a fault.
The contact between the block and its resting surface represents the surface of the fault
and the stiffness of the spring, K, represents the elastic properties of the rocks
surrounding the fault. The force F represents the frictional resistive force acting on the
block (or the fault surface) and u represents the velocity of which the end of the spring
moves (or the relative velocity of rocks on each side of the fault).

FIGURE 3.2. A block slider model to illustrate stick slip behaviour. For explanation see
text. Modified after Scholz, 1990 [4].

As the end of the spring is moving the force F increases until it exceeds a value needed to
overcome static friction, determined by the static friction coefficient, µs. During this
process elastic strain is stored in the spring (or the rocks surrounding the fault). When the
block starts to move it is subject to dynamic friction, µd. Under most conditions dynamic
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friction decreases as sliding velocity increases [4]. This leads to a decrease in the
frictional resistive force F. When F decreases the spring (the fault) unloads following a
line with a slope –K. If F falls off faster than the force in the spring a force imbalance
exists, which causes acceleration of the slider block and a rapid slip. In the fault situation
a rapid slip occurs on the fault surface and most of the elastic strain stored in the rocks is
released. Eventually the dynamic frictional resistance becomes greater than the spring
force and the block slider (fault rocks) decelerates. During this deceleration frictional
resistance increases as the sliding velocity decreases and the slider comes to a stop as
does the fault rocks. The stress drop during this slip is the difference between the static
friction resistance and the dynamic friction resistance. Now the end of the spring is still
moving with velocity u and the force F builds up again to overcome the static friction.
This leads to a cyclicity with alternating rapid slips followed by periods of stick when
stress buildup takes place. The amount of slip and stress drop depend on factors such as
roughness of the fault surface, water acting as a lubricant and the elapsed time since the
previous episode [4, 29].

3.3 Earthquakes

The ground shaking associated with an earthquake is due to the release of elastic strain
energy that have been stored in some volume of rock. As decribed above rocks may be
strong and brittle or weak and ductile. In a strong and brittle rock the energy will be
released explosively, partly as heat and partly as stress waves that are felt as earthquakes.
However, in a weak and ductile rock, the eventual energy stored will be released
relatively slowly and movement will take place without giving rise to stress waves and
ground shaking  [31].

The theory of plate tectonics provides an explanation for the accumulation of elastic
strain energy in rocks surrounding a plate boundary. As the plates move deformation
takes place in narrow zones close to the plate boundaries. Elastic strain is stored in the
rocks and stresses increase on planes separating the plates. When the ultimate stress level
of the rock is reached it will fail and release the elastic strain energy [31]. As these kind
of earthquakes occur in vicinity of plate boundaries they are called interplate earthquakes.
Most Icelandic earthquakes are interplate earthquakes.

However, when studying the global seismicity, earthquakes also occur within the interior
of the plates, far from plate boundaries. Such earthquakes are called intraplate
earthquakes and earthquakes taking place in Sweden belongs to this category. It is
suggested that continous stress fields throughout the plates resulting from plate driving
forces is the cause of these earthquakes [4]. Assuming that relative velocities between
plates are and have been fairly stable in time the same must apply to platewide stress
fields. These stable stress fields would then give rise to a very slow buildup of elastic
strain energy and stress in the interior of the lithosperic plates. As a result potentially very
large earthquakes can occur with very long time intervals (>10 000 years) [4]. As erosion
rates are faster old earthquake traces may be erased making it more difficult to predict
where and when such an earthquake will occur.
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3.4 Earthquake recurrence

The stick-slip behaviour of a fault indicates a cyclic earthquake occurrence due to the
repeated sequences of stress and strain buildup under long time followed by rapid stress
drop and strain release.

After having studied geodetic data around the San Andreas fault before and after the 1906
California earthquake the elastic rebound theory was proposed by H.F. Reid in 1910.
Considering the loading of a fault as a linear elastic system the strain accumulation
pattern should be exactly opposite the pattern of strain release and no net strain should be
produced.

A consequence of the elastic rebound theory is a method for earthquake prediction.
Starting to monitor the build up of strain around a fault immediately after an earthquake
the next one should occur when the strain released in the previous earthquake had been
reaccumulated [4]. According to the elastic rebound theory earthquakes should be time
predictable and recur with regular intervals on a given fault.

However, faults are not uniform as geometry and material properties vary over the fault
surface. Foreshocks and aftershocks commonly occur in relation to the main earthquake.
The occurrence of foreshocks can be attributed to the release of stress in weaker zones of
the fault. When the main shock takes place most of the remaining stress will be released
but locally high stress may be maintained in strong zones of the fault. These stresses may
then be relased during aftershocks [31].

This non uniform stress release affects the strain build up and release causing a deviation
from the ideal pattern as predicted by the elastic rebound theory making interpretation
less straight forward. This does not, however, reduce the value of monitoring the crustal
deformation in an active region, conversely it is important to build up a knowledge of the
pattern of strain accumulation and release in this region.

The crustal deformation associated with an earthquake can be divided into four phases,
the preseismic, coseismic, postseismic and interseismic phases. This division has been
assembled from geodetic observations in several places as a full cycle has never been
observed [4]. The interseismic phase is the steady accumulation of strain caused by plate
motion. Preseismic deformation has been suggested by fragmentary observations of
deformation anomalous to the interseismic deformation prior to a large earthquake.
Observation of such deformation could be valuable in terms of earthquake prediction.

The coseismic deformation is caused by the release of elastic strain energy during the
earthquake itself. If the postseismic deformation shows a higher strain rate than the
interseismic strain rate it indicates viscoelasticity in the crustal deformation cycle. In this
case most of the accumulated elastic strain will be released during the earthquake. The
remaining elastic strain release rate will then be high initially and decay with time after
the earthquake.
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FIGURE 3.3. Earthquake recurrence models. For explanations see text. Modified from
Scholz, 1990 [4].

Some simple earthquake recurrence models are illustrated in figure 3.3. The perfect
periodicity of the elastic rebound theory is shown in figure 3.3a where the same stress
drop and slip occurs for successive earthquakes. In the time predictable model in figure
3.3b earthquakes occur at a critical level of stress but with varying stress drop and slip.
The time to the next earthquake can then be determined from the amount of slip in the
previous one. The size predictable model in figure 3.3c assumes that earthquakes occur at
different stress levels but that stress drops to a constant base level. In this way the amount
of slip and stress drop for next earthquake can be determined by the time that has passed
since the previous one.

The term earthquake recurrence time is also a statistical term describing the mean
recurrence time in a region with many active faults. However, data for such studies may
be limited due to the very long recurrence time for earthquakes.

3.5 Earthquake prediction

As with prediction and forecasting of other natural catastrophes the goal of earthquake
prediction is to specify the location, the size and the occurrence time of large
earthquakes. Earthquake prediction can be divided into long-term, intermediate-term and
short term prediction.These divisions are based on the different responses to be taken by
the society when faced with a prediction.

Long-term predictions, made several years in advance, involves identifications of faults
where earthquakes are known to have occurred historically. Knowing the recurrence time
of earthquakes on a particular fault the approximate occurrence time of the next
earthquake can be estimated from the time that has passed since the previous earthquake.
With a long-term prediction in an area it is possible for the society to undertake major
engineering works to reduce risks of damage and loss of life.
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With intermediate predictions, made years to weeks in advance of the earthquake
emergency plans can be organized and mobilized and general preparations can be made.
When a short-term prediction is issued, maybe a few weeks up to only a few hours or less
before the earthquake, a warning can be issued to the general population.

As an aid in making short- and intermediate-term prediction several precursors have been
observed  and identified. However, the relevance of some of these precursory phenomena
has been controversial and debated. Precursory phenomena reported are of different
nature, involving patterns of seismicity, anomalous crustal deformation, hydrological,
geochemical and geoelectrical anomalies, anomalous animal behaviour etc. The list could
be made long. Depending on the nature of the precursors some of them can be valuable
both for intermediate- and short term prediction. One example is seismicity where
different patterns have been observed for different phases of the crustal deformation
cycle.

In a global perspective earthquake prediction is a debated and sometimes controversial
issue, especially when it comes to short-term predictions and warnings. The 7.3
magnitude Haicheng earthquake in China 1975 is claimed to have been successfully
predicted approximately 9 hours before it occurred eventhough the value of this
prediction has been debated [32]. In 1976 no prediction or warning was given for the
magnitude 8.0 Tang Shan earthquake responsible for killing more than 225 000 people,
one of the most lethal earthquakes in the 20th century [33]. Active earthquake prediction
research has been and is being carried out in countries with a large seismic hazard and
much knowledge on earthquake occurrence has been gained. However, earthquakes
continue to take lives, recent examples from 2001 are the magnitude 7.7 Gujarat
earthquake in India the 26th of January and the magnitude 7.6 and 6.5 El Salvador
earthquakes on January 13th and February 13th [34]. More than 18 000 deaths were
reported for the Gujarat earthquake and more than 1100 people died as a result of the El
Salvador earthquakes [34]. There is an ongoing debate whether short-term earthquake
predictions that could save lives are at all possible and if money should not be spent on
damage reduction when the earthquakes occur instead of trying to predict them [35, 36].
However, accurate and reliable earthquake predictions are attractive goals for the
scientific community.

In this project where crustal deformation has been studied in south Iceland in a time
period of 11 years, anomalous signals could have a value as intermediate-term precursors.
Anomalous signals  interpreted as precursors will indicate a possible location of an
earthquake but neither occurrence time nor size.With knowledge of the full crustal
deformation cycle occurrence time and/or size could possibly be estimated. For short-
term predictions based on crustal deformation studies the continuos GPS-measurements
that now take place in Iceland as well as information from strainmeters could be an aid.
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4 Crustal deformation and strain

In this chapter basic terms regarding crustal deformation and strain are defined and the
equations for a uniform strainfield are given. Different approaches taken to estimate
principal strains in geodetic networks in general are described together with the approach
taken in this work. The chapter ends with a discussion on the validity of the uniform
strainfield assumption.

4.1 Normal and shear strain

Crustal deformation can be measured at the surface of the earth as a combination of
normal strains and shear strains. Normal strain causes a change in distances between
markers in geodetic networks and is defined as:

0

0

l
ll −

=ε (1)  

where l and l0 are the new and original distances between the markers, respectively. ε
represents a relative distance change and is given in microstrains in this thesis. 1
microstrain represents a change in distance of 0.000001 meter per meter or 1 mm per km.

Shear strain, on the other hand, causes a change in the angle between two lines and is
defined as:

φ=ε tan (2)

where φ is the change in angle between lines l1 and l2. If the angle φ is measured in
radians and the shear strain is assumed to be small, the shear strain ε is rougly equal to φ.
A positive value of ε means a clockwise rotation of l1 towards l2 and a decrease in the
angle between the two lines.

Figure 4.1 shows a rectangular element whose sides have been rotated by φ1 and φ2
degrees with respect to the x- and y-axis.
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FIGURE 4.1. Shear deformation of a rectangular element.

The shear strain normal to the x-axis, εxy, is defined as:

)( 21xy 2
1 φ+φ=ε (3)

Symmetry gives that εxy is equal to shear strain normal to the y-axis, εyx. If φ1=φ2 the
situation is called pure shear in which a line in the direction of the x-axis will rotate εxy
anticlockwise. A line in the y-direction will rotate the same amount clockwise.

Solid body rotation around the z-axis will take place if φ1≠φ2. The amount of rotation is
defined by:

)( 21z 2
1 φ−φ=ω (4)

and is anticlockwise if positive and clockwise if negative.

The rotations φ1 and φ2 can be given in terms of  εxy and ωz:

zxy1 ω+ε=φ (5)

zxy2 ω−ε=φ (6)

The mode of deformation illustrated in figure 4.2 is called simple shear and is often
associated with deformation in transform fault zones.

FIGURE 4.2. Simple shear.

In this case φ1 equals zero and from (4) and (5):

2
2

z
φ−=ω (7)
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2
2

zxy
φ=ω−=ε (8)

The displacement w(0,dy) in the x-direction at distance dy from the x-axis (fig 4.2) can
be expressed by:

dy
y
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By using equation (8) and that 22tan φ≈φ an expression is obtained for the shear strain
εxy:
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This relationship for the shear strain εxy will be used in section 6.3 to determine the
deformation field caused by an ideal transform plate boundary.

