
,

VeOurstofa Islands
Report

Ragnar Stefånsson, Reynir BoOvarsson, Stuart
Crampin, Frank Roth, Kurt L. Feigl, Agust
GuOmundsson, Maurizio Bonafede, Freysteinn
Sigmundsson, Franc;oise Bergerat

Earthquake-prediction research in
a naturallaboratory -Two
An EC proposal

VI-G97001-JA01
Reykjavik
January 1997



PRENLAB 2

January 16, 1997



Contents

1 Objectives 4
1.1 Main issues involved . . . . . . . . . . . . . . . . . . . . 4
1.2 The test area . . . . . . . . . . . . . . . . . . . . . . . . 4
1.3 Available facilities for monitoring, eva!uation and alerts 7
1.4 The state of earthquake predietion research in Iceland . 8

1.4.1 Using microearthquakes for monitoring the earthquake zones 8
1.4.2 Active deformation . . . . . . . . . . . . . . . . . . . . . . . . 10
1.4.3 Borehole measmements to study fluid-rock interaction . . . . 12
1.4.4 Studies of seismogenic faults and fault populations as exposed on

the surface 13
1.4.5 Theoretical modelling . . . . . . . . . . . . 13

1.5 Measmeable objectives 13
1.5.1 Where will a destructive earthquake occur? 14
1.5.2 What ground motions are to be expected? . 14
1.5.3 When will a large earthquake oceur? 15
1.5.4 Stress map of Ieeland 15
1.5.5 Exporting the technology developed in the Ieeland NaturaI Labo-

ratory . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15
l.G Innovations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16
1.7 How the proposal complies with the 1994-1998 workprogramme . 16

2 Work content 18
2.1 Subproject l: Monitoring crustal processes for reducing seismic risk ... 18

2.1.1 Task l: Database development and service for other scientists. .. 18
2.1.2 Task 2: Improving the basis for alerts, warnings and hazard assess-

ments . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 19
2.1.3 Task 3: Modelling of near-field ground motions in catastrophic

earthquakes in Iceland . . . . . . . . . . . . . . . . . . . . . . . .. 19
2.1.4 Task 4: Mobile stations for shear-wave splitting monitoring. . .. 20
2.1.5 Task 5: Extending the alert system functions by real-time research 20
2.l.G Task 6: Prepering the SIL system and the alert system for use in

other risk areas . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 20
2.2 Subproject 2: Applying new methods using microearthquakes for moni­

tOl'ing crustal instability . . . . . . . . . . . . . . . . . . . . . . . . . . .. 21
2.2.1 Task l: Investigation and monitoringofstable/unstable fanlt move-

ments . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 21
2.2.2 Task 2: Statistical and adaptive analysis of space/time distribution

of microearthquakes . .. 22

l



CONTENTS

2.2.3 Task 3: Tnvestigation of variations of relative erustal veloeities .. 22
2.2.4 Task 4: Tmplementation of these new methods in other Emopean

Union eountries with high seismie risk . . . . . . . . . . . . . . .. 22
2.3 Subprojeet 3: Shear-wave splitting to monitor in situ stress ehanges before

earthquakes and eruptions 23
2.3.1 Objeetives.......................... 23
2.3.2 State-of-the-art . . . . . . . . . . . . . . . . . . . . . . 23
2.3.3 Task l: Cont.inuous monitoring of shear-wave splitting. 24
2.3.4 Task 2: Analysis of shear-wave splitting measurements 24
2.3.5 Task 3: Establishment of a shear-wave splitting map of all seismie

stations in the whole of Tceland . . . . . . . . . . . . . . . . . . .. 24
2.3.6 Task 4: Calibrate techniques and erustal behaviour where known

changes occur . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 24
2.3.7 Task 5: Tncorporate shear-wave splitting interpretations into rou-

tine analysis. . . . . . . . . . . . . . . . . . . . . . . . 25
2.4 Subproject 4: Borehole monitoring of fluid-rock interaction . 25

2.4.1 Objectives......................... 25
2.4.2 Logging equipment . . . . . . . . . . . . . . . . . . . . 26
2.4.3 Task l: Logging campaigns in months 3, 5, and 7 of the projed . 27
2.4.4 Task 2: Cross correlation of logs from different cam paigns and

~Iiffloainp TI
2.4.5 Task 3: Comparison of changes in logs of different type 27
2.4.6 Task 4: Comparison of changes in logs with changes in seismicity,

fault plane solutions, shear-wave splitting, gravity, borehole strain
meter readings, crustal deformation, etc. . . . . . . . . . . . . . .. 27

2.4.7 Task 5: Forward modelling of efl'ects of pumping hot water from a
neighbouring wel1. . . . . . . . . . . . . . . . . . . . . . . . . . .. 27

2.4.8 Task 6: Forward modelling of e!fects of stress inCl'ease on rock
around the borehole

27
2.5 Subprojed 5: Active deformation cletermined from GPS and SAR 28

2.5.1 Objectives............................ 28
2.5.2 Research tasks . . . . . . . . . . . . . . . . . . . . . . . . . 28

2.6 Subproject 6: Effects of stress fields and crustal f1uids on the development
and sealing of seismogenic faults 29
2.6.1 Objectives........ 29
2.6.2 State-of-the-art . . . . . 30
2.6.3 Task l: The stress field . 30
2.6.4 Task 2: Field, analyLical and numerical studies of the seismogenic

faults 31
2.6.5 Task 3: Crustal f1uids and sealing of seismogenic faults. . . . . .. 31

2.7 Subproject 7: Theoretical analysis of faulting and earthquake proeesses . 32
2.7.1 Ridge-fault interaction in Iceland employing global viscoelastic earth

modeIs. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 32
2.7.2 Modelling the earthquake relatecl space-time behaviouj' of the stress

field in the fault system of southern Tceland . . . . . . . . . . . .. 34

3 Project milestones and deliverables
3.1 Reseal'ch program milestones
3.2 Contractor/project reviewing worhhops

2

36
36
36



CONTENTS

3.3 Reports to the European Commission .
3A Publications in peer-reviewed journals

36
36

4 Benefits 38

5 Economic and soeial impacts 40

6 Project management structure 41

7 The partnership 44
7.1 Subproject I: Monitoring crustal processes for reducing seismic risk 44

7.1.1 Department of Geophysics, Ice!andic Meteoro!ogical Office. . 44
7.1.2 Icelandic Energy Authority (IEA) 49

7.2 Subproject 2: Applying new methods using microearthquakes for moni-
toring crustal instability . . . . . . . . . . . . . . . . . 51
7.2.1 Department of Geophysics, Uppsala University 51
7.2.2 Icelandic Energy Authority . . . . . . . . . . . 53
7.2.3 Seismological Laboratory, Uni\'ersity of Patras 54

7.3 Subproject 3: Shear-wave splitting to monitor in situ stress changes befOI'e
earthquakes and eruptions . . . . . . . . . . . . . . . . . . . . . . . . .. 56
7.3.1 Department of Geology and Geophysics, University of Edinburgh 56

7.4 Subproject 4: Borehole monitoring of fluid-rock interaction 58
7.4.1 GeoForschungsZentrum (GFZ), Potsdam . . . . . . . . . . . 58
7.4.2 Icelandic Energy Authority . . . . . . . . . . . . . . . . . . 60

7.5 Subproject 5: Active deformation determined from GPS and SAR 62
7.5.1 Centre National de la Recherche Scientifique (CNRS) 63
7.5.2 Nordic Vo1canological Institute (NVI) . 64
7.5.3 Onsala Space Observatory (OSa). . . . . . . . . . . . 65
7.5.4 Science Institute, University of Iceland . . . . . . . . . 67

7.6 Subproject 6: Effects of stress fields and crusta! f1uids on the development
and sealing of seismogenic faults 69
7.6.1 Nordic Vo1cano!ogica! Institute . . . . . . . . . . . . . . . . . . .. 69
7.6.2 Laboratorie de Tectonique Quantitative, Universite Pierre et Marie