4.2 Equations for a uniform strainfield

In a uniform strainfield the amount of strain for a line between two points only depends
on the azimuth of the line, not the location of start and endpoints or the length of the line.
Such a strainfield is caused by  one source of deformation in a homogenous and isotropic
halfspace. In reality, homogenous and isotropic rocks are very unlikely due to changes in
rock type, soil cover, existence of faults and fractures etc. Never the less, the equations
are useful when describing the appearance of a strainfield within an area.

Consider a coordinate system where the x-axis represents east and the y-axis represents
north as in figure 4.3 a).

FIGURE 4.3. Orientation of coordinate axes for estimation of a uniform strainfield.

Assume that we in as in figure 4.3 a) know the normal strains in the eastern and northern
directions (εx and εy) and the shear strain εxy and want to determine the normal and the
shear strain at an angle θ from the x-axis. Under the assumption of a uniform strainfield
these strains are given by:
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For a derivation of these equations see Appendix A.

Now there are two axes, called the principal strain axes, perpendicular to each other
where the shear strain is zero. The orientation, or azimuth, of one of these axes, θm, with
respect to the north is given from (12) by:

( )( )
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ε−ε
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The orientation of the second principal strain axis is given as θm+90 (or θm-90). This
situation is illustrated in figure 4.3 b). The normal strains in the directions of the two
principal strain axes are called ε1 and ε2 respectively. ε1 and ε2 are also the biggest
respectively smallest normal strains associated with assumed uniform strainfield.
Knowing the value of the principal strains ε1 and ε2 equations (11) and (12) can be used
to determine the normal and the shear strains at an angle φ with respect to the first
principal strain axis. By replacing εx and εy with ε1 and ε2 and using the fact that the value
of shear strain is zero we get:

( ) φε−ε+ε+ε=φε 2cos
22

2121
n (14)

( ) φε−ε=φε 2sin
2

12
s (15)

But the angle φ equals θm-θn where θm is the azimuth of the principal strain axis
corresponding to ε1 and θn is the azimuth corresponding to the angle φ, see figure 4.3 b).
The normal and shear strain corresponding to an azimuth θn is now given by:

( ) ( )( )nm
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The shear strain will have its maximum value 
2

12 ε−ε at  azimuth θm-45.
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4.3 Estimation of principal strains in geodetic networks

Equations (16) and (17) contain three unknowns, ε1, ε2 and θm, the azimuth of ε1. Under
the assumption of a uniform strainfield these unknowns can be determined by measuring
the amount of normal strain in an area in three directions (θ1, θ2 and θ3) and solve the
equation system formed by equation (16).  Having measured normal strain in more than
three directions the best fitting values of ε1, ε2 and θm could be estimated and used in
equation (16) and (17) to describe the deformation caused by a deformation source in a
homogenous and isotropic halfspace that best fits the measured strains.

Different approaches can be made to estimate the principal strains and azimuths from
measurements in geodetic networks. In studies of strain accumulation related to the
subduction of the Juan de Fuca plate under the North American plate off the northwest
coast of the United States [37, 38] and the San Andreas fault in southern California [39]
strain has been assumed to be uniform in time and space within each existing geodetic
network providing an estimate of the principal strains of each network as a whole.

In a study of deformation in the northeastern part of the North Island of New Zealand
related to the subduction of the Pacific plate beneath the Australian plate Árnadóttir et al
[40] searched for spatially and temporally varying deformation across the Raukamura
Peninsula. Their approach was to divide the geodetic network into subnetworks partly
based on structural geology before estimating the principal strains of each subnetwork.

Yet another approach was used in an analysis by Fujii et al [5] of crustal strain prior to
the Kanto earthquake 1923 in Japan. They calculated the principal strains for each
subtriangle of the geodetic network thus enabling the highest possible spatial resolution
of the strain in the area.

In this work two approaches have been taken to calculate the strainfield in the SISZ. One
is the approach of Fujii et al [5], to use distance changes of sides in subtriangles to
calculate the principal strains ε1 and ε2 for each triangle. The other approach is to
estimate the principal strains at nodepoints in the network by using distance changes of
lines emanating from the nodepoints.

To estimate the principal strains for subtriangles distance changes are calculated from the
three cornerpoints to the midpoint of each triangle and used in equation (1) and (16) to
solve for the principal strains ε1 and ε2 and azimuth θm. For nodepoints where lines only
connect to three other points the distance changes between those points and the nodepoint
are used in the same way as for subtriangles in equation (1) and (16) to solve for the
principal strains and azimuth. For nodepoints where lines connect to more than three
points a least squares fit to equation (16) is used to estimate ε1, ε2 and θm (see section
5.4).
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4.4 Limitations of the uniform strainfield assumption

One must be aware of the limitations of the uniform strainfield assumption as stated in
equation (16). When using the strains for lines emanating in different directions from a
nodepoint quite a large area is spanned by these lines. It is likely that the strainfield is not
uniform over this area; an additional source of deformation might cause a large distance
change of only one of the lines emanating from the nodepoint. This deformation might
take place in the far end of the line, far from the nodepoint, but will highly affect the
principal strain estimation at the nodepoint. If only three lines emanate from a nodepoint
there is no way to protect oneself from such an influence, one can only be aware of if
some of the lines show anomalous strain compared to the others. Also if the orientation of
the lines are more or less in the same direction, say maybe with azimuths 10, 20 and 25 °
from north, the estimated uniform strainfield may only be valid for azimuths from about
0 to 35 °.

With more than three lines emanating from a nodepoint the problems with anomalous
strain of some of the lines can be overcome by giving these strains less influence in a
least squares fit of equation (16) to the data.

When using the subtriangles of the network for the principal strain estimation the uniform
strainfield assumption is more likely to hold than when using nodepoints. Each
subtriangle spans a relatively limited area and an anomalous source of deformation will
affect at least two of the three lines in the triangle. However, one must be careful with the
geometry of the triangle. If the difference in azimuth between two or more lines of the
triangle is small the principal strain estimates may become very large and the result may
only be valid for azimuths similar to those of the lines of the triangle.
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5 Calculation of the strainfield in South Iceland 1984-1995

The previous chapter describes the theoretical background for the estimation of strain in
south Iceland. The key equation is equation (16) for the normal strain at an azimuth θn
from north. This chapter describes the south Iceland geodetic network, the data that has
been used and the data processing.

5.1 The south Iceland geodetic network

Figure 5.1 shows the South Iceland geodetic network as it was measured 1984 and 1995.
The contionuos and hatched lines are distance measurements between points in the
network measured in 1984 by the Science Institute and the National Energy Authority,
respectively. The black squares represents the points in the network whose positions were
determined by GPS in 1995. The point names are given next to each point. Also shown
are the location of the towns Hveragerði and Selfoss, the mountain Hengill and the names
of the major rivers in the area. The network covers approximately 60 km in the east-west
direction and approximately 20 km in north-south direction. From the western end of the
network it is about 50 km to Reykjavík and from the eastern end it is about 20-25 km to
the volcano Hekla.
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FIGURE 5.1. The geodetic network in south Iceland measured 1984 and 1995. Grey lines
represents the mapped faults from figure 2.2. Distances shown with continuous lines were
measured by the Science Institute and distances shown with hatched lines were measured
by the National Energy Authority.

Figure 5.1 does not show all of the distances that were measured in 1984. The reason for
this is that the position of the points making up those distances were not measured  in
1995. The building of a communication mast near one point and difficulties in accessing
the other points resulted in this lack of data.

Some of the points in the network are close to each other, this applies to the points 7143
and KAMB, 0057 and 1057, and 7223 and KALD. The distance between 7143 and
KAMB is about 30 m, between 0057 and 1057 about 7 m and between 7223 and KALD
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approximately 500 m. Distances between the other points in the network varies between
about 1.5 km and 17 km. Most distances, however, are between 5-12 km. The short
distance between points 0057 and 1057 on top of the mountain Hestfjall will be
commented on later.

5.2 Data description

The data consists of two data sets from 1984, the electronic distance measurements done
by the National Energy Authority and the Science Institute, and the GPS measurements
from 1995, done in a cooperation between Icelandic and German scientists.

The National Energy Authority – Electronic distance measurements 1984

The data were provided by Gunnar Þorbergsson at the geophysical division of the
National Energy Authority. The instrument used was a Geotronics Geodimeter 14 and the
measurements took place mostly in June 1984, with a few measurements as late as in
September. After calibration of the instrument the measured distances were corrected by
3.96 ppm, i.e. a length dependent correction of 3.96 mm per km. The measured distances
have also been corrected for the setup height of the instrument and the reflector so that
each distance represents the distance between the geodetic markers at ground level. For
each measurement an estimated error was also given. The data were provided in
electronic form in a few different files.

The Science Institute – Electronic distance measurement 1984

The data from the distance measurements done by the Science Institute 1984 was
published in the report RH-04-85 Fjarlægðarmælingar á jarðskjálftasvæði Suðurlands
árið 1984, by Sigurður Erlingsson and Páll Einarsson. The measurements described in the
report were performed in June and July 1984 and the instrument in use was an AGA
Geodimeter 6BL. Corrections were made for the setup height of the instrument and the
reflector so that the given distances represents the distance between the geodetic markers
at ground level. Each distance in the network was measured at least two times, and often
more. In the report the length of each measurement is given together with the average
length and the standard deviation.

GPS measurements 1995

The GPS measurements 1995 were made in a cooperation between the Nordic
Volcanological Institute and the Science Institute in Iceland and the universities in
Cottbus, Hannover and Braunschweig in Germany. During a period of three weeks in the
end of August 1995 a total of 72 points were measured not only in south Iceland but also
around the lake Þingvallavatn in the western volcanic zone. Some points were also
measured further north, near Gullfoss and Geysir, and one point was measured off the
south coast of Iceland, on the island of Heimaey. Two types of GPS instruments were
used for the measurements, Trimble SSE and Trimble SSI.
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The data from these measurements have been processed two times, first after the GPS
measurements 1995 and the second time in spring 2001. The processing of the data in
2001 was made by Þóra Árnadóttir at the Nordic Volcanological Institute in connection
with her work in modeling the coseismic deformation of the June 2000 earthquakes in
south Iceland [28]. Þóra Árnadóttir provided the results of her processing of the 1995
GPS data and they have been used in the data processing in this thesis. The results from
her processing came in three files, one containing geocentric X, Y and Z-coordinates,
another containing latitude, longitude and ellipsoidal height, and a third file containing
the covariance matrix for the X, Y and Z-coordinates. Out of the covariance matrix the
uncertainties for the X, Y and Z coordinates were estimated.

Scaling of the data

Three of the distances from 1984 were measured both by the National Energy Authority
and the Science Institute. Comparison of these distances showed that the differences
between them were less than 1 mm in two cases and about 7 mm in one case. The
distances measured by the National Energy Authority was scaled with a factor
0,9999990817... in order to provide lengths that could be used with the distances
measured by the Science Institute.

5.3 Data processing and programming

5.3.1. Aims

In order to draw a map of the strainfield in South Iceland it was necessary:

1) To calculate the strain of each line in the the south Iceland geodetic network
according to equation (1).

2) To find the best estimates of ε1, ε2 and θm according to equation (16) for points in
the network with more than three lines connecting other points; thus the strain
being known in more than three directions.

3) To solve equation (16) for ε1, ε2 and θm for network points with strain known in
only three directions

4) To calculate distance changes and strains from the cornerpoints to the midpoints
of each subtriangle in the network and to solve equation (16) for  ε1, ε2 and θm.

5) To prepare the results (the estimates of ε1, ε2 and θm) in a convenient format for
the drawing of a map.

5.3.2. Programming

In this project computer programs have been written in the C language to fulfill the tasks
above. The programs have been written to be run on a UNIX/LINUX operating system
and to utilise the abilities in these systems to let the output from one program be the input
in another program. In this way small programs written to perform just one task can be
combined in a flexible way to produce the desired output. This also makes it easier to add
new programs if new ideas about what to do with the data emerges later. Table 5.1 below
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shows the computer programs written and the task performed by each program. The
program usage structure is also shown in figure 5.2.

Program Task Program Task
linesort Read distances and store

in memory
gpstoline Calculate distances between points

and store in memory
tricalc Calculate distances into

midpoint of triangles
strcalc Calculate the relative distance

change of each line (eqn(1))
3lcalc Solve equation (16) using

strains in three directions
lsqrw Perform a least squares fit to eqn

(16)
btoasc Print the output from any

program in a readable
form

Table 5.1. Programs written and their tasks

FIGURE 5.2. Program usage structure. Programs in the grey boxes can be omitted from
the program sequence, however linesort can only be omitted if all the data used comes
from GPS measurements. Tricalc can be omitted if there is no wish to calculate the
strainfield in the middle of the subtriangles in the network. The program btoasc can be
inserted after any program in the sequence to produce an output of the data.

The program structure shown in figure 5.2 requires that each program knows what its
input data looks like. The output format from the programs is shown in figure 5.3. Each
program writes two or more memory blocks  to the standard output in the UNIX/LINUX
operating systems. The first memory block is always a header block with information
about the data that follows it. Information in the header block can be set by the user.
Then one or more data blocks will follow and eventually another header block with
corresponding data. All of these memory blocks are piped to the succeeding program,
which  reads them from the standard input.
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FIGURE 5.3. The output data structure from the different programs. The grey data block
only exists if the program tricalc has been executed. The dashed line separate
information from measurements during two different years. The program btoasc can read
all these formats and print data in a readable way.

Regarding the efficiency of the programs it is most efficient if the distances and strain
between any two points in the network is stored at the same relative memory location.
Having stored distances between points in the network at the same relative memory
locaton for the two datasets it is very convenient to just loop through the data and
calculate the relative distance change of each line and store the result in a new datablock
at the same relative location.

Another issue of efficiency concerns the different types of data. Knowing that one dataset
consists of distances and one of positions a question arises: what is the most efficient way
to calculate the corresponding distances out of the positions? The answer is simple, just
calculate all possible distances between the points in the network, it is much easier than
to find the positions of the points corresponding to the measured distances in the first
dataset. Say that the geodetic network consists of N points. The total number of unique
combinations of distances between the points will then be:

( )
2

1NN −

By arranging the points in a certain order and numbering them from 1 to N one can start
with point number 1 and calculate the distance to point number 2, 3, ..., N and store all
the distances in subsequent memory locations. Doing the same for point number 2, 3, ...,
N-1, always calculating the distances to the subsequent points in the order they are
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arranged one gets an ordered array of distances. This is done in the program gpstoline.
Now the program linesort works in the way that it reads each distance and the name of
the points between which it is measured. Knowing the ordinal number of these points in
the ordered list the ordinal number for the corresponding distance calculation in gpstoline
can be found. In this way the measured and calculated distances can be stored at the same
relative memory location.

Say now that we have two datasets, each consisting of GPS positions for each point at
two different times. The program linesort can then be omitted and gpstoline can be used
to calculate the distances between the points in the network. GPS positioning provides
more possibilites than distance measurements in that distance changes and strain can be
calculated between any two points in the network. However, this calls for a careful
selection of which points to be used for this calculation. If the aim is to estimate the best
fitting uniform strainfield for each point in the network it is of no value to use distance
changes between points lying very far apart. The assumption of a uniform strainfield will
not hold over such distances. The key to control between which points to calculate the
distances lies in the order of the points in the list used in gpstoline. For the south Iceland
geodetic network it is convenient to have the order of the points to be approximately from
west to east which is the order they also have. Now the number of sequential points to
calculate the distance between can be specified. If the network for instance consists of 6
points and the number of sequential points is given as 3 the following distances will be
calculated:

1-2 1-3 2-3 2-4 3-4 3-5 4-5 4-6 5-6

In this example the implication for each point in the ordered list is that the distance will
be calculated to the following two points in the list except for points 5 and 6.

The ordered list of points used for the network in south Iceland in this thesis work can be
seen in Appendix B. The list is saved in the format shown in Appendix B and is compiled
together with the programs. If the programs should be used for other networks a list of
points in the network in the same format as in Appendix B should be prepared and all
programs compiled with the new list. Instructions for this and how to compile the
programs is given in Appendix C.

5.4 Least squares fitting of data

When fitting a dataset of N measured strains, ε1…..εn at azimuths θ1…..θN to equation
(16) in the least squares sense one wants to find the parameters in the vector b0 that
minimises the following function:

( )[ ]
= σ

θε−ε
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2
i

2
0ii2 ,b

(18)

where ε(θi, b0) is equation (16) for a uniform strainfield and b0 a vector holding the
parameters to be fitted, in this case the principal strains ε1 and ε2 and θm, the azimuth of



38

ε1. σi is the standard deviation for the i:th value of ε in the dataset. In the following
discussion the parameters are called b1, b2 and b3.

The way to minimise (18) is to take the derivates of equation (18) with respect to the
parameters b1, b2 and b3 and set the result equal to zero:
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Now ε(θi, b0) is a nonlinear equation with respect to the parameters and the equation
system formed by (19) is not solvable. Instead an iterative process has to be used to
estimate the best fitting parameters. Assume that we know the parametervalues b that are
not too far from the best fitting parameters b0. A first order Taylor expansion can be
made around b in order to approximate ε(θi, b0):
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where δb is the difference in parameter values between b0 and b.

Insertion of equation (20) in (19) gives:
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By defining the matrix A as:
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and the vector c as:
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equation (21) can be written in matrix form as:

( ) ( ) cAAAbbAA-cA T1TTT 0 ⋅=δ⇔=δ⋅ − (24)
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Now one can start with a guess of the principal strains ε1, ε2 and the azimuth θm in b and
use equation (24) to calculate the change δb of the initial guess to come closer
(hopefully) to the best fitting value b0. Equation (18) can be used with b+δb to check the
eventual success. If the new χ2-value is lower than the one for the original guess b1=
b+δb can be taken as the new estimate of the parameters and used in equation (24) to
calculate a new change in the parameters. When the χ2-value stops to converge the best
fitting parameters have been found.

If the χ2-value on the other hand increases in one iteration it means that the parameter
change δb does not lead to a better solution. There are two possible reasons for this, one
is that the matrix ATA is close to being singular and the other is that the parameter guess
in b is so far from the best fitting solution that the vector elements in c become very
large. The result in both cases is that the change in parameters δb becomes too large for
an improvement of the fit to be possible.

The Levenberg-Marquardt method is an elegant solution to both of these problems.
Equation (24) can be modified to:

( ) ( ) cAIAAbbIAA-cA T1TTT 0 ⋅⋅λ+=δ⇔=δ⋅⋅λ+ − (25)

where I is the identity matrix and λ the Marquardt parameter. One can start the iterations
with a low value for the Marquardt parameter, e.g. 0.001. As long as the χ2-value is
decreasing the Marquardt parameter can be divided by for instance 10 in each iteration
and equation (25) gradually becomes more like equation (24). If the χ2-value increases
however, the Marquardt parameter can be multiplied by for instance 10 instead and a
new, smaller δb, can be calculated with equation (25). This is allowed to proceed until
the change in parameter values is small enough so that the new solution is a better
estimation according to equation (18). With this new solution λ can be allowed to
increase again, just as long as the χ2-value decreases. When the iterations has converged
and the χ2-value stop changing the Marquardt parameter can be set to zero and the matrix
(ATA)-1 can be evaluated. This matrix is the estimated covariance matrix of the standard
errors in the fitted parameters b. In case of normally distributed errors the square root of
the diagonal elements in this matrix is the standard errors for the parameters in b.

5.4.1 Weighting of data in the least squares fit

In equation (22) and (23) a weight 
i

1
σ

is applied to the data, where σi is the standard error

of the i:th measured strain. In equation (25) the weights will have the value 2
i

1
σ

. If the

standard errors are unknown one can just replace each σi with the value 1.
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If we have measured some quantities l1, l2, ....., ln and know the standard error of each
measured quantity the error propagation law that gives the standard error of the value of
function f(l1, l2, ....., ln) is:
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The distances between points in 1995 were calculated from the following formula:
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and the corresponding standard errors were calculated according to equation (26) from:
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The standard errors for the X, Y and Z coordinates estimated from the covariance matrix
supplied with the data were in the order of  ~0.1 to ~1.0 mm. The corresponding standard
error for distances between points as calculated with equation (28) thus became in the
order of ~1 to ~3 cm, with an average of ~1.3 cm.

When calculating the strain of the different lines in the network equation (1) was used
with the measured distances from 1984 and the GPS-derived distances according to
equation (27). The standard error for the strain of the line is given according to equation
(1) and (26) as:

4
0

2
l

2

2
0

2
l

l
l

l
0

σ⋅
+

σ
=σε (29)

When calculating the standard error of line strain for the data most of the calculated
strains turned out to be significant, that is their standard error was smaller than the
corresponding strain.As an example the measured standard deviation of the distance
between the points 8424 and 8101 was 0.009 m 1984 and the corresponding calculated
standard error for the same distance in 1995 is 0.010 m. The standard error for strain
according to equation (29) became 1.115 microstrain while the calculated strain for the
line according to equation (1) has a value of –4.533 microstrain.
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Figure 5.4. Significant/nonsignificant strains for lines in the network. Dashed lines –
nonsignificant strains, continuous lines – significant strains. grey – extension, black –
shortening.

Figure 5.4 shows significant/nonsignificant strains for lines in the network. Dashed lines
indicate nonsignificant strains. The figure shows that most strains are significant. In
equation (18) the estimated standard error is used to calculate weights for the data in the
least squares fit. A large standard error would reduce the influence of the corresponding
strain in the least squares fitting procedure. Such a strategy to weigh the data may not
take into account outliers in the data set, if the outliers have small standard errors. An
outlier may have a large influence on the result of a least squares fit, resulting in
parameters that are clearly biased by the single outlier.

Therefore another approach was taken to apply weights to the data in the least squares fit.
As mentioned in the section about the limitations of the uniform strainfield assumption an
anomalous source of deformation could have large influence on the estimation of the
principal strains and the azimuth θm. To reduce this eventual influence an iteratively
reweighted least squares fit was made for the data. Equation (18) was changed to be:
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and the matrix A and the vector c was defined as:
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where wi is the weight for the i:th measured strain.
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To begin with, all weights wi were set to the value 1 and the best fitting values of the
parameters b0 were determined as described in section 4.3.3. The weighted degree of
explanation was calculated according to:
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where χ2 is given by equation (30) for the best fitting parameters b0 and ε  is the average
of the measured strains. R2 measures how well the best fitting model with applied
weights explain the total variance of the data.
New weights for the data were calculated according to:
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where wpi is the weight used in the previous estimation of the best fitting parameters b0
and χ2 is given by equation (30). Calculating weights in this way reduces the influence of
eventual outliers in the data. With the new weights a new estimation was made of the best
fitting parameters b0 as in section 4.3.3 and the corresponding value of R2. As long as R2

was increasing this procedure was repeated with new weights calculated after each
iteration.

This iterative procedure was stopped after the first decrease in R2. The best fitting
parameters reducing the influence of outliers in the data was then taken to be the values
of the parameters obtained in the previous iteration, where R2 was higher.

5.5 Elimination of spurious data

When using the programs described in section 2.2 with the raw data of distances from
1984 and GPS positions from 1995 it became clear that there were extremely large
distance changes between the points KAMB-P200 and between all the points connected
to point 0057 on Hestfjall.

The distance measured between KAMB and P200 was about 6600 m in 1984 and the
distance calculated from the GPS positions 1995 was about 6550 m. As GPS calculated
distances between KAMB or P200 and other points does not show such differences it is
most likely that the distance ~6600 m from 1984 is a printing mistake.

The distance changes to the point 0057 on Hestfjall are more mysterious however. 1984
all distances were measured to the point 0057, both by The National Energy Authority
and The Science Institute. As mentioned earlier there is a short distance between the
points 0057 and 1057 on top of the mountain Hestfjall. In 1995 the position of both of
these points were measured with GPS.  When using the position of point 0057 to
calculate the distances corresponding to the ones measured 1984 the changes in distance
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range between a shortening of about 2,7 m and lengthening of about 2,7 m. The smallest
amount of shortening and lengthening is ~0,6 m and ~0,5 m respectively.