Curie, CNRS . . . . . . . . . . . . . . . . . . . . . . . . . . . . 70
7.6.3 Universite de Savoie . . . . . . . . . . . . . . . . . . . . . . . .. 72
7.6.4 Department of Geologica! Sciences, University College, London. 73

7.7 Subproject 7: Theoretical analysis of faulting and earthquake proeesses 75
7.7.1 Department of Physics, University of Bologna. 75
7.7.2 GeoForschungsZentrum, Potsdam . . . . . . . . 76

8 Financial information 77

9 Exploitation plans 79

100ngoing projects and previous proposals 80

References 81

Annex: Breakdown of costs for each partner 85

3



Chapter l

Objectives

1.1 Main issues involved

The basic objective of the present proposal is to provide knowledge about earthquakes
and related earth processes which can be a basis for reducing seismic risk. This project
is proposed in order to respond to the increasing requests from society, engineers, city
planners and rescue teams for improved knowledge on where a destructive earthquakc
is likely to take place, how large it will be and when it is Iikely to occm. Where are
the hidden faults that might move in the next big earthquake, and how will the ground
motion be in the area c10se to the epicenter? Is c1ustered microearthquake earthquake
activity a sign of stress buildup or a sign of ongoing a.~cismic stress release? Is the absence
of earthquakes for a long period of time a sign of aseismic motion or a steady buildup
of strain which might be released in a large earthquake? Can stable buildup of stress
over a large area on the time scale of days to years be monitored for assessing increased
probability of earthquake in specific areas? Is it possible to discover the nuc!eation stage
in the near-field of a large earthquake, i.e. from precursory microearthquakes or from
other measureable changes? These are the direet questions which we will try to answer in
this project by studying the physical processes involved in or related to large earthquakes.

The questions above are partly answered by the usual seismic hazard assessment,
which is based on historical information and on conventional seismic catalogue infor­
mation, in addition to general understanding of the associated tectonics. Such hazard
assessment is available in many countries. We have now come to the state that much
more cannot be squeezed out of the historical and catalogue data, without a much better
understanding of the physical processes involved in earthquakes.

Development of science and technology during the last decades makes it possible to
study earthquake proeesses better than has been possible before. For this a multidisci­
plinary approach it is necessary to involve state~of-the-art technology and science in the
fields of seismology and tectonics (Figure 1). In this project we plan such a concerted
action, centralizing in, as many name it, "Iceland Geophysical Laboratory" .

1.2 The test area

The seismic zones and rift zones of the Iceland plate boundary are the test area of the
project (Figme 2). Shallow destructive earthquakes reaching magnitudc 7 occm every
centmy in the transform zones in southern and northern Iceland. Both of these areas
are among the most densely populated in Iceland and there the population is exposed to
considerable earthquake risk. Furthermore, the Iceland plate boundary provides an ex­
cellent test area for increasing our understand ing of earthquakc processes, understanding
which can be useful anywherc.

There are severaI conditions in Iceland which make it an excellent laboratory for
earthquake prediction research.

• The teetonics of Iceland provides changes of stress conditions on a short and a long
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Figure 2: The availablc 3 comlJOnent d'ig'ital earihqnake monitoring in Ice/and, The Mid­

il tlanlic Ridge goes /h1'On.!Jh Ice/rl7ld fmm lhe Reykjanes Ridge a/ang Ihe Sonth Ice/and
seismic zone (SISZ), lhe "ifl zones lo the Tjo""es fmctnTe zone (TFZ) in lhe n01·tI" The
masi destTUclive eaTihqnlLkes occ",· in lhe l""nsfon,. zones, SISZ ",ul TFZ. The outlines
of lhe Ice/lLnd mantle plnme al depOt, aTe shown in pnTple, The Icc/and Holspot P1'Oject
slations aTe opcTa/ed rl1l1"ing 10996-109098, Olher slalions aTe llermrmeni, Same otheT
se'ismolo!/ical and hydrological manilaring slations are opemted loa.

time seale. This is relatcd to intrusive activity in the rifts, especially above the
leeland mantle plume. On the basis of historieal evidence, c1ustering of activity in
lim(' over large distances is indicateci: and has been defined as slrain waves (strain
transients) or strain episodes. These are large events. Recent stndies indicate
that sneh changes ean be lTIonitored alld OCCll!' lTIuch more frequenl.ly than the
large historieal evellts. Along the Icelalld plate boundary all types of faults can
be fonnd, strike-slip wnes, normal fanlting zoncs, even areas where thrust faulting
eall occur.

• The pOOl' "egetation ill large parts of Techlnd, and the lack of thiek sediments make
the carth proeesses Oil geological time scale visible in exposed fanlts, fissures and
dykes which reveal the proeesses that h'"'8 been active, and the interplay between
paleostresses and raulting. For the S<:\IIH' reason currenl defonnation and fault
IIIOV(~I1IClltS can be more easily I1lcasllred than ill most. ut he!' areas.
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• The state of knowledge in science and technology makes it possible to study earth­
quake processes in much more detail than was possible only a decade ago. This is
especially true in Iceland, with its high quality facilities for acquisitioll and analysis
of microearthquake processes and activity, as well as facilities for monitoring severai
types of slow changes, inc1uding active deformatioll, by GPS and SAR monitoring.
The leve! of geophysical research is high in Iceland, with much international par­
ticipation. Among significant international research projects which create a basis
for this project are the SIL project of the Nordic countries (1988-1995), and the
PRENLAB project which is an EC Environment and Climate project that started
on March 1, 199G. The present proposal is a continuation of PRENLAB. SeveraI
ongoing international research projects for studying crustal/upper mantle strueture
of Iceland and its surroundings are also a signifieant base for this project.

1.3 A vailable facilities for monitoring, evaluation and alerts

The microearthquake SIL network operated in Iceland provides detailed results of au­
tomatie analysis. In semi real-time it provides information on hypoeenters, fault plane
solutions, moment magnitudes, and severaI other source related parameters. As it is
automatic, such information is available from very small earthquakes, down to magni­
tude O in some areas, and thus providing a semi-continuous row of information, wlueh
if eorrectly interpreted, express fault movements and the state of stress near the plate
boundary.

The network consists of 33, 3-component short period and broad band seismic stations
along the plate boundary (Figure 2). The GPS clocks used and the way the digitization
and time stamping is performed at the site stations, guarantees l ms time accuracy of
the wavefonn data, which is essential for microearthquake studies. The eommunication
between the site stations and the center is tlu·ough the X.25 link of the commercial tele­
phone system. This secures stable operation of the network and semi real-time evaluation
of data which makes the system capable of serving as a warning system.

An alert system operates as a part of the SIL network. It provides basically two
kinds of alerts, center alerts and station alerts. The center alert warns within a few
minutes jf some features of seismicity reach predefined levels within any of 30 defined
alert regions. The site station alert warns within seconds if large signals or large and
stationary oscillatory motion is detected. The purpose of the alerts is to activate the
seismologists in the initial state of seismic or vo1canic hazard.

A system of 7 volumetric borehole strainmeters is operated in and near to the South
Iceland seismic zone (SIS2) (Figure 2). The digital data are radiotransmitted, and eval­
uated and stored at the SIL center. The same is valid for 2 continuously monitoring
gravimeters (Figme 2). Thermometers with meC accuracy are operated with the strain­
meters, expected to measure temperature changes because of changes in ground water
flow.

GPS measurements and other surface deformation measurements are a part of the
available monitoring system, as well as SAR. measurements that are already performed.
Continuous GPS measmements are being initiated at 3 of the SIL system stations.

From 199G-1998, 30 broad-band seismic stations will be operated in Iceland, collecting
digital data as a part of the international Tceland Rotspot Project (Figure 2). This
is a significant addition to the SIL network, which is mainly operated near the plate
boundary and near the zones of large earthquakes. The temporary Rotspot stations are

7
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complementary to the SIL network in providing seismic data which are collecLed evenly
from the whole country during this period of time. The Hotspot Project is mainly aiming
at finding the structure of the deep roots of Iceland. However, the data will be merged
with the SIL data to find a more detail ed characteristics of the prevailing stresses in the
whole of Tceland, i.e. also outside the most active seismic zones.

A program for radon monitoring in geothermal wells was operated in the seismic
zones during 1977-1994. Very significant data from this monitoring are available. A new
radon program is now in its initial state as a part of the PRENLAB project. Data on
water level and pressure changes in boreholes in the SISZ, collected by various Icelandic
institutions, are also available for the project.

1.4 The state of earthquake predietion research III Iceland

The state and the tasks of the ongoing PRENLAB project are a measure of the scientific
level of earthquake prediction research in Icelancl. As the project proposed here is a
clirect continuation of the PRENLAB we will describe shortly the state of the PRENLAB
project.

1.4.1 Using microearthquakes for monitoring the earthquake zones

A very significant basis for the proposed project is the ability of the SIL center in Iceland
to use microearthquakes to monitor the stresses and movements in the earthquake area.

A database is under construction for an easy access for the scientists concerned. Tt
contains hypoceuters, fault plane solutions, moment magnitudes and severaI other source
related parameters, based on monitoring from the SIL network. The number of recorded
and evaluated earthquakes Sillee 1991 is around GO.OOO. The database also contains
information on alerts and alert leveIs. All the SIL seismic stations have also a real­
time filter and information in spectral ranges which may be characteristic for endogen
noise. The database will gradually also contain comparable information from a temporary
network of the 30 broad-band stations which are operated in Iceland during 1996-1998.
Local seismicity measured by this temporary network will go throngh the same evaluation
procedures as the SIL data 1171. The database also contains older seismological data and
historica! earthquake data, data from volumetric strainmeters and some other data on
monitoring of slow changes 114, 41. Significant parts of the database are accessible now,
and the plan is to finalize it as concerns all basic information during the PRENLAB
projeet whieh enels in February 1998.

·With multievent analysis based on cross-correlation of similar signals it is possible
within the SIL mieroearthquake system to locate earthquakes with relative aecuracy of
10 or a few tens of meters. This together with fault plane solutions whieh are carried
out on routine basis, based on speetraI amplitudes, opens the possibility of detailed
mapping of faults and of fault motions. Detailecl mapping of active faults using seismie
microearthquake data is eurrelltly carried out within the PRENLAB project at some
sites (Figure 3) of the plate boundary and is being compared with other features, sueh
as surface faults and paleostresses 12, 27, 261·

Pre- and postseismie signals as well as coseismic offsets on the volumetric strainmeters
aBsociated with a 5.8 magnitude earthquake and its fore- and aftershocks, oeenrring ill
1987 at the eastem end of the SISZ, has recentl.\" been modelled as strike-slip earthquake
motion conneeted with fluid intrusion into the fault (Figure 4). This result may have
general relevanee for modelling the large earthquakes of the SISZ 131.
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Figure 4: Occurrence of fore- and aftershocks and strain changes at the magnitude 5.8
Vatnafjiill earthquake, May 1987. Time is in hoUl·s wh'ith reference to the time of the
ma·inshoek. The mainshoek is denoted by a yel/ow star, the foreshoeks by red eiTeles and
afteshocks by g,·een and blue eireles. The vertical axis on the left is magnitude. The strain
Tecord is from the bore/LOle strainmeter at station BUR, loeated 20 km from the epicenter
of the main shoek. Units are in nanostrain on the right and expansion is up in the
figure. About 2 1/2 hours before the mainshoek, at the same time as the first foreshocks
occm·, an expansion is obseTved, whieh continues with increased speed immediately after
the mainshock. The mainshock is shown by contraetion at this station {3f.

the S\VS signal (Figure 5). These results are of a great significance, both as concerns the
possibility of using SWS for monitoring stress changes and thus for predicting increased
probability for earthquake occurrence, but also as concerns the significance of fluid rock
interaction in modelling active stresses, and to explain how small stress changes seemingJy
can be transmitted over long distances Fl.

Inversion of microearthquake information, multievent hypocenter determinations and
fault plane solutions are used for inversion for obtaining regional stre% tensor. Software
for rock stress tensor inversion based solelyon microearthquake information is under
construction. Work is cmrently going on for stress tensor inversion by this method in
some areas 118, 291.

1.4.2 Active deformation

A SAR. interferometry study of the R.eykjanes Peninsula has provided new results on
plate spreading, dming a period of time with no significant earthquakcs (Figurc 6). Most
significant result of this study is that it demonstrated that the SAR. techniquc can be
applied to monitor long-term strain buildup due to plate movements, and the technique
is well suited to monitor crustal deformation in Iceland 1361.

10
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Figure 5: Variation of sheaT-wave splitting at SIL station SA U showing angular di!TeT­
ences fOT 137 days from May 1, 1996. Polar equal-area maps of (a) polarizations, with
rose diagram indicating average d'irection, and (b) normalized time-delays. (c) VaTiation
with time of time-delays normalized to ms/km. Open circles (and dashed line) are time­
delays for ray pat/Is within the bands with incidence ±(O° - 15°) to the crack face (which
aTe sensitive to cmck density), and solid circles (and solid line) are time-delays for my
paths within the bands with incidence ±(15° - 35°) to the cmck face (which aTe sensitive
to aspeet-mtio). The arrow marks the anset of the eruption on SeptembeT 30, 1996 /7f.
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Figure G: SA R study of the Reykjanes Peninsula, South- West lee/and. Interferograms
eovering 0.83 years (A), 2.29 years (B), and 3.12 years (C), and made/ interferogram
showing best-jit si1lwlated 2.2g-year deformation (D). Time-progressive fringes appearing
eonsistently in the 'inte7jemgrams are indieative aj erustal defonnation. Phases eoded
into bytes (8 bds) are represented with a false colour tab/e. A complete col01l7' eyde,
for example from blue to b/ue, represents ane complete fringe; a 28-mm change in range
in the case of ERS. Coneentric fringes a", located at the Reykjanes central volcano and
manifest a time-pmgressive increase in range to the sate/lite. The clwnge in range is
large.,t in the 3. 12-year interjerogram (C), where it is ~1. 5 j7-inges. An inCTease in range
along the whole plate boundary, indicative of spread'ing, is visible as a central fringe in
the 2.2g-yea7· (B) and 3. 12-yea7" (C) interfemgrams /36J.

GPS geodesy is also carried out in the PRENLAB project. Continuous GPS recording
is being initiated at three SIL seismie stations in the SISZ. Older GPS data as well as
geodetic measurements have been used to shed light on persistent seismie activity at the
Hengill triple junction in South-West Iceland 131].

1.4.3 Borehole measurements to study fluid-rock interaction

Borehole measurements to reveal geoparameters and ehanges in these, related to buildup
and release of stresses, have been earried out at twa oeeasions in an 1100 m deep hole in
the SISZ. Proeessing of these data has begun. The information from these measurements
have mueh signifieanee for the modelling work. The inferred lags will be eompared with
data on seismieity, anisotropy (SWS), crusta! deformation, gravity, etc. 1281.

12
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1.4.4 Studies of seismogenic faults and fault populations as exposed on
the surface

Stullies of open fissures, faults and dykes have for a long time been the main source
of information on the tectonics of Iceland Ill, 13, 121. During the PRENLAB period
mueh work is being earried out by field studies as well as by analytieal/numerical studies
within the main earthquake zones of Iceland with the objeetive of advancing the general
understanding of the evolution of these zones and of the associated seismogenic faults.

A very signifieant result whieh already has been reported is based on inversion for
stress tensor from SIL data, combined with paleostress study, at a site within the SISZ.
It indieates ehanges of loeal stress direetions with time 121. This is of a great interest.
Indieation of sueh ehanges in Iceland have been reported before Ill, 341.