Doing the same calculation but using the position of point 1057, the distance changes
range between a shortening of  ~6,5 m and a lengthening of ~6,6 m. The smallest
amounts are a shortening of ~3 m and a lengthening of  ~0.2 m.

If not caused by intervention of man such large distance changes can only occur in very
large earthquakes. For comparison the approximate slip of the south Iceland earthquakes
in June 2000 was 0,9 m and 1,1 m respectively [1]. Had an earthquake occurred
responsible for slips up to 6 m it would certainly not have passed unnoticed.

An explanation to the Hestfjall mystery was given during an interesting walk up the
mountain in July 2001. Hestfjall is a shield volcano considered to have erupted in the end
of a glacial period through a breach in the ice near the outskirts of an icesheet. The shape
of the mountain is therefore approximately like one sixth of a circle. On the west side of
the mountain it is possible to trace the fault of the June 21 earthquake. Right lateral fault
motion is indicated by left stepping en echelon fault segments. When walking up the
mountain an older fault can be traced, with clearly marked sinkholes.

On top of the mountain one can clearly see the effects of the June 21 earthquake and the
short distance to the fault. The rocks are all shattered and many have been moved from
their position. In the half crater at the top rock fall appears to have taken place.

The outcrop where the geodetic point should be located was all covered by loose rocks.
Removing the rocks one geodetic point was found in the middle of the outcrop. This
point was used in the distance measurements made by the Science Institute in 1984 (Páll
Einarsson, pers comm) and most likely also by the National Energy Authority.  Two
more points were found on the top of Hestfjall, one about 1.95 m NNW and the other
about 5.22 m SSW from the point found under the rocks.

If no more points exist on top of the mountain these two points are the most likely to have
been measured in 1995. None of these points are marked, which is a probable explanation
for the fact that different points have been used in the different measurements.

Between all the three points that were found there were large fractures due to the strong
motion during the June 21st earthquake. This made it impossible to reconstruct the
original positions of these points in order to calculate the correct distance changes for the
distances measured from Hestfjall in 1984.
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FIGURE 5.5. Lines not used in the south Iceland geodetic network. The two faults and
epicentres of the June 2000 earthquakes are shown together with the type of fault motion.

The map in figure 5.5 shows which lines that have been excluded in the estimation of the
strainfield between 1984 and 1995 for south Iceland. It is unfortunate that Hestfjall had to
be excluded as those lines span the area of the earthquake the 21st of June. It is most
likely that the estimated strainfield would look different if the distance changes between
those points could have been taken into account.
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6 Results

The crustal deformation from 1984 to 1995 in south Iceland is presented in this chapter as
maps of the estimated principal strains for the nodepoints and subtriangles of the geodetic
network. The validity of the uniform strainfield assumption is discussed and the result of
the two geodynamic models of deformation within south Iceland is presented.

6.1 A map of the crustal deformation in south Iceland 1984-1995

The results of the data processing is an estimate of ε1, ε2 and θm according to equation
(16) for the points in the network where this estimation has been possible. Distance
changes from the cornerpoints into the midpoint of each network triangle have also been
used to estimate ε1, ε2 and θm in the middle of each network triangle. These results are the
base for the map of the deformation field in south Iceland between 1984 and 1995.

The following table shows the points of the network that was used  and  the type of
estimation of ε1, ε2 and θm that were made for each point.

Point
name

Type of
estimation

Point
name

Type of
estimation

Point
name

Type of
estimation

Point
name

Type of
estimation

8424 none 8101 lsq 8421 lsq 7225 lsq
8420 3l KAMB none 7224 lsq 5170 lsq
8419 lsq P200 3l 8428 lsq 8429 3l
8102 lsq 7143 none 8427 lsq KALD lsq
3080 lsq 0055 lsq 7223 lsq 7222 lsq
8423 lsq 2047 lsq 3072 lsq HNUK lsq
0057 not used 1057 not used 8430 none NONH 3l
1055 lsq 8425 3l 7226 lsq 7220 lsq
8426 3l 8422 lsq
Table 6.1. The points in the network and the kind of estimation of ε1, ε2 an θm that was
made. lsq = least squares fit, 3l = solution of equation (16) from strain measured in three
directions, none = strain measured in less than three directions from each point.

A complete list of the determined values of ε1, ε2 and θm can be found in Appendix D for
the points given in table 6.1 and in Appendix E for the network triangles.

The main result of the principal strain estimations is a map of the crustal strainfield in
south Iceland between 1984 – 1995. When analysing the complexity of the data it became
clear that it would be necessary to divide the information between two maps, otherwise
the map would be unreadable. The first map shows results from the least squares fit for
each point and some results from the 3l solutions. The second map shows results from the
estimation of a uniform strainfield for subtriangles in the network, with the restriction
that results for triangles with unfavourable geometry are omitted. Also shown on this map
is results from the 3 line solutions.
The maps are shown in figures 6.1 and 6.2 on the following pages.



46

-6
70

00
0

-6
65

00
0

-6
60

00
0

-6
55

00
0

-6
50

00
0

-6
45

00
0

-6
40

00
0

-6
35

00
0

-6
30

00
0

-6
25

00
0

-6
20

00
0

-6
15

00
0

-6
10

00
0

-6
05

00
0

-6
00

00
0

-5
95

00
0

37
50

00

38
00

00

38
50

00

39
00

00

39
50

00

40
00

00

40
50

00

Ex
te

ns
io

n,
 1

0 
m

ic
ro

st
ra

in

Sh
or

te
ni

ng
, 1

0 
m

ic
ro

st
ra

in
84

22
84

21

84
23

K
A

LD
72

23

H
en

gi
ll

0 
m

10
00

0 
m

20
00

0 
m

FI
G

U
RE

 6
.1

. D
ef

or
m

at
io

n 
in

 so
ut

h 
Ic

el
an

d 
19

84
-1

99
5 

in
 te

rm
s o

f p
rin

ci
pa

l s
tra

in
s f

or
 n

od
ep

oi
nt

s.
Fo

r n
od

ep
oi

nt
s w

he
re

 m
or

e 
th

an
 3

 li
ne

s i
nt

er
se

ct
 th

e 
pr

in
ci

pa
l s

tra
in

s s
ho

wn
 re

pr
es

en
ts

 th
e 

be
st 

fit
tin

g 
un

ifo
rm

 st
ra

in
 fi

el
d.

 F
or

 n
od

ep
oi

nt
s w

ith
 o

nl
y 

3 
lin

es
 th

e 
pr

in
ci

pa
l s

tra
in

s a
re

 o
bt

ai
ne

d 
fro

m
 th

e 
so

lu
tio

n
of

 a
n 

eq
ua

tio
n 

sy
ste

m
 w

ith
 3

 e
qu

at
io

ns
 a

nd
 3

 u
nk

no
w

ns
. 

Lo
ca

tio
n 

of
 p

oi
nt

s d
is

cu
ss

ed
 in

 te
xt

 sh
ow

n.
 L

ig
ht

 a
nd

 th
ic

k 
gr

ey
 li

ne
s r

ep
re

se
nt

 th
e 

Ju
ne

 2
00

0 
fa

ul
ts,

 d
ar

k 
gr

ey
lin

es
 sh

ow
 p

re
vi

ou
sly

 m
ap

pe
d 

fa
ul

ts.



47

-6
70

00
0

-6
65

00
0

-6
60

00
0

-6
55

00
0

-6
50

00
0

-6
45

00
0

-6
40

00
0

-6
35

00
0

-6
30

00
0

-6
25

00
0

-6
20

00
0

-6
15

00
0

-6
10

00
0

-6
05

00
0

-6
00

00
0

-5
95

00
0

37
50

00

38
00

00

38
50

00

39
00

00

39
50

00

40
00

00

40
50

00

Ex
te

ns
io

n,
 5

0 
m

ic
ro

st
ra

in

Sh
or

te
ni

ng
, 5

0 
m

ic
ro

st
ra

in

84
23

H
en

gi
ll

84
22

84
21

FI
G

U
R

E 
6.

2.
 D

ef
or

m
at

io
n 

in
 s

ou
th

 Ic
el

an
d 

19
84

-1
99

5 
in

 te
rm

s 
of

 p
rin

ci
pa

l s
tra

in
s 

fo
r m

id
po

in
ts

 
in

 s
ub

tri
an

gl
es

 o
f t

he
 g

eo
de

tic
 n

et
w

or
k.

 R
es

ul
ts

 fo
r s

ub
tri

an
gl

es
 w

he
re

 th
e 

lin
es

 h
av

e 
al

m
os

t t
he

sa
m

e 
or

ie
nt

at
io

n 
ar

e 
om

itt
ed

. L
ig

ht
 g

re
y 

lin
es

 s
ho

w
s 

th
e 

Ju
ne

 2
00

0 
fa

ul
ts

, d
ar

k 
gr

ey
 li

ne
s 

sh
ow

s
pr

ev
io

us
ly

 m
ap

pe
d 

fa
ul

ts
. L

oc
at

io
n 

of
 p

oi
nt

s 
84

23
, 8

42
2 

an
d 

84
21

 s
ho

w
n.

 S
ca

le
 fo

r t
he

 p
rin

ci
pa

l
st

ra
in

s 
sh

ow
n 

in
 to

p 
rig

ht
 c

or
ne

r.

0 
m

10
00

0 
m

20
00

0 
m



48

Shown on each map is the south Iceland geodetic network used in the calculation of the
strainfield, the faults of the June 2000 earthquakes, previously mapped faults within the
zone and the direction and size of the two principal strains ε1 and  ε2. The symbol for the
estimated principal strain ε1 is drawn with azimuth θm and the symbol for principals
strain ε2 is drawn perpendicular to ε1. The length of the symbol is proportional to the size
of the principal strain. If the principal strain is extensional an “extension” arrow has been
used as a symbol, for compressional strains a half split line has been used.

The maps show that the results from the least squares fit of the data to the measured
strains for each point to a large extent is consistent with the results obtained from the
triangles and the nodepoints with only three lines. In general extensional and
compressional strain have the same directions on the different maps showing that a least
squares fit to nodepoint strains is a useful approach when estimating the strainfield.

Large strain signals can be seen in three areas on the maps. Farthest to the west the strain
pattern can be explained by the influence of the uplift in the Hengill area that began in
1994. The high seismicity of this area was a result of the uplift [20] and stands out in the
seismicity map in figure 2.3.

East of Hengill but west of the fault from the earthquake June 21st, 2000, the strainfield
appears to be relatively uniform in space. However, in the Grimsnes area, the estimated
extensional principal strains for point 8422 and the triangle 8422-8423-8421 (figure 6.1),
are approximately three times larger than the other extensional strains in the area. The
data suggests a probable source of deformation in the vicinity of point 8422 even though
no marked seismicity can be seen in this area between 1984 and 1995.

The area between the two faults of the June 2000 earthquakes show a highly variable and
complex strain pattern, both when it comes to direction and magnitude of the principal
strains. For clarity an enlargement of this area in figure 6.1 and 6.2 is shown in figure 6.3
on page 49.

An interesting observation is the deviation from the general N-S orientation of
extensional principal strains west of the June 21st fault and east of the June 17th fault. It is
also interesting that extensional principal strains have an approximate E-W direction
closer to the June 17th fault, as could be expected with rupture on an approximately N-S
striking fault. The largest extensional strains occur in the vicinity of the points 7223 and
KALD (figure 6.3) and their orientations vary from ~NW to ~NE. Northwest and east of
the points 7223 and KALD the largest strain is compression. To the nortwest the
direction of maximum compression is EW and to the east it is NS.

East of the June 17th fault the strainfield appears quite uniform with approximately EW
and  NS oriented compressional and extensional strains respectively.
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6.2 The validity of the uniform strainfield assumption and sources of anomalous
deformation

For each determination of ε1, ε2 and θm a plot has been made of the normal strain versus
azimuth according to equation (16) for azimuths between 0 and 180 degrees. For the least
square fit such a plot shows how good the fit is and the validity of the uniform strainfield
assumption. Eventual outliers can also be a help in identifying the location of possible
sources of anomalous deformation.