1.4.5 TheoreticaI modelling

Theoretieal modeling is earried out with the aim to explain observations of deformation
and faulting proeesses. Severai studies have shown that the seismicity in Iceland is related
to the activity of the Mid-Atlantie ridge. In this interaction a major ro le is played by
the enhaneed rheologieal properties of a shallow asthenospherie layer, whieh coneentrates
deviatoric stress transients inside the elastie lithosphere, making it possible to transmit
signifieant deformations to large distanees, in the post-seismie phase. Following the
general seheme proposed by 125, 241, theoretical studies have defined the importance
of earth's spherieity, rheologieal stratifieation and self-gravitation in modelling strike­
slip earthquakes and ridge spreading transients. After finalizing this modelling to the
teetonie environment of Iceland, the objeetive should be reaehed of understanding in
whieh way plume dynamies may aet to trigger major strike-slip earthquakes in the SISZ.
Steps will be taken in modell ing the spaee/time behaviour of the stress field in the fauJt
system of southern Iceland. In reports on the modelling work a res ult has already been
reported whieh is signifieant for interpretation of fault systems. It is about modelling of
observations of tension gashes on the surface following an earthquake with the aim to
infer the stress field producing the earthquake. It is eoncluded that the presenee of open
fissures striking a fell' degrees away from the fault strike can be used to draw conclusions
about the orientation and intensity of the regional stress field and fault movements at
depth.

1.5 Measureable objectives

Any earthquake predietion projeet should try to answer the questions "where", "how"
and "when" a destruetive earthquake motion \Vill take plaee. In this case "where" means
within a few kilometers, "how" applies to how the earthquake rupture takes plaee and
what will be the effeets at various sites, espeeially near the source, and "when" means a
useful short-tenn warning time, i.e. down to days or hours. In the present proposal we
try to answer these questions, or to test if sueh an answer is possible in different cases.
The approaeh is multidiseiplinary, making use of advaneed technology and researeh in
the fields of seismology and tectonies and modelling of the dynamies of the proeesses at
and near the faults.

Using sueh a physieal approaeh all the 3 questions above beeome aeeessible. The
answers are partiy being dealt with in the ongoing PRENLAB projeet. The PR.ENLAB
projeet is mueh eoneentrated on methodology for deteeting and monitoring active tee-
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tonies. The present proposal is a eontinuation of PRENLAB, but it concentrates more
on using the new understanding of aetive teetonies to develop technology for redueing
seismie risk. This is expressed in the tasks undertaken in various subprojeets in the next
ehapter. Below is a short deseription of the com mon products aimed at ill the terms
Hwhere", "how" and "when ll

.

1.5.1 Where will a destructive earthquake occur?

A basis for answering this is a detailed mapping and modell ing of faults and fault 1'01'­

ulations resulting from large historieal earthquakes with geologieal methods, as well as
a detailed and aecumte mapping of aetive subsurfaee faults by seismological methods,
whieh also provide the direetion and size of individual fault slips. On basis of this the
loeal rock stress tensor is monitored as well as interaction between closely spaced faults.
Stress and strain ehanges are monitored by seismologieal methods like S\~S, seismicity,
multievent stress inversion of fault plane solutions, as well as by strainmeters, GPS mon­
itoring and SAR monitoring. Borehole measurements and seismie measurernents provide
rheological parameters necessaryas a basis for modelling the dynamies of the seismie
arcas.

All this basic work has started and signifieant results are already available within
PRENLAB for some areas. These results will be used in the present proposal to estimate
in a detail ed way where aseismie or stable strain release prevails, and where stress is built
up, which can release large earthquakes, and also to estimate where observed aseismie
motion can lead to buildup of large stresses in adjaeent areas.

1.5.2 What ground motions are to be expected?

Bow will ground motions caused by large earthquakes alfeet dilrerent sites, espeeially in
the ncar-field of speeifie earthquakes?

The first question is what is the likely rupture proeess at specifie earthquake sites.
A signifieant basis for shedding light on this is an available, detailed information on
destruetion, and on surface faults in some of the historieal earthqllakes. This is the most
signifieant basis for the existing hazard assessment in Ieeland. vVhen combined with the
knowledge aequired in the present predietion project about aetive faults and dynamies
of fault proeesses, this historieal information can be liSed to incrcase our understanding
for earthquake proeesses at individual f"ults.

The second question is wlmt is the si te speeifie efreet on the ground motion. Surface
sediments are rare and thin in Ieeland. Most buildings are based on bedrock or on
lavas. A very signifieant site speeific elreet in Ieeland is the proximity of buildings to
faults, not onl)' the faults whieh are a part of the earthquake faulting proeess, but also
faults and fissures not direetly involved. Another significant si te speeifie elreet is the
struetural inhomogeneity in the erust. A 3-D velocit)' strueture tomography is under
wa)' in the ongoing PR.ENLAB projeet. Special geologieal mapping of crustal material
and of fissures exposed on the surface, whieh are available for same eommunities within
the seismie zones, add to the knowledge of site speeific effeets as well as seismie mapping
of interior faults and surface amplifieation observed in minor earthquakes.

On the basis of likel)' rupture proeess and site speeifie effeets, attempt will be made
to ereate a d)'namieall)' realistie model to expiain the damage and fissures observed in
2-3 of the best doeumellted magnitude 7 earthquakes in the SISZ, with the purpose of
using this model to prediet likel)' efreet of future earthquakes in the area, in the terms of
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aeeeleration, veloeity and displacement.

1.5.3 When will a large earthquake occur?

This is usually considered the most difficult part of prediction, and any gains are therefore
of enormOllS significance.

For lang-tenn prediction, this question is related to 1.5.1, that is \Vhere inside, for
example the SISZ \Vill the next large earthquake occur. Also within the ongoing PR.EN­
LAB project work has started to model the earthquake related space-time behaviour of
the stress field in the fault system of southem Iceland. This work is based on results
from all other snbparts of the project, and \Vill gradually give a better constraint on the
long-term prediction as \Vell as on time relationships between c1ustered activity of large
earthquakes, \Vhich often has occurred in the SISZ. Such work will continue through the
present project and \Vill be extended to other seismic zones along the plate boundary.

Precursory activity on the time scale of homs to days are frequently reported in Ice­
land 1331. Jf such precursors are to be useful for short-term earthquake warnings, it
is necessary to understand the physics behind the precursor. Foreshocks are frequently
observed in historical earthquakes as well as in smaller instrumentally observed earth­
quakes. Precursory changes in volumetric strain as well as in radon in borehole water
have been observed befare medium size and small earthquakes. The explanation of such
phenomena, which arc relatcd to the earthquake nuc1eation phase, will be inc1uded in
the interdisciplinary IlIodeIling of the earthquake processes, with the aim of testing what
significance they have for warnings.

Strain waves (strain transients) and migration of earthquake activity have often been
reported on a time scale of days to weeks. Stress changes with time or strain signals have
been indicated by volumetric strainmeters, by microseismicity and now recently by time
dependent shear-wavc splitting signaIs. Common to all these observations in Iccland is
that en·ccts of small stress changes or strain changes seem to be transmitted over very
long distances, that is in comparison with what is expected from homogeneaus half space
models 133, 34, 271·

Combined use of aetive deformation and fault monitoring, together with observed
rheological properties of the nust and fluid-rock interaction, \Vill be an input to model
the time and attenuation of stress and strain changes in the Iceland crust and rift zones.
The aim is to make it possible to use observation of such changes to wam for increased
probability of the triggering of earthquakes.

1.5.4 Stress map of Iceland

In the ongoing PR.ENLAB project information is being acquired from various sources
about the direction of crustal stresses, and in some cases about the size. Crustal stresses
are inferred from microearthquake source studies, from SWS in the my paths, from
borehole measurements and from geological mapping of faults anel elykes. A stress map
based on these studies is a significant objective of the present proposal anel \Vill be a basis
for further tectonic modelling, anel a basis for monitoring stress changes.

1.5.5 Exporting the technology developed in the Iceland Natural Lab­
oratory

The objectives of the present proposal are not on ly limited to Iceland. Through the multi­
national participation in this projeet it is directly or indirectly linked to other projects
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aiming towards the same dircction. This is significant for thc fast realization of the
com mon objectives.