For estimations of ε1, ε2 and θm made from subtriangles or nodepoints with only three
lines such a plot shows the appearance of a uniform strainfield that explains strains
measured in three directions. In other directions, however, it is difficult to say something
about the validity of strains predicted by the uniform strainfield equation.

Here four examples of a plot of strain versus azimuth will be shown, all for points in the
eastern part of the SISZ where the principal strains have been estimated in a least squares
fit. The chosen points are 7222, HNUK, 7226 and 7223. For the positions of these points
see figure 5.1. Strain versus azimuth plots for all of the points can be found in Appendix
F.
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FIGURE 6.4. Plot of strain versus azimuth for point 7222.

Point 7222 is located east of the fault of the June 17th  earthquake and it is clear from
figure 6.4 that the uniform strainfield assumption is valid as the measured strain fits well
to the strain predicted by the model. There is only one outlier, in the direction of
approximately 152° from north. As this is the normal strain between point 7222 and the
point HNUK there must be a source of deformation in the vicinity of HNUK that does not
affect the other points that connects to 7222.
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Point HNUK
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FIGURE 6.5. Plot of strain versus azimuth for point HNUK.

HNUK is located northwest of point 7222, between two strands of the June 17th fault.
Also here the point HNUK can be considered to be in a uniform strainfield except in the
direction of the outlier at ~99° from north. This is the normal strain between HNUK and
the point 7226 indicating a possible source of deformation in the vicinity of the point
7226.
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FIGURE 6.6. Plot of strain versus azimuth for point 7226.

Point 7226 is located on the east side of the June 17th fault. For this point the model does
not fit very well to the measured data. Here we can see the anomalous source of
deformation associated with the point HNUK (~16 microstrain) and a likely source of
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anomalous deformation having influence on point 7223 (~6 microstrain) but not on the
point KALD (~0 microstrain). KALD and 7223 are located only about 500 m apart from
each other so the likely source of deformation must have a very local influence.
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FIGURE 6.7. Plot of strain versus azimuth for point 7223.

In figure 6.7 the effect of the local influence of the deformation source affecting point
7223 is seen clearly. Between 7223 and KALD the degree of extension is ~70 microstrain
(~25 °) while there is a shortening of ~-20 microstrain (~15 °) between point 7223 and
point 5170. This means that the source of deformation that makes the distance between
7223 and 5170 shorter does not have influence on the distance increase between KALD
and 7223.

In the way we have proceeded here four possible locations for sources of deformation
have been identified, in the vicinity of 1) HNUK, 2) 7226, 3) 7223 and 4) 5170. As seen
on the map of the seismicity of the area (figure 2.3) there is a concentration of seismic
activity in the vicinity of these points making this plausible. This procedure gives an idea
about where the deformation takes place but to get more certainty it is useful to try to
model the measured strains.

6.3 The deformation field due to  a transform plate boundary

As a first approach to explain the observed strains in south Iceland the strain associated
with an ideal E-W transform plate boundary was calculated. Figure 6.8 shows a simple
model that roughly approximates the deformation associated with a long and straight
transform plate boundary. Below the depth D the plates slide past each other with relative
velocity V. Slip of the upper segment only takes place with the amount VT at intervals of
time T. The surface velocity field in the intervals between abrupt slip is given by
Lisowski et al [39] as:
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( )
D
yarctanVyv

π
= (35)

where y is the distance perpendicular to the fault.

FIGURE 6.8. A simple model of a transform plate boundary

Now the displacement of a point parallell to the strike of the boundary during time
interval t is given by:

D
yarctanVt)y(w

π
= (36)

In a situation of left lateral shear, as illustrated in figure 6.9 and using equation
(10), the shear strain parallell to the plate boundary is given by:

y
)y(w

2
1

xy −=ε (37)

where w(y) is the displacement at the point and y the perpendicular distance to the plate
boundary from the point.

Assuming the plate boundary to be the only source of deformation the normal strain at an
azimuth θn clockwise from north becomes (equation (11)):

( ) ( )( )nbxynn 2sin θ−θε=θε (38)

where θb is the azimuth of the plate boundary and εxy the shear strain from equation (37).
The azimuths of largest extension and shortening will be θb+45 and θb-45 in the situation
of left lateral shear. The strains in these directions will be εxy and -εxy respectively.

Equations (36), (37) and (38) can be used to calculate the normal strain of a line between
two points in a geodetic network surrounding the plate boundary. However, the net
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displacement must be used in equation (37) to derive the net shear strain of the line to be
used in equation (38). First equation (36) is used to determine the amount of
displacement for each point. The net displacement is then a sum of the two displacements
if (θb-θn)<0 and the two points lie on opposite sides of the fault. In other cases the net
displacement is the difference between the largest and the smallest displacement.  This
net displacement is then used instead of w(y) in equation (37) with the fault perpendicular
distance between the points as y. This strain is the net shear strain of the line and can be
used in equation (38) to determine the normal strain between two points in a geodetic
network.

Using the parameters V=1.8 cm/year [7, 41], D=14 km (from earthquake depth
distribution) and t=11 years with a location of the plate boundary at a latitude of 64 °N
the resulting strainfield was calculated for the geodetic points within the south Iceland
geodetic network. This field is shown in figure 6.9 and as expected from a simple model
the result is far from what has been determined from the measurements.
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FIGURE 6.9. The strainfield associated with a straight transform plate boundary. Grey
lines show mapped faults within the seismic zone. Scale for strains in the top right
corner.

6.4 Modelling the 1984-1995 deformation in south Iceland using slip on an array of
faults

As the general left lateral motion of the transform plate boundary in south Iceland is
taken up on a series of N-S trending faults, an attempt was made to create a more
complex fault model that could explain the observed strain.

Okada [42] gives equations for surface displacements and strains associated with strike
slip, dip slip and opening of rectangular faults in an elastic, isotropic and homogenous
half-space.
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FIGURE 6.10. Fault geometry of Okadas fault model. d=fault depth, L=fault length,
W=fault width, δ=fault dip, U1=strike slip, U2=dip slip, U3=opening.

In figure 6.10 the fault geometry used in Okadas equations is shown. The x-axis is
parallell to the strike of the fault and the dislocations U1, U2 and U3 all relate to
movement of the hangingwall block relative to the footwall block.

A program to calculate the surface displacements and strains according to Okadas
equations was supplied by Erik Sturkell at The Icelandic Meteorological Office. The code
of the program is based upon algorithms in FORTRAN written by Okada [42]. In the
program a number of faults can be specified with the origin of Okadas local coordinate
system for each fault, the strike of the fault and the remaining fault parameters according
to figure 6.10. The program superimposes the associated displacement and strain of each
fault for points whose coordinates are specified in an input file and saves the result in an
output file.

As an example the displacement field associated with right lateral slip on a N-S striking
fault can be seen in figure 6.11.

-670000 -665000 -660000 -655000 -650000 -645000 -640000 -635000 -630000 -625000 -620000 -615000 -610000 -605000 -600000 -595000 -590000
375000

380000

385000

390000

395000

400000

405000

0 m 5000 m 10000 m

FIGURE 6.11. Horisontal displacement field associated with 50 cm right lateral slip on a
10 km long N-S striking fault that extends from 15 km to 3 km depth.
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The limitations with superimposition of faults is that the elastic halfspace will in reality
no longer be isotropic and homogenous. When adding faults to the model they will affect
each other, even if they are far apart and that other faults may exist between them. It
might happen that one fault counteracts another fault and the net displacement becomes
zero or close to zero.Interaction between faults may also cause very large net
displacements, even if the faults are located far from each other. In reality the influence
from a fault decreases with increased distance.

For each fault in the model the number of parameters is 10. When more faults are added
the total number of parameters increase rapidly and the model becomes more and more
complex. Changing one of the parameters can then cause unexpected results. Due to the
complexities of the model and the irregular strain pattern in south Iceland between 1984
and 1995 it was decided to try to find a fault model that only fitted the sign of the
distance changes over the period, i.e. extension or shortening, and not the magnitude of
change.

As the data from 1984 only consists of distances the distance changes associated with the
fault model cannot be estimated directly. Instead the displacements according to the
model can be calculated for the 1995 coordinates of each point. Now, if the motion
according to this fault model had not taken place the “undisturbed” coordinates can be
estimated by subtracting the estimated displacements from the 1995-coordinates. With
these coordinates the “original” distances between points in the network according to the
model could be calculated. If one of these distances should be shorter than the 1995
distance the fault model causes extension between the corresponding points; if the
“original” distance should be longer the fault model causes shortening.

When modeling, the map of seismicity during the period (figure 2.3) was used for
reference and faults mainly located where there was a concentration of earthquakes. The
strike and length of each fault were mostly taken as the strike and length of the
corresponding zone of seismicity and the depth and width of the fault was defined from
the depth distribution of the earthquakes. The dip was mostly taken to be 90 degrees, i.e.
vertical faults. Dip slip of the faults was always zero and strike slip was in almost all
cases right lateral. In some cases opening or closing of faults was applied. The magnitude
of the used slip or opening used was between 0 and 27 cm but it was mostly kept at 15
cm.

To improve the model the most usual approach was to change the slip, the dip or the
depth and width of faults. Using the depth and width given from earthquake distribution
(D=~14 km, W=~12 km) sometimes made faults affect a very large large area. Reducing
depth and width decreased the area of influence. Changing the dip also reduced the area
of influence. With a dip of 45 ° for instance, the surface area on the western side of the
fault would become effectively shadowed from deformation. This was sometimes used as
a “trick” in the modeling although a dip of 45 ° may not be realistic.

The main effort of the modeling was concentrated to the area east of the June 21st fault as
it was considered most interesting to understand the strain pattern around the June 17th
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fault. The pattern of strain surrounding the June 21st fault is also interesting, but as the
point Hestfjall could not be used one lacks important information about the strain related
to the fault. As the strain in the western part of the network is associated with the
expansion in the Hengill area between 1994 and 1998 no major effort was made to try to
explain this strain.

It is possible that crustal deformation associated with the Hekla 1991 eruption and the
1987 Vatnafjöll earthquake has had some influence on the measured strain in the
easternmost part of the south Iceland geodetic network. The point 7220 at Krokahraun is
approximately 22 km from Hekla and was probably affected by the contraction towards
the volcano during the 1991 eruption. However, this point might also have been under
influence of subsequent expansion around Hekla as a new eruption took place in the year
2000. Therefore no attempt has been made to account for this influence.

Concerning the Vatnafjöll earthquake 1987 source parameters from Bjarnason and
Einarsson [17] were used with Okadas equations to calculate the displacements of points
in the south Iceland geodetic network associated with the earthquake. It was found that
the displacements were insignificant and thus it was concluded that the measured strain in
the eastern parts of the geodetic network had to be caused by deformation sources within
the seismic zone itself.

Figure 6.12 shows a fault model of the SISZ and figure 6.13 shows the point
displacements associated with the model together with the distances that becomes shorter
or longer. As a comparison, distances that were measured to become longer/shorter is
shown in figure 6.14.
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FIGURE 6.12. A fault model of the South Iceland Seismic Zone. Grey continuous lines –
fault trace closest to the surface, grey hatched lines – fault plane outlines of dipping
faults.
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FIGURE 6.13. Point displacement and lengthening and shortening of lines according to
fault model of  the SISZ. Grey lines – extension, black lines – shortening.
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FIGURE 6.14. Measured lengthening and shortening 1984-1995 of the south Iceland
geodetic network. Grey lines – extension, black lines – shortening.

The outlines at the surface of the earth of the faultplanes in the model are shown in figure
6.12 and details about the faults are given in Appendix O. This fault model only tries to
explain the signs of the deformation, extension or shortening. The magnitude of strain
with this model is most often much smaller than the measured. However, the good fit of
the sign of deformation indicates that the general left lateral transform plate motion in
south Iceland can be accommodated by a series of faults with irregular spacing and an
approximate N-S orientation.
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FIGURE 6.15. Contour lines of equal displacement for eastern component of
displacement field caused by the fault model. White lines – fault trace closest to the
surface, blue lines – fault plane outlines of dipping faults. Heavy black lines - Outlines of
rivers and lakes. Thin black lines – contour lines.

This can also be seen in figure 6.15 where contour lines of equal displacement for the
eastern component of the displacement field caused by the model is drawn. The figure
shows that points in the north are displaced to the west while points in the south are
displaced to the east. The irregular appearance of the contour of zero displacement, “the
plate boundary”, is interesting.

FIGURE 6.16 Displacement field associated with the fault model. Red lines – distances
becoming longer, blue lines – distances becoming shorter.

If the key elements of the model are valid it is interesting to plot the displacements of the
model with higher resolution than the geodetic points. This is done in figure 6.16 which
shows a complex pattern of rotation in the eastern part of the network and different
sources of deformation.
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7 Conclusions, discussion and recommendations

7.1 Conclusions

Apart from the westernmost part of the SISZ, affected by the activity in the area around
mount Hengill, the strainfield in south Iceland between 1984 to 1995 is relatively uniform
west and east of what became the faults of the June 2000 earthquakes.

In the area between the two faults the strain pattern is highly irregular. Analysis of a least
squares fit of a uniform strainfield for nodepoints of the geodetic network in the area
reveals several sources of anomalous strain. Most often the inferred approximate
locations of these deformation sources coincide with zones of microearthquake activity
1984-1995.

Modeling of the deformation by a series of irregulary spaced faults with approximately
N-S orientation indicates that movements on these faults can explain the sign of
deformation, i.e. if lines should become shorter or longer. In this model the faults were
mostly chosen to coincide with zones of high seismicity. In some cases these faults also
coincided with zones identified as sources of anomalous strain in the least squares fit in
the area between the June 2000 faults.  The model also indicates that the general left
lateral transform motion in south Iceland can be accommodated by movements on the
faults in the model. Although the details in the model are far from giving a perfect fit to
the data regarding the magnitude of strain, the fact that the signs of the distance changes
are mostly correct and that faults in the model coincide with zones of high seismicity
gives credibility to the model. To get a good fit of the magnitude of strain it would be
necessary to consider the fact that the assumption of a homogenous crust becomes less
and less valid as more faults are added to the model.

The main conclusions regarding the crustal deformation in south Iceland between the
years 1984 and 1995 are:

1) Anomalous strain was identified in the area between the June 2000 faults. This
may be related to the preseismic phase of the crustal deformation cycle and
represents intermediate- to long-term precursors for the 17th of June 2000
earthquake.

2) No conclusions can be made regarding preseismic strain or precursors for the 21
of June 2000 earthquake due to the poor data related to the geodetic point on
Hestfjall.

3) The general left-lateral transform motion in south Iceland can be accommodated
by a series of irregularly spaced faults with approximately N-S orientation.

4) Crustal deformation studies provide valuable information that could aid
earthquake prediction within the SISZ.
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7.2 Discussion

It is interesting to note that the largest anomalous preseismic deformation takes place
west of the June 17th fault, at a distance of approximately 5 km. It is likely that this
source of deformation has interacted with the regional strain accumulation in the very
vicinity of the earthquake fault to create an increased loading of the crust in this area.
However, this large deformation source may also be an indicator of large loading at this
location. It is thus possible that this could be a place for  a large coming earthquake.

The fact that rupture took place at the fault of the 17th of June earthquake and not at a
fault 5 km to the west probably indicates that the crust around the June 17th fault was
closer to rupture. Maybe it was weaker there or the combined effect of the anomalous
preseismic motion and the regional strain accumulation in the area contributed to a large
loading of the crust.

Earthquake prediction is a very sensitive matter and can cause unrest  in the society
which could be more damaging than the earthquake itself. Earthquake prediction is also a
matter of courage, to dare to put forward a prediction. In retrospect many factors
indicated the location of the 17th of June fault but a short term prediction was not made
for this earthquake. When it comes to prediction and forecasting it is easy to see patterns
in retrospect when we know that the events we wanted to predict have occurred. Nature is
very complex and there are many variables having influence on the location of an
earthquake.

7.3 Recommendations

With the distance measurements of 1984 and the GPS meaurements of 1995 we have
information of the preseismic phase of the crustal deformation cycle in the SISZ, where
areas of anomalous deformation have been identified. The coseismic deformation
associated with the June 2000 earthquakes is known through the work of Árnadóttir et al
[28].

Now it is important to build up knowledge about the continued  deformation in the SISZ
and the whole crustal deformation cycle. If the June 2000 earthquakes are a part of an
earthquake sequence, with more earthquakes to take place, the preseismic phase of the
crustal deformation cycle may not be over. Postseismic and interseismic deformation may
in that case be mixed with preseismic deformation.

A base for a better knowledge of the crustal deformation cycle in the SISZ is the GPS
measurements that have been performed in south Iceland after the earthquakes in June
2000 and the GPS-measurements that have been taking place in the summer of 2001.
These measurements will indicate postseismic deformation possibly mixed with
preseismic deformation. On a longer timescale GPS-measurements will give information
about  the interseismic deformation. Only with knowledge about the interseismic
deformation is it possible to obtain full knowledge about the appearance of the preseismic
and most likely precursory deformation associated with earthquakes in the SISZ.
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Recommendations for future work are:

1) That crustal deformation studies in south Iceland should be continued in order to
build up knowledge of the crustal deformation cycle in the SISZ.

2) That an “extra eye” is kept on the areas where anomalous deformation was
observed 1984-1995. If an earthquake will occur in one of these areas it would be
interesting to have quantitative information about the preseismic deformation and
the loading of the crust. It would also be interesting to study other precursory
phenomena in these areas and relate them to crustal deformation.
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Appendix A
Derivation of a formula for a uniform strain field in two dimensions.

Figure A1. a) An xy coordinate system with two line elements, PR and PQ.
b) Deformation of line element PR.

The figure above shows a xy-coordinate system with two line elements, PR and PQ,
perpendicular to each other in a). When subject to the strain field εx, εy, εxy and the solid
body rotation ωz PR and PQ experience changes in length and rotations. The deformation
of line element PR is shown in b).

Now we want to determine the normal strain of lines PR and PQ.

From equation (5) and (6) in section 3.1 φ1 and φ2 is given by:

zxy1 ω+ε=φ (1)

zxy2 ω−ε=φ (2)

Now the displacement from R to R’ in the x direction is given by:

( )dydxdydx zxx2x ω−ε+⋅ε=⋅φ+⋅ε  (3)

and in the y-direction:

( )dxdydxdy zxy1y ω+ε+⋅ε=⋅φ+⋅ε (4)

For small strains the length change in the line PR is the sum of the length changes in the
x- and y- directions projected on PR so the normal strain in direction θ is:

( )( ) ( )( )
'

zxyy
'

zxyx
x dx

sindxdy
dx

cosdydx
'

θω+ε+⋅ε
+

θω−ε+⋅ε
=ε (5)
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but 'dx
dxcos =θ  and 'dx

dysin =θ  so:

θθε+θε+θε=ε sincos2sincos xy
2

y
2

xx' (6)

With 
2

2cos1cos2 θ+=θ  , 
2

2cos1sin 2 θ−=θ  and θ=θθ 2sinsincos2 equation (6)

becomes:

( ) θε+θ
ε−ε

+
ε+ε

=θε=ε 2sin2cos
22 xy

yxyx
nx' (7)

Equation (7) can now be used to determine the normal strain also for line element PQ, it
is just to use θ+90 instead of θ. The normal strain can in fact be determined for any
direction θ.

Determination of the shear strain εs(θ)

Figure A2. An enlargement of the line elements PR and PR’ is shown.

For '
1φ  we have:

'
z

'
xy

'
1 ω+ε=φ (8)

and for sufficiently small strains:

'

'
'
1 dx

VR=φ (9)

But
TSURVUURVR ''' −=−=

and
( )( ) θω+ε+ε= cosdxdyUR zxyy

'
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( )( ) θω−ε+ε= sindydxTS zxyx

so '
1φ  becomes:

( )( ) ( )( )
'

zxyx
'

zxyy'
1 dx

sindxdx
dx

cosdxdy θω−ε+ε
−

θω+ε+ε
=φ (10)

Using 'dx
dxcos =θ  and 'dx

dysin =θ  and equation (8):

( ) ( ) z
22

xyxy
'
z

'
xy sincoscossin ω+θ−θε+θθε−ε=ω+ε (11)

Figure A3 a) Deformation of line element PQ. b) Enlargement of PQ and PQ’.

For the enlargement of the line elements PQ and PQ’ we have:

'
z

'
xy

'
2 ω−ε=φ (12)

and for sufficiently small strains:

'

''
'
2 dy

ST=φ (13)

But
'''''' TUSUST −=

and
( )( ) θω+ε−ε= sindxdySU zxyy

''



70

( )( ) θω−ε−ε= cosdydxTU zxyx
''

so '
2φ  becomes:

( )( ) ( )( )
'

zxyx
'

zxyy'
2 dy

cosdydx
dy

sindxdy θω−ε−ε
−

θω+ε−ε
=φ (14)

Using 'dy
dycos =θ  and 'dy

dxsin =θ  and equation (12):

( ) z
22

xyxy
'
z

'
xy sincoscossin)( ω−θ−θε+θθε−ε=ω−ε (15)

Subtracting equation (11) and (15) gives:

z
'
z ω=ω (16)

and adding (11) and (15) gives:

( )
θε+θ

ε−ε
=

=θ−θε+θθε−ε=θε=ε

2cos2sin
2

sincoscossin)()(

xy
xy

22
xyxys

'
xy

(17)

Equation (16) show that the solid body rotation does not depend on the angle θ.
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Appendix B
Ordered list of points for the south Iceland geodetic network and file to be compiled
with the programs.

The points in the south Iceland geodetic network have been ordered as follows:
Point no Point

name
Point no Point

name
Point no Point

name
1 8424 16 2047 31 KALD
2 8101 17 0057 32 7223
3 0059 18 1057 33 7222
4 8420 19 1055 34 3072
5 KAMB 20 8425 35 HNUK
6 8419 21 8426 36 5171
7 P200 22 8422 37 0052
8 8102 23 8421 38 8430
9 7143 24 7225 39 NONH
10 9190 25 7224 40 7226
11 0060 26 5170 41 1070
12 7146 27 9027 42 7220
13 3080 28 8428 43 7221
14 0055 29 8429 44 3058
15 8423 30 8427

The file to be compiled with the programs looks like below and should be stored with the
name pntdefs.h:

#define NPOINTS 44 /* specifies the number of points in the network*/
#define PLEN 4 /* specifies the number of characters in the pointnames */
#define MLEN 2

/* Measured points in the order wanted for lines */
char point[NPOINTS][PLEN+1]=
{"8424","8101","0059","8420","KAMB","8419","P200"
,"8102","7143","9190","0060","7146","3080","0055","8423","2047","0057", "1057"
,"1055","8425","8426","8422","8421","7225","7224","5170","9027","8428","8429"
,"8427","KALD","7223","7222","3072","HNUK","5171","0052","8430","NONH","7226
","1070","7220","7221","3058"};
/* end of file */

Having created a new pntdefs.h file one should also change the following two lines in the
file fdefs.h:

#define NPOINTS 44 /* The number of points in the network */
#define PLEN 4   /* The number of characters in the pointnames */

New program versions can then be created in the way described in appendix C.
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Appendix C
Instructions for compiling of programs

Rules for how the compilation of the programs should be done are specified in the file
with name ‘makefile’. In the top of this file the variable BPATH specifies the path where
the executable version of the programs should be stored. Usually it is good to have
executable program files in a directory called bin at the top of the users home directory.
The BPATH assignment would then look like:

BPATH=/home/username/bin

Now if all of the sourcecode files are stored in one directory together with the makefile
the following command compiles all of the programs and stores executable versions in
the directory specified in BPATH:

make all

If one is going to use the programs for another geodetic network it is just to create a new
pntdefs.h file with the points in the desired order, see section 5.3.2 for a discussion on the
order of the points, and to give the command ‘make all’. Note that unless a new path is
specified in BPATH old versions of the programs will be overwritten. It is also possible
to compile individual programs but this is not recommended if one changes a file such as
pntdefs.h that affect all of the programs. However if a small change has been made of
only one program, a new executable version can be created with the make command
followed by the name of the program instead of all.