A significant objective of the present proposal is to export its tcchnolo;;y to othcr
seismic risk areas. Collaboration has now becn established to export the STL system
technology to anc such area in Europe (sec Chapter 7.2). This means rewriting the basic
software, sa it can be more easily used by other groups, and then of course t.o exchange
technology and knowhow for further developmcnt.

1.6 Innovations

A significant innovation in the field of using microearthquake source information to study
fault.ing processes, is an investigation with the objective to monitor the interaction be­
tween stable and unstable fault movements. Understanding of this is a basis for using slip
motions inferred from small earthquakes for monitoring of fault slips. Special application
of this is to try to monitor total slip on major faults. Present slip weakening models for
fault slip prediets long time of accelerating stable fault slip prior to big earthquakes.

Significant new results have been obtained at one site within the STL network in Ice­
land which indicate that it will be possible to use changes in shear-wave splitting at
selected sites for monitoring regionally applieel stresses. This has an immediate conse­
quence for a row of innovative studies inc1ueling the incorporation of shear-wave splitting
changes into a wider earthquake predietion scherne in Iceland and even using it for auto­
matic monitoring.

SAR interferometry has alreaely provideel new resulis on plate sprcading in Tceland.
The conditions in Iceland are such that relative small plate motions can be detected and
SAR can prov ide a detailed picture of the deformed area. Studies by SAR technique of
detailed defarmation using available ERS images with time span of 3-5 years will become
a source of innovative studies of deformation along the plate boundary.

The planned multielisciplinary approach is in itself a significant innovation in ealth­
quake predietion research in general. It uses information about stress changes and fault­
ing which spans geological age to the detaileel information of the present time, based on
the most advanccd technology. Tn earthquake research it takes the step from kinematic
deliberations to consider the whole dynamics of earthquake proeesses. Based on such
understanding of the faulting proeesses, it will be tried to create a physically realistie
model, which complies with the historical data on eIestruetion in these large earthquakes.

Among innovative objectives of the proposal is to model the eA'ects of crustal f1uiels
anel f1uiel pressure on the transfer of tectonic stresses. This is baseel on information from
various sources within the proposed project, anel tries to explain how effectively small
stress changes seem to be transferred.

1.7 How the proposal complies with the 1994-1998 workpro­
gramme

The proposal is a significant contribution to carry forward all the main objectives of the
Environment anel Climate 1994-1998 seismic risk workprogramme.

Tt is in camplete agreement with 4 of the 5 main objectives of the workprogramme,
i.e. with objectives 2-5. Tt will also lead to a new unelerstanding about expecteel ground
motions which is a necessary input for the aelvancement of objective 1.

• Tt complies with the objective of site specific efleds in objective 2.
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• It complies with the content of all three paragraphs of objective 3.
• It complies with the mapping of faults, and identification and characterization of
risk areas of objective 4.
• It complies with the integration and validation of real-time alert systems for
earthquakes of objective 5 of the seismie risk programme.
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Work content

The present proposal is a direet continuation of PRENLAB, whieh started on Mareh l,
1996. The work paekages whieh will be deseribed in the following, eontain new work
item" whieh, however, are in many eases direet continuation of, or based on work earried
out under PRENLAB.

2.1 Subproject 1: Monitoring crustal proeesses for reduc­
ing seismie risk

Subprojeet l serves all the subprojeets of this proposal by providing data from a mul­
tidiseiplinary database, historieal as well as instrumental seismie data, strainmeter data
and data on other eontinuous monitoring, results from seismologieal evaluations, as of
active faults in the erust and of inferred stresses. Tt opemtes the SIL aequisition and
cvaluation system consisting of 33 stations, borehole strainmeters at 7 sites, gravime­
ter" and borehole meC thermometers in boreholes and severaI other earthquake related
geophysieal data. It evalnates on a routine basis tens of thousands of earthquakes per
year for epieenter, fault planes, moment magnitudes, etc. It brings toget1ter new results
from all the subprojects to beeome an integrated part of the SIL automatie evaluation
proeedures and of the existing alert system. Among the tasks of Subprojeet l is also to
take initiative for and to earry through some researeh projeets whieh are based on results
from some or all of the research groups in this multidiseiplinary projcct.

Of the 174 man months estimated for the tasks below, funds are requested for 48 man
months.

2.1.1 Task 1: Database development and service for other scientists

This task eontinues throughout the projeet. New data have to be ineorporated because of
gcographieal extension of the SIL monitoring system, as well as because of the extension
of data aequisition inc1uded in the monitoring system. In addition to data from the 33
permanent SIL stations and data from the 30 stations of the Ieeland Hotspot Project
network, data from a dense network of seismie stations will be evaluated and stored. An
example of this is a dense SIL type network applied for a speeial study in a geothermal
area in Jlorthern Ieeland (see Chapter 7.2).

The SIL system will be developcd for further aequisiton and evaluation of slow data,
espeeially of hydrologieal data. In eooperation with the institution" eoneerned, eontinuous
data on water level in borehoies, espeeially in thennal areas in and near the seismic zones
will be integrated in the system. Because of the deep roots of thermal areas, preeursory
signals are probable there, 132, 151.

Based on ongoing researeh new interpretations of the multiplicity of available data
will continuously be incorporated into the database information. The other partieipants
and cooperators will be served with information from the ever growing database. 48 man
months are estimated for this work.
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2.1.2 Task 2: Improving the basis for alerts, warnings and hazard as­
sessments

This task brings together researeh results from the projeet partieipants and from other
sciehtists for identilying risk areas within the seismie zones and to deseribe their proper­
ties. The questions to try to answer are:

1. \Vhere in the seismie zones will the next large earthquake oeeur? How large motions
are to be expeeted? \Vhat fault plane(s) and what type of source time funetion is
to be expeeted? In the terms of ciassiea1 hazard assessment proeedure this is done
partly in terms of probabi1ity of oeeurrenee during a period of time, based on
stochastie models applied to mainly historieal evidenee. Here we go a step further.
\Vork will be earried out to try to answer the questions above especially for the SISZ
and for the adjaeent R.eykjanes Peninsu1a. It will be based on available mapping of
surface and subsurfaee earthquake faults, on detailed knowledge of spatia1 variations
of seismicity, and of stresses and on theoretieal modell ing. 24 man months of work
are planned for this part of work, finalized by apaper whieh is based on work of all
the other subprojects and will be written in eooperation with these.

2. The possibility of assessing inereased probability of the oceurrenee of an earthquake
on a short time scale, weeks to months. Here we take the step to evaluate the pos­
sibi1ity to use information obtained on ehanges in the confining stress or strain
ehanges to tell about inereasing probabiJity of earthquake triggering. Changes of
the confining stress conditions "Ieading to earthquakes" are indieated by histor­
cal evidence: and have been named strain waves. There are now strong indications
from studies of microearthquakes (SWS) and from borehole strainmeter monitoring
in Iceland that such changes may be monitored and have the potential of medium
tcrm warnings on increased probability of triggering. An overview paper will be
prepared, summarizing such precursory changes, and estimating the aJerting signil~

icance of these. Estimated work time is 12 man months in cooperation with other
subprojects.

3. To evaluate the possibility of short term prediction. It is known from history
that many large earthquakes in Iceland are preceded by foreshocks or large precur­
sory s\Varms or earthquakes. The precursory activity differs from place to place.
An overview paper of seismic activity preceding large earthquakes in Iceland will
be ,vritten. In that results obtained from seismologica1 and geological fault map­
ping, from stress conditions inferred from paleostress studies as well as from mi­
croearthquake studies, and results from studies of fluid rock interaction will be used
to model the characteristies of foreshocks at different sites. An assessment will be
made of the possibility to transfer achieved knowledge on stress/strain changes pre­
ceding a medium size earthquake to observe preCUl'sors of large carthquakes. The
interprel.ation and modell ing here will be carried out in cooperation with all other
subprojects. The expected work time is 24 man months.

2.1.3 Task 3: lVlodelling of near-field ground motions In catastrophic
earthquakes in Iceland

By t.h is I.ask same of the questions posed in 2.1.2 are addressed. Task 3 is to predict the
detailed characteristics of earthquake motion in the near-field of catastrophic earthquakes

19



Chapter 2: Work cOlJtent

III keIand, described in aceeleration, velocity and displaeements. 24 man months are
estimated for this.

The motion depends both on the earthquake source and the structlll'e of the crust.
Effeet like directivity are due to the source 15, 161. Sedimentary layers and irregularities
in the crustal veloeities can affeet and amplify the ground motion 1231.

This task invo!ves in first hand to model the destruetion that was caused in same
of the historical earthquakes. Detailed information whieh is available about destruction
caused by the approximate!y magnitude 7 earthquakes in the South Tceland seismie zone
in 178'1, 1896 and 1912 are a base for sueh a modelling. But the knowledge about the
general charader of the SISZ faulting proeesses which are evolving in the PRENLAB
project will also be a signifieant input in this modell ing.

2.1.4 Task 4: Mobile stations for shear-wave splitting monitoring

Mobile SIL network of 3 stations will be eonstructed and operated temporarily within
the S-wave window above swanns of small earthquakes. The purpose is to observe and
investigate shear-wave splitting at selected sites. This is a part of creating shear-wave
splitting mal' of Iceland and to search for sites where temporaI ehanges are likely to be
observed. This task is in cooperation with Subproject 3. These stations will also serve
the purpose of obtaining bet ter hypocenter depth control at same sites. 6 man months
of seientists/technieal engineers are allocated for this.

2.1.5 Task 5: Extending the alert system functions by real-time re­
search

The SIL system technology and the advances in real-time monitoring and analysis dur­
ing the PRENLAB period make it possible to evaluate in real-time changes of stresses
and development of fanlts, this together with knowledge of the physics of earthquake
release and faulting in the region will enhanee aur possibilities for mitigating seismic
risks. Monitoring of a large seismie activity can enormously increase aur understanding
of the earthquake proeesses and its destruetive effects. Such new understanding can be
applied even within an elongated earthquake sequenee. It is known from history that
large earthquakes tend to occur in dusters dming weeks or months over distanees of
severaI tens of kilometers. Ascheme will be set up for utilizing in real-time the new in­
formation aehieved during high seismie activity to prediet. The purpose spans everything
[rom helping in rescuing and in evacuation dming destruetive activity by pointing out
the areas most likely to be severely struck and to prediet the probable site and efreets or
a probable rollowing earthquake. The alloeated time for setting up such a scheme is 24
man months.

2.1.6 Task 6: Prepering the SIL system and the alert system for use in
other risk areas

Significant parts of the SIL system algorithms were written a lang time aga and developed
on basis of experience gained during at least 20 years. Many seismologist groups are
interested to obtain the SIL system as a who le or at least significant parts of the software.
The system is, however, dimeult to use by those who have not partieipated in this long­
term development.

Many parts of the SIL system software ha,," to be rewritten in a form which makes it
more easily usefnl for other seismologists. It is signifieant for the success of our project
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that other seismologists go along the same path in predietion research and it is significant
for the process of the environment workprogramme to export the developmenl, of SIL and
PRENLAB. This work will be carried out in close cooperation with Subproject 2. The
bulk of work as concerns the application software will be carried out under Subproject 1
and is expected to take 12 man months.

2.2 Subproject 2: Applying new methods using microearth­
quakes for monitoring crustal instability

During recent years, powerful methods for automatic analysis of microearthquakes have
been developed. They include reliable and robust algorithms for fault plane solutions,
high accuracy absolute and relative multievent location techniques and stress tensor in­
version algorithms. Tt is now also generally recognized that the microearthquakes are
important carrier of information related to the crustal deformation processes. The full
benefit of the possibilities created by these developments require dense networks of seis­
mic stations with high c10ck accuracy. Such networks are now available in many areas
and older networks are being upgraded to reach the requirements. In conclusion there are
now possibilities to apply the algorithms and to go into a more general physical/rock­
mechanical interpretation of the information carried by the microearthquakes. This is
the aim of this subproject.

2.2.1 Task l: Investigation and monitoring of stable/unstable fault
movements

The significance of aseismic stable slip on faults and its interaction with earthquakes
(unstable slip) are now generally recognized. The commonly observed interaction between
microearthquakes, often over distances large compared to the earthquake sizes, is most
probably related to deformation expressed by stable aseismic slip. Utili7,ing the extensive
information carried by the large amount of microearthquakes has the potential to find
a rock-mechanical connection between microearthquakes dming episodic activity. In
principal this opens indirect possibilities to achieve knowledge about the aseismic fault
slips. Such an analysis may be perfonned by deducing possible aseismic fault movements
from the microearthquakes and vary unknown parameters to put the earthquakes into
physical chains of cfrects and consequences. This approach is totally physical (rock­
mechanical) and can be expected, together with theoretica! models, to develop mode!s of
fault slip process. Such models based on laboratory studies have already been proposed
anel have found great support from nnmerical moelelling and comparisons with earthquake
observations.

A special application is the monitoring of total slip on major faults. Present slip
weakening models for fault slip predicts a long time of slow acceleration of the stable
fault slip prior to big earthquakes. The use of the microearthquakes to detcct this most!y
stable slip may together with numerical models of fault behavior leacl to possibilities to
issue earthquake warnings when the fault slip is expected to become unstable.

Data from a c1ense SIL type network (see Chapter 7.2) in a geothermal area in northern
Icelancl will be usecl to stucly water/rock-fracture interactions.
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2.2.2 Task 2: Statistieal and adaptive analysis of spaee/time distribu-
tion of mieroearthquakes

There have been many reparts of speeial patterns in the statistiea! behavior of earthquakes
and mieroearthquakcs prior to major earthquakes. The time dependeney of these patterns
is related to the size of the main shoek. ·With aecess to very small microearthquakes,
(ML=O), ane expeets to observe these patterns also prior to relatively small main shoeks
(M=4). Onc part of this subprojeet is to systematieally look for proposed patterns
for observed main shoeks. Another part is to establish the lang-tenn behavior and its
variations. Of obvious intcrest is to find patterns of predietive value. This will require
tluL!; the methoels to be eontinuously applied and include all kinel of false alarms.

2.2.3 Task 3: Investigation of variations of relative erustal velocities

Tn seismieally aetive regions with elense networks of seismie stations the number anel rate
of mieroearthquakes will be high. This will allow a routine monitoring of the relative
wave velocities of the P- and S-waves if careful multievent analysis is applicel to numbers
of groups of similar carthquakes (events having highly similar wavefonns). This task
may be baseel for instance on algorithms for absolute anel relative multievent location
of similar events. ff such a group consists of microearthquakes from twa different time
perioels, changes in the S-P times can be eleteeted and measured with a miJlisceond
aeemaey. With a gooel station coverage it is possible to diseriminate between effeets
from location differenee and effects due to wave velocity changes. Wave velocity ehanges
can be intcrpreted as due to stress ehanges and may eontribute to the understand ing of
the total fault movements. Another obvious possibility is to monitor stress ehanges..

2.2.4 Task 4: Implementation of these new methods in other European
Union eountries with high seismie risk

Tt is of great interest to extend the microearthquake analysis with exactly the same a1­
gorithms to complctely different geologieal and geophysical eonditions. This is true not
on!y for the physieal and roek-mechanieal approach but also for the statistieal analysis
as ane expects to be able to test the methods quicker. The f10w of knowledge, ideas,
and approaches is also stimulateel and if valuable results in the fielcl of earthquake warn­
ings are aehieved it will be easier to get a fast imp!ementation to other high risk areas.
Collaboration is already being established between aur group anel seismologists in a high
seismie risk area in the European Union (see Chapter 7.2). The work in this field will
mainly inc1ucle:

• GeneraJi"ation of the automatie ana!ysis software to be able to hanelie all type of
focal elepths and larger size ranges.

• Breaking up the seismological software in sub-funetions to increase the aelaptivity
of the software to desirable changes.

• Simplify the interactive interfaces for starting up and operate the automatieal anal­
ysis software.