The following source code files are necessary for compilation of the programs:

General files:
fdefs.h Contains general function definitions
memdefs.h   Function definitions for memory handling functions
pntdefs.h Point list
hdefs.h  Header definitions
lsqdefs.h  Function definitions for least square fit
plsqdefs.h  Function definitions for simple plate motion calculation
strdefs.h Definitions of data storage structures

Function files:
funcs2.c General functions
lsqrw.c Functions for least squares fit
lsqplate.c Functions for simple plate motion calculation
memfuncs.c Memory handling functions

Program files: How to compile
linesort.c make linesort Sorts distances
gpstoline.c make gpstoline Calculates distances
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btoasc.c make btoasc Produces output files
tricalc.c make tricalc Midpoint calculations
strcalc.c make strcalc Strain calculations
3lcalc.c make 3lcalc 3 line solution for uniform
strain field
lsqrw.c make lsqrw Least squares fit to uniform

strain field
modplate.c make modplate Simple plate motion

calculation
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Appendix D
Principal strains and strain rates for nodepoints in the network, determined from
least squares fitting and 3 line solutions.

Point ε1 σ ε2 σ θm σ •ε .
1 σ •ε .

2 σ
8101 4.591 0.813 -24.46 0.906 99.075 1.446 0.417 0.074 -2.224 0.082
8419 14.307 0.66 1.397 1.11 115.925 4.67 1.301 0.060 0.127 0.101
8102 43.752 1.124 -20.54 1.019 51.41 0.679 3.977 0.102 -1.867 0.093
3080 26.814 1.273 -2.178 0.854 159.153 1.071 2.438 0.116 -0.198 0.078
55 10.996 1.4 -3.38 0.885 173.051 7.051 1.000 0.127 -0.307 0.080

8423 10.318 0.67 -4.275 1.013 7.837 2.366 0.938 0.061 -0.389 0.092
2047 3.657 0.623 -13.421 1.081 74.497 1.855 0.332 0.057 -1.220 0.098
1055 8.75 0.789 -5.793 1.083 163.485 2.209 0.795 0.072 -0.527 0.098
8422 27.011 0.849 -4.078 0.693 0.429 2.078 2.456 0.077 -0.371 0.063
8421 6.852 2.525 -2.911 1.026 141.994 5.61 0.623 0.230 -0.265 0.093
7225 4.484 0.858 -17.198 1.137 50.524 2.687 0.408 0.078 -1.563 0.103
7224 12.854 0.631 -16.007 0.874 155.124 1.144 1.169 0.057 -1.455 0.079
5170 0.046 0.744 -11.967 0.521 108.309 2.166 0.004 0.068 -1.088 0.047
8428 13.524 1.307 -12.956 0.995 124.381 1.578 1.229 0.119 -1.178 0.090
8427 3.909 0.552 -46.586 1.662 126.825 0.79 0.355 0.050 -4.235 0.151

KALD 41.787 1.093 -10.356 0.973 41.802 0.866 3.799 0.099 -0.941 0.088
7223 15.263 0.82 -0.437 0.549 12.636 1.796 1.388 0.075 -0.040 0.050
7222 6.644 0.61 0.364 0.624 9.232 6.397 0.604 0.055 0.033 0.057
3072 3.242 0.684 0.027 0.749 134.073 10.72 0.295 0.062 0.002 0.068

HNUK 7.143 0.592 -36.074 0.987 97.953 0.811 0.649 0.054 -3.279 0.090
7226 5.787 0.921 -4.999 0.617 7.092 4.541 0.526 0.084 -0.454 0.056
7220 11.984 2.868 1.138 0.88 179.367 4.799 1.089 0.261 0.103 0.080
8420 17.537 - -20.404 - 50.967 - 1.594 - -1.855 -
P200 167.738 - -84.895 - 70.308 - 15.249 - -7.718 -
8425 -8.707 - 6.919 - 123.022 - -0.792 - 0.629 -
8426 -21.599 - 9.762 - 129.893 - -1.964 - 0.887 -
8429 -8.959 - 15.473 - 131.463 - -0.814 - 1.407 -

NONH -8.124 - 9.995 - 117.280 - -0.739 - 0.909 -
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Appendix E
Principal strains, strain rates and directions determined from network subtriangles

Point 1 Point 2 Point 3 ε1
•ε .

1 ε2
•ε .
2 θm

8101 KAMB 8102 5.621 0.511 -23.541 -2.140 92.904
8101 8419 P200 48.525 4.411 -190.766 -17.342 112.719
8101 8419 8102 19.34 1.758 -25.397 -2.309 104.026
8101 P200 8102 225.462 20.497 -199.3 -18.118 59.567
8420 8419 3080 19.918 1.811 -6.029 -0.548 124.464
8419 P200 8102 3.524 0.320 62.336 5.667 95.836
3080 0055 8423 -16.011 -1.456 24.904 2.264 89.065
3080 0055 1055 -8.605 -0.782 6.34 0.576 85.226
3080 8423 1055 -13.662 -1.242 29.549 2.686 73.699
0055 8423 1055 -34.7 -3.155 15.183 1.380 48.676
0055 2047 1055 -6.508 -0.592 10.041 0.913 111.029
8423 1055 8422 -15.186 -1.381 33.035 3.003 82.753
8423 1055 8421 -9.1 -0.827 19.688 1.790 57.419
8423 8425 8426 6.226 0.566 -13.464 -1.224 71.052
8423 8425 8422 -16.755 -1.523 27.242 2.477 117.593
8423 8426 8422 -36.983 -3.362 28.622 2.602 128.296
8423 8422 8421 -10.524 -0.957 88.457 8.042 60.7
2047 7225 7224 -183.331 -16.666 257.055 23.369 63.507
2047 7225 5170 15.013 1.365 -47.199 -4.291 74.823
2047 7224 5170 17.822 1.620 -5.936 -0.540 89.503
2047 5170 8428 -5.895 -0.536 12.828 1.166 132.798
2047 8428 8429 -11.773 -1.070 21.232 1.930 128.499
1055 8422 8421 -16.85 -1.532 50.974 4.634 51.664
8425 8426 8422 9.656 0.878 -77.257 -7.023 65.184
7225 7224 5170 -32.177 -2.925 24.884 2.262 126.107
7225 7224 7223 0.923 0.084 19.047 1.732 72.391
7225 5170 7223 10.805 0.982 -35.508 -3.228 69.172
7224 5170 8427 -72.804 -6.619 0.797 0.072 79.718
7224 5170 7223 42.703 3.882 -39.184 -3.562 124.972
7224 5170 7222 10.04 0.913 -16.136 -1.467 125.36
7224 5170 3072 11.137 1.012 -8.078 -0.734 110.877
7224 8427 7223 -76.611 -6.965 31.265 2.842 71.653
7224 8427 3072 79.088 7.190 -146.191 -13.290 127.295
7224 7223 7222 -58.783 -5.344 33.41 3.037 78.465
7224 7223 3072 0.261 0.024 20.14 1.831 65.346
7224 7222 3072 3.853 0.350 8.351 0.759 60.283
5170 8428 HNUK -24.135 -2.194 22.407 2.037 45.247
5170 8427 KALD -45.174 -4.107 2.5 0.227 49.248
5170 8427 7223 2.837 0.258 -30.353 -2.759 133.727
5170 8427 3072 -2.029 -0.184 -5.698 -0.518 100.172
5170 8427 HNUK 10.059 0.914 -31.926 -2.902 127.825
5170 KALD 7223 1666.031 151.457 -124.407 -11.310 91.64
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Point 1 Point 2 Point 3 ε1
•ε .

1 ε2
•ε .
2 θm

5170 KALD HNUK 38.349 3.486 -34.792 -3.163 117.454
5170 7223 7222 8.079 0.734 -25.779 -2.344 110.04
5170 7223 3072 20.002 1.818 -38.901 -3.536 79.373
5170 7223 HNUK 33.609 3.055 -29.273 -2.661 123.562
5170 7222 3072 -7.96 -0.724 16.314 1.483 54.908
5170 7222 HNUK 7.142 0.649 -47.587 -4.326 98.245
8427 KALD 7223 -6.005 -0.546 138.367 12.579 133.116
8427 KALD HNUK 23.324 2.120 -25.786 -2.344 78.284
8427 7223 3072 -5.994 -0.545 11.065 1.006 114.488
8427 7223 HNUK 22.116 2.011 -34.32 -3.120 82.59

KALD 7223 HNUK 5.201 0.473 123.371 11.216 104.858
KALD 7223 7226 -41.55 -3.777 141.575 12.870 123.878
KALD HNUK 7226 76.294 6.936 -

1923.081
-174.826 84.656

7223 7222 3072 -1.741 -0.158 8.987 0.817 100.655
7223 7222 HNUK 25.727 2.339 -72.99 -6.635 99.933
7223 7222 7226 -10.106 -0.919 16.872 1.534 88.582
7223 3072 7226 -10.569 -0.961 11.22 1.020 118.699
7223 HNUK 7226 -60.894 -5.536 8522.012 774.728 94.593
7222 3072 7226 -28.196 -2.563 11.703 1.064 104.856
7222 3072 7220 -5.39 -0.490 10.299 0.936 81.419
7222 HNUK 7226 -35.826 -3.257 18.944 1.722 130.044
7222 NONH 7220 -3.924 -0.357 11.804 1.073 106.849
7222 7226 7220 -5.385 -0.490 18.106 1.646 74.082
3072 7226 7220 15.139 1.376 -28.292 -2.572 105.473
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Appendix F
Strain versus azimuth for least squares fit of a uniform strainfield
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Appendix G
General information about program usage

Common for the programs is that they need some information or commands given on the
command line. These commands will be described below. Most programs also produces
some status or error messages that will be written to the standard error datastream in the
UNIX/LINUX operating system. If not redirected to a file these messages will appear on
the screen. In the descriptions below commands in [ ] can be omitted.

Setting header information

Some of the information in the header block preceeding the data in figure 5.3 can be set
by the user in the programs gpstoline and linesort. Remaining information will be set by
the programs. The header information is set from the command line following the name
of the program; writing the header keyword followed by a “value” sets that value in the
header for the actual keyword. When all the keywords and “values” have been given a –f
signals the end of the header information to be set.

Header keyword Explanation
year year of measurement for data set
dtype type of data(gps/dis), 4 characters maximum
meas measurer of the data, 2 characters maximum. Here OS have been

used for the National Energy Authority (Orkustofnun) and RH for
the Science Institute (Raunvisindastofnun)

errtype the type of error or uncertainty in the data, 3 characters maximum.
Here std have been used for standard deviation.

comm A general comment about the data, 24 characters maximum.

Following keywords will be set by the programs:
lpnts The number of sequential points chosen for distance calculation in

gpstoline. In linesort the value set will equal the number of points
in the network.

nlines The number of combinations of distances between points
corresponding to the value in lpnts.

tripnts The number of sequential points chosen to form the triangles in
which the midpoint distances are calculated in tricalc.

ntris The number of possible triangle combinations corresponding to the
value in tripnts.

onlytri Is set to indicate that a solution of equation (16) in the program
3lcalc will only be made with strains in midpoints in triangles.

When the data from the two different years of measurements is combined in the program
strcalc the information about the two different datasets will be combined in a new header.
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Appendix H
Usage of linesort

linesort keyw value ...keyw value -f nfiles filename1 ndata1 ..filename2 ndata2....

First the desired information is set in the header. –f specifies the end of the header
information and nfiles how many files the input data is stored in. The filename of each
file is then given together with the number of the data in the files. The data in the input
file should be listed in columns with following information (an example of one entry is
shown):

point1 | point2 | distance   | uncertainty | azimuth | meas | year
3080 1055   8765.727   0.031           –1          OS    1984
. . . .        .        .
.           .           .           .        .        .

In this case the azimuth of the line between the points 3080 and 1055 is unkonown; it will
be calculated from the GPS data and –1 can be given instead. If the uncertainty of the
mesasurement is not known it has to be set to 1. In the file the data has to be separated by
one space character on each row.

In short the program reads all the input files and stores the data at the correct memory
locations. The order of the data in the files does not matter; the program will find out
itself where to store each row of data. The header information block and the data block
will then be written to stdout.
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Appendix I
Usage of gpstoline

gpstoline [-ld] nseq [-xp np pnts...] [-xl nl p1a p1b ...][-p year filename][-nu filename]
     [-no] keyw value ...keyw value -f nfiles filename1 ndata1 ..filename2 ndata2...