• Creatc a softwarc packagc whieh can be gencralJy available for making use of the
information carried by the microcarthquakes.
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2.3 Subproject 3: Shear-wave splitting to monitor in situ
stress changes before earthquakes and eruptions

2.3~1 Objectives

• As part of Subproject 1 the SIL seismic network will be extended by a mobile
network, which will for example be operated near the SIL station SAU, where
extremely significant SWS results have already been obtained and at other sites
where mueh is to gain by denser network, based on experience. This will provide
multi-path data for interpreting shear-wave splitting.

• Analyze three-component seismograms at stations above local seismicity for stress­
induced changes to shear-wave splitting for studying long-term (and possibly short­
term) stress changes before larger earthquakes, before vo1canic eruptions (changes
befare the recent Vatnajokull eruption have already been identified), during strain
waves, and during other magma- or plume-induced phenomena.

• Analyze three-component seismograms during cOlltrolled-source experiments to in­
vestigate particular local errects of stress in comparatively shallow crust.

2.3.2 State-of-the--art

Stressed f1uid-saturated rock is compliant to changes in stress. Observations in the field
and laboratory and theory suggest that the buildup of stress before large earthquakes
and other phenomena can be monitored by the effects of stress-ind uced changes to the
intergranular fluid-Il lied microeracks present in all igneous and metamorphic rocks. Field
observations and theory show that the approaeh of large earthquakes can be "foreeast"
by monitoring the buildup of stress 18J.

The real ity of these field observations has been confirmed by numerical evaluations
of the efleet of an increasing stress on intergranular fluid-lllled microcracks by an {a)n­
isotropie {p)oro-(e)lastic (APE) model for the behaviour of pre-st:ressed fluid-saturated
rocks, which match the field observations [9, 61. Laboratory experiments also confirm
these results. Consequently, monitoring stress with APE is now a confinned fully­
authenticated model for earthquake prediction 137, 101. The seismic activity in Iceland
and the records and recOl'ding facilities of the SIL seismic network make Iceland a natural
laboratory to investigate and evaluate these new developments as set out in the objec­
tives. Changes in shear-wave splitting have been detected at station SAU at the east
end of SISZ over a Il ve-month period from beginning of May 1996. These changes are
consistent with for earthquake prediction.

The seismie activity in Iceland and the records and recording facilities of the SIL
seismie network make Iceland a naturaI laboratory to investigate and evaluate these new
developments as set out in the objeetives. Changes in shear-wave splittin;>; have been
detcctec! at station SAU at the east end of SISZ over a five-month perioc! from beginning
of JvIay, 1996. These changes are consistent with increasing tectonic stress as magma was
injectec! into the lower erust before the Vatnajokull eruption starting on September 30,
1996. The eruption was 160 km ENE of SIL station SAU 17].

Note that observations of changes in shear-wave splitting before the eruption demon­
strate the relevance of shear-wave splitting anaiysis in Iceland, and suggest an enlarge­
ment of the work content.
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2.3.3 Task l: Continuous monitoring of shear-wave splitting

Continue to monitor shear-wave splitting for preeursors of larger earthquakes, voleanie
eruptions, and other ehanges of stress. This is the basic remit of Subprojeet 3.

2.3.4 Task 2: Analysis of shear-wave splitting measurements

A requirement for improved shear-wave splitting analysis is additional SIL type stations
within the shear-wave window of the same earthquakes. That is, dusters of at least three
stations within about 8 km of eaeh other, and above swarms of small earthquakes. This
will al10w mueh quantitative interpretations of shear-wave splitting.

• Investigate reasons why observations of time-delays between split shear waves in
Ieeland appear to be approxirnately twiee those observed elsewhere (probably due
to high subsurfaee temperatures and/or high pore-fluid pressures).

2.3.5 Task 3: Establishment of a shear-wave splitting map of all seismic
stations in the whole of Iceland

The reeent ohservations of ehanges at station SAU eonfinns that shear-wave splitting is
sensitive to stress ehanges in the erust from whatever source, earthquakes or eruptions,
and suggests that analysis of shear waves can monitor stress ehanges beneath Iceland.

• Create a map of spatial variations in shear-wave splitting in Ieeland.

• Seareh map for possible ehanges in shear-wave polarizations whieh would monitor
stress orientations that are thought to aeeornpany strain waves.

• Seareh rnap for possible orthogonal ehanges in shear-wave polarizations whieh may
indieate high fJuid pressures.

• Seareh for other temporal ehanges in time-delays whieh may indieate preeursory
sequenees before earthquakes or eruptions, or may indieate passage of strain waves.

2.3.6 Task 4: Calibrate techniques and crustal behaviour where known
changes occur

Sinee large earthquakes are infrequent, to get results more quickly, it is neeessary to
ealibrate shear-wave splitting with other possible variations. This will be possible by
eollaboration with other contractors in this projeet.

• lvlonitor and mode] eold-water injection in a well near Akureyri whieh has a SIL
type network there (see Chapters 2.1 and 7.2). Collaborate with Subprojeet 4 by
correlating changes in boreholes \Vith changes in shear-wave splitting at neighbour­
ing seismie stations.

• Collaborate with Subprojeet 5 In ealibrating subsidenee near high-temperatme
extracLion.

• Monitor and model extraetion of high- and low-temperature geothermal water
at pumping stations. Although the low-temperature water extraetion is thought
unlikely to show first-order elfects, but a neeessary investigation.
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• \Vhere appropriate digital three-component records exist, monitor and model the
rock before and after the suggested dyke injections.

• Monitor and model rock behaviour during continuing swarm activity for example,
at Hengill and Torfajokull, believed to be caused by magma injection and water
cooling, respective!y. Note that monitoring stress before the Vatnajokull eruption
demonstrates the potential value of such investigations.

2.3.7 Task 5: Incorporate shear-wave splitting interpretations into rou­
tine analysis

Develop tec1111iques to make shear-wave splitting resuIts available in routine analysis of
other seismic parameters involving shear waves, such as fault-plane-rnechanisms and
earthquake locations. This task will involve collaboration with Subproject 2.

2.4 Subproject 4: Borehole monitoring of fluid-rock inter­
action

2.4.1 Objectives

Although rnuch progress has been made during the past decades in investigating the
nature of active faults, most of this progress has involved kinematics issues. These can
be observed directly using numerous geological, geophysica! and geodetic techniques. The
dynamics of the processes at fauIts are far more elusive and difficult to characterize using
the established methods of earth sciences. Neither the applied stresses nor the rheological
response to these stresses are observable using surface-based instruments or techniques
because of the depths within the !ithosphere at which critica! processes occur. The same
applies to pore f1uids, their prcsence and tempcrature, thcir composition, their physical
and chemical behaviour, their pressure and thc rock pcrmeability in situ.

Key questions in earthquakc prediction rescarch are still unanswered, for instance:
• vVhat forces, or stresses, arc required to cause fault slip?
• Are active fault zones weak? H sa, why?
• \Vhat factors determine whether a fault is seismically active or aseismic?
• What is the ro le of f1uids in fault processes and where do they originate?
• How does fault zone behaviour change with depth?
• How do gcophysical observations relate to fault zonc properties?
• Are there fundamental differences between faults in oceanic versus continental set­

tings? Jf sa, what causes these differences?
In the framework of the first phase of the EC Environment and Climate project,

PRENLA B, a pilot study has started in spring 1996 to obtain a time series of borehole
!ogs in the SISZ. An 1100 m deep borehole (LTr03; "Nefsho!t") inside the zone (63.92°N,
20A1°W), 7 km south of the seismologica1 station SAU is used and provides the unique
opportunity to perform measurements in a fault zone, much nearer to earthquake sources
th"n usual - the hypocenter depths at the location range between 6 and 9 km. Moreover,
data can be obtained for a depth interval of more than 1000 m, uninfiuenced by the
sedimentary cover and less disturbed by surface noise.