                 [keyw value ...keyw value -f nfiles filename1 ndata1 ..filename2 ndata2...]

-ld tells the program that line distance data from linesort can be read into the
program. If no such data exists the command can be omitted.

nseq the number of sequential points to calculate distances between from the GPS data.
This value has to be given but has no importance if distance data have been read
into the program; then distances will be calculated between all points.

-xp Points can be excluded from the distance calculation; np specifies the number of
points to exclude and the list that follows specifies the points to whom distances
should not be calculated.

-xl In the same way certain distances can be excluded from the calculation. nl
specifies the number of distances to exclude and the following list specifies the
point pair for each distance that should not be calculated.

 -p By using this command the position of each point is written to the file specified
by filename. year has to be either 1 or 2; if 1 the coordinates of the points are
taken from the first data set, if 2 they are taken from the second. However, if the
first dataset consists of distances, the coordinates are taken from the second data
set with GPS data. The coordinates are given in the Lambert projection that is
used in Iceland. The aim of this command is to provide a file which could be used
when producing a map showing the points used. The output file can be used with
the Surfer software and the format is:
X-coordinate Y-coordinate Point name

-nu This command produces a file that can be used with the Surfer software to plot
the lines that were not used (as specified by –xp and –xl). The output format of
the file is of the Golden Software Blanking file format and the filename specified
is given the ending .bln. The file can be used with the Surfer software.

-no This command is special for this application. It produces two files, netos.bln and
netrh.bln that can be used to draw a map of which distances that were measured
by the Science Institute and the National Energy Authority 1984. The format is as
above.

After the eventual usage of these commands the header information and input data files is
specified in the same way as for the program linesort. However, to calculate distances
from a second GPS data set the desired header keywords to set and input data files is
given after the last input data file specification for the first data set. Distances specified
not to be calculated with the first dataset will not be calculated with the second.

The data in the input file should be listed in columns keeping following information:

Point | X(m) | σX | Y(m) | σY | Z(m) | σZ | lat(°) | σlat | long(°) | σlong | meas |year
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where X, Y and Z are geocentric coordinates. If the uncertainties are unknown they can
be set to 1. Westerly longitudes have to be negative.The order of the points in the input
files does not matter.

The program gpstoline reads the GPS data and calculates the distances in the way that is
being discussed in the end of section 4.3.2. The X, Y and Z- coordinates are used for the
distance calculations and the latitudes and the longitudes  are used to calculate the
azimuth of the lines between the different points. When finished eventual distance data
that was read into the program in the beginning will be written first to stdout followed by
the calculated distances from the GPS data.
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Appendix J
Usage of tricalc and strcalc

Usage of tricalc:

tricalc nseq

nseq specifies the sequential number of points to be used when forming the triangles that
will be used for calculating midpoint distances. If the number of points in the network is
6 and nseq is specified to be 4 the following triangles will be formed:

1-2-3 1-2-4 2-3-4 2-3-5 3-4-5 3-4-6
4-5-6

The program reads distance data from stdin, datasets from one or two different years,
calculates the midpoint distances in the specified triangles and writes the original distance
data and the results to stdout.

Usage of strcalc:

strcalc year [filename]

This program reads the distance data from the two different years, loops through the data
and calculates the strain for each distance according to equation (1). The azimuth of each
line between the points in the network is needed in the succeeding programs; year
specifies if the azimuth is to be taken from year 1 or year 2. If the first dataset consists of
measured distances not calculated from GPS positions, the azimuth is automatically taken
from the second dataset. A combined header from the two years is written to stdout
followed by the calculated strains. If filename is given the program will output six files,
filename_c.bln and filename_e.bln, filename_csi.bln, filename_cnsi.bln, filename_esi.bln
and filename_ensi.bln . The first two files can be used to draw a map over distances that
have become shorter (_c.bln) and distances that have been longer (_e.bln) between the
two measurements. The other files separates distances with significant (_esi.bln &
_csi.bln) and nonsignificant strains (_ensi.bln and _cnsi.bln), both for shortening (_c) and
lengthening (_e).
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Appendix K
Usage of 3lcalc

3lcalc [ot] [3l]

The program solves equation (16) for ε1, ε2 and θm out of normal strains measured in
three directions. If neither ot or 3l is given the program takes all the possible
combinations of strain in three directions for each point in the network and solves the
equation system formed. However, if midpoint strains have been calculated and ot is
given, ε1, ε2 and θm are only solved for from theses strains. If 3l is given the program only
uses points where the strain is known in only three directions thus preventing the output
of a large amount of solutions for the other points in the network. For these points it is
better to use a least squares fit to equation (16) using the strains in all directions for each
point.

The program produces two different types of output. On stdout the traditional header
block is written followed by the results of the estimation of ε1, ε2 and θm. The program
also calculates the appearance of the uniform strain field  according to equation (16) for
each determination of ε1, ε2 and θm using azimuths between 0 and 180 degrees with an
interval of 5 degrees.

If ot is specified the results of this is output in files called midpAA.pnt,
midpAB.pnt,.....midpAZ.pnt, ...midpBA.pnt,... and so on. On stderr will be written a list
specifying which points in the network that corresponds to which midpfile.

When 3l is specified the results is output in files with names as 8420AA.pnt, 3080AA.pnt
and so on. If neither 3l or ol is given each combination of strains in three directions for a
point will produce a similar output file. These will have names like 8420AA.pnt,
8420AB.pnt....8420CB.pnt and so on.
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Appendix L
Usage of lsqrw

lsqrw [-a] [-i] [-f filename N] maxI ε1 ε2 θm [1] [2] [3]

-a use all of the measured strains, to estimate the ε1, ε2 and θm for the uniform
strainfield that best fits all of the data.

-i to ignore weighting by the uncertainy given for each measured strain. Instead this
weight is set to one.

-f specify a file which contains N initial guesses of ε1, ε2 and θm for the points in the
network. The format of the file is:
point guess ε1 guess ε2 guess θm p1 p2 p3
8420      3     -3    135 1 1 1
Setting p1, p2 and p3 to 1 all of the parameters ε1, ε2 and θm will be changed in the
iteration process to find the best estimates. If one of the p1, p2 or p3 has another
value than 1 that parameter will be kept constant at the value of the initial guess
during the iterations.

maxI The maximum number of iterations to perform in case the fit does not converge
for a point.

ε1, ε2 and θm A general guess of the parameters to use for the points in the network if a
specific guess is not available in the guessfile or if there is no guess file at all.

1, 2 and/or 3 Controls if some of the general parameters should be kept constant.
Leaving 1, 2 or 3 out keeps ε1, ε2 or θm constant in the iterations. In short, to
estimate the best fitting parameters just give 1 2 3 on the command line. However
at least two parameters must be allowed to vary in the iterations.

lsqrw works in the way that the programs reads the data from stdin. If a fit of equation
(16) should be made for all of the data all of the measured strains are used in one fit. If
not a fit is made for each point where the strain is known in more than three directions.
Status information concerning the progress of the fit is written to stderr for each point. As
for 3lcalc the appearance of the strain field for azimuths between 0 and 180 degrees are
also calculated with the estimated parameters. The result for each point is stored in with
filenames 8420.pnt, 3080.pnt and so on.
On stdout the original header is written followed by the estimates of ε1, ε2 and θm for
each point and the matrices corresponding to the best fit.
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Appendix M
Usage of modplate

modplate [-su][-p][-s filename][-n filename] V D lat

-su subtract the estimated strain field caused by the plate boundary from the measured
field. If –su is not given the calculated strain from the plate boundary will replace
the measured strain for each point.

-p Output the appearance of the plate boundary strain field according to equation
(16) for each point of the network and with azimuths varying between 0 and 180
degrees, 5 degrees interval.

-s produce a file that can be used directly by the Surfer software to draw a map of
the calculated plate boundary strain field. For the format of this file see the
description for the program btoasc.

-n output files showing distances being shortened and lengthened (_c.bln & _e.bln)
either for the plate boundary strain field or for the calculated residual strain field.

V The relative velocity between the two plates, in cm/year.
D The locking depth of the boundary, in km.
lat The plate boundary latitude

The program modplate calculates the strains caused by transform plate boundary with an
east-west strike, a relative plate velocity V, locking depth D and a boundary latitude lat;
parameters that are all given by the user. By using equation (20) the value of the shear
strain εxy can be calculated for all points in the network. For the normal strain between
the points in the network the net shear strain is determined for each pair of points and
equation (21) is then used to calculate the normal strain for each line in the network. This
strain can be considered as a background field and can be subtracted form the measured
value to create a residual field. If this is not done the plate boundary derived strain
replaces the original data before it is written to stdout.
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Appendix N
Usage of btoasc

btoasc line/strain/pstrain [full]/lsq [full] [-s filename]

One of the commands line, strain, pstrain or lsq has to be given.

line the data to be printed consists of distances between points in the network
strain the data consists of strains between points in the network
pstrain the data consists of results from the program 3lcalc.
lsq the data consists of results from the program lsqrw.

full the command can be use to print more detailed information about the
results from 3lcalc and lsqrw. If not used the estimated values of ε1, ε2 and
θm will be written in the form of a table.

-s Saves the data in a file in a format that can be used with the program
Surfer to draw a map of the estimated strain field for the network.

After specification of the type of input data the program reads the output from all of the
other programs and prints the data in a readable form on stderr.

The format of the file that can be used by the program Surfer to draw a strain field map is
this:

Column 1: Point name.
Column 2: Type of strain field determination: lsq/3l/midp.
Column 3: Absolute value of ε1.
Column 4: Symbol type for ε1.
Column 5: Absolute value of ε2.
Column 6: Symbol type for ε2.
Column 7: Symbol angle for ε1.
Column 8: Symbol angle for ε2.
Column 9: X-coordinate for point in the Lambert projection used for Iceland.
Column 10: Y-coordinate for point in the Lambert projection used for Iceland.
Column 11: Symbol type for the type of strain field determination.
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Appendix O
Fault parameters for a fault model of South Iceland Seismic Zone

Fault
no.

X-
origin
(km)

Y-
Origin
(km)

Depth
D

(km)

Strike
from
north

(°)

Dip
(°)

Length
(km)

Width
(km)

Leftlateral
slip (cm)

Reverse
slip
(cm)

Opening
(cm)

1 -605.9 384.3 15 10 60 10 14 -10.0 0 0
2 -609.3 387.0 1 350 320 2.7 2 27.0 0 0
3 -613.5 379 15 0 90 2.7 14 0 0 -20.0
4 -613.5 384 10 0 90 3 8 0 0 20.0
5 -614.0 389.2 5 10 45 2.7 3 0 0 -15.0
6 -615.0 387.0 15 0 90 3 14 -12.0 0 0
7 -615.5 393.0 5 0 45 3 4 -20.0 0 0
8 -617.8 389.8 5 30 45 3.8 4 0 0 10.0
9 -619.4 393.3 1 340 315 2 2 15.0 0 0
10 -620.0 392.5 3 0 45 2 2 -11.0 0 0
11 -620.4 382.1 1 0 315 3.5 4 15.0 0 0
12 -621.0 386.8 1 10 315 2 2 18.0 0 0
13 -624.7 399.1 5 40 90 3.9 3 5.0 0 0
14 -626.0 397.8 5 10 90 4.9 4 5.0 0 0
15 -627.6 380.5 5 0 315 3.3 3 17.0 0 0
16 -627.9 386 5 0 90 6.5 4 -5.0 0 0
17 -631.0 383.5 6 0 90 3.3 4 7.0 0 0
18 -635.0 382.5 6 0 90 3.3 5 0 0 -15.0
19 -638.4 385.1 6 0 90 3.3 5 -15.0 0 0
20 -640.6 387.0 6 25 90 4 4 -15.0 0 0
21 -641.0 397.2 4 10 90 2 3 0 0 -10.0
22 -648.2 386.4 6 25 90 5 5 -15.0 0 0
23 -662.5 393.0 6 25 90 5 4 -15.0 0 0
24 -669.5 385.5 6 0 90 5 4 -15.0 0 0