In the preparational phase of an earthquake, stress accumulation is expected to be
conneded with trusta! defarmation, the creation of borehole breakouts, changes in the

25



Chapter 2: VIfork cOlJtent

number anc! size of cracks, movement of fiuic!s combinec! with heat transport anc! poro­
/thenno-elastic stresses, a possible variation of the stress c!irection, etc. Therefore, the
following set of geo-parameters is monitorec!:

o P-wave anc! S-wave travel times.
o Electrica! conductivity.
o Water content anc! porosity.
o Stress information from borehole breakouts (orientation anc! size).
o Crack density, crack apening.
This is achie"ed by repeated logging with tools as:
o Sonic log (BCS).
o Dual induction/latero log (DIL) .
• Neutron log.
o Four-arm-dipmeter (FED).
o Borehole televiewer (BHTV).

The neutron log is run with the logging equipment of the subcontractor, the rest with
the logging truck of contractor.

Emphasis is laid on the detection of changes in the abovementionec! parameters. Nev­
ertheless, from the lags and from combining information from severa! log types, further
rock physical parameters can be deduced in se"eral ways under made! assumptions: den­
sity, elastie parameters of the rocks, permeability, layering, bedding planes, rock types,
etc.

Lags obtained in the initial logging eampaigns of the PRENLAB projeet (three up to
the end of 199G) are analyzed. This includes:

o Correlation of several log runs in ane campaign to obtain a value for the precision
of the measurements.

o Correlation of lags from different campaigns to look for temporaI variations.
o Seareh for anomalies via a comparison of different log types and via cross checks

between the series of lags and data bases or time series obtained in other experi­
ments as there are: seismicity, fault plane solutions, shear-wave splitting, smface
defarmation, gravity, borehole strainmeter recordings, etc.

In the proposed project, the sequence of logs should be continued with another three
campaigns in 1998. In addition, emphasis will be laid on forward modelling of effeets
observed. Data on rock types arounc! the borehole and neighbouring wells are gathered
and will be compared to published laboratory data on physical properties of the rocks.
These data will be used with source parameters of earthquakes below the drillhole and
information on pumping in other wells of the area to caleulate efFects of naturaI and
man-made infiuences (changes in temperatme, !oad, stress, crack density) on the site of
the borehole. Results will be compared to those obtained from the logs.

The project will provide information on the state of stress of the rock near the 'borehole
and ahout varying water content in cracks. As part of the multi-method approach to
monitor pre-, eo- and post-seismie stages in the SISZ, these experiments are thought to
provide essential additional information on the critical state of processes in the earth's
crust in a scism ic cyde.

2.4.2 Logging equipment

To monitor changes in physical rock parameters and the migration of fluids due to teetonic
activities, it is of crucia] importance that other changes are as small as possible or can
be discriminated from the interesting anes. .-\.s the borehole which is used is already
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19 years old, drilling induced changes iu the formation will have strongly diminished by
all cxperience. Further, without tectonic activity, one would assu me that the borehole
will have reached amther stationary state \Vith the surraunding rock, concerning for
example temperature or diffusion of the drilling mud into the formation and difhlsion of
formation f1uids into the borehole, respective!y. Logging tools whose signals penetrate
to some depth into the formation, as induction, sonic and neutron log, will permit to
discriminate between deeply reaching efleds and those confined to the borehole wall.

Concerning the tools, it is important to achieve a high resolution of the measured
signaIs, of the logging depth, and of the azimuth from where the signals originate.

The logging tools available are:

Contractor: Logging truck:
o BorehoJe cornpensated sonic tools (BCS).
o Dual induction/latero log tool (DIL, inc1uding spontaneous potential
tool).
o Borehole televiewer (BHTV).
o Four electrode dipmeters (FED: diprneter and 4-arm-caliper).

Subcontractor: Logging truck:
o Neutron-neutron logging tooIs.
o Short normal (16") and medium normal (64") resistivity logging tools.

\Vith these tools, we intend to monitor the fol\owing geo-parameters (tool to be used):
o P- and S-wave travel time, porosity (BCS).
o Resistivity at different distances from the borehole (DIL and 16"/64" resistivity

log).
o Stress information from borehole breakouts (BHTV, FED).
o Porosity/water content (NNL).
o Crack density and crack c!osing/opening (BHTV, FED).

Concerning the azimuthal sensitivity, two tools, BHTV and FED, are supplied \Vith a
navigation subunit that determines azimuth and inc!ination of the tooIs. The sensitivity
of the other tools, OIL, BCS and the normal resistivity tools, is only slightly anisotropic.

The project \Vill be conducted and reported on basis of 6 separate tasks.

2.4.3 Task 1: Logging campaigns in months 3, 5, and 7 of the project

2.4.4 Task 2: Cross correlation of lags from different campaigns and
earlier loggings

2.4.5 Task 3: Comparisan of changes in lags of different type

2.4.6 Task 4: Comparisan of changes in logs with changes in seismic­
ity, fault plane solutians, shear-wave splitting, gravity, borehole
strain meter readings, crustal defarmation, etc.

2.4.7 Task 5: Forward modelling of effects of pumping hot water from
a neighbouring weU

2.4.8 Task 6: Forward modelling of effects of stress increase on rock
around the borehole
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2.5 Subproject 5: Active deformation determined from GPS
and SAR

2.5'.1 Objectives

Dur objeetive is to measure ongoing erustal deformation in the South Iccland seismie
zone and relate it to distribution of faults and seismicity there. We will estimate both
how mueh eiaslie strain aecumulates and how much elastie strain is being released in the
seismie zone by small earthquakes and aseismie slip. The difference between aceumulated
and released strain is stored as elastie strain energy, and is the encrf';)' source for large
earthquakes. Detennining the size of that source is a fundamental part of any aLtempt
to evaluate, aud then mitigate, scismie risk.

We will use Lwo advaneed geodetie teehniques, Global Positioning System (GPS)
geodesy and Synthetie Aperture Radar (SAR) Interferometry to accomplish aur objee­
tives. SAR interferometry whieh provides unsurpassed sampling density (about 1000
pixels/km 2) will be used Lo geL a complete coverage of the defarmation field, and will in
partieular be used to provide constraints on aseismie slip on all recently aetive faults in
the seismie zone. GPS measmements at seleeted stations will be eondueted in a semi­
continuous mode and the data will be processed along with data from GPS stations far
within stable plate interiors in Greenland, Ameriea, Scandinavia, and continental Europe,
in order to infer absolute plate movements at selected stations in the seismie zone.

The two techniques complement eaeh other in the sense that SAR provides near-total
spatial eoverage while GPS provides nearly eontinuous temporaI coverage.

2.5.2 Research tasks

The work is a eontinuation and extension of previous studies of erustal deformation in
the South Iceland seismic zone, and has the aim to better understand crustal deformation
and seismicity in general. We propose two new and signifieant researeh tasks.

2.5.2.1 Task 1: SAR study of the South Iceland seismie zone

We propose a deLailed study of the South Iceland seismie zone using SAR interferometry.
This new geodetic teehnique has been useel to determine earthquake eleformation, both
large eo-seismie displaeements 1221 and much smaller post-seismie displaeemenLs 120),
and for volcano deformation [191. Reeently SAR interferometry has been uoed to mea­
sure erustal spreaeling on the Reykjanes Peninsula in South-West Icelanel 1361. SAR
interferometry has therefore by now been valielated as a very useful geodetie teehnique
LhaL works well in Iccland 1211.

It remains to apply it to the South Ieelanel seismie zone, anel this we propose. Vie will
eletermine eleformation in the seismic zone from 1992 to 1997, using about 20 raelar images
taken from the European ERS satellites. With this number of radar images wc will be
able to form more than severai interferograms, whieh are eontour maps of the ehange in
range from ground Lo satellite, thaL is the eomponent of the displaeement vector whieh
points toward the satellite.

The interferograms will eompleLely cover the eleformation fielel, allowing us to evaluate
the amount of aseismie slip on faults in the seismie zone. To make this measurement, we
will carefully inspect the interferograms near faults identified as aetive from mapping on
Lhe ground or, in the seismicity eatalogue. The interferograms will also hell' ielentify the
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areas of highest elastic stmin accumulation within the seismic zone. jf we understand the
earthquake buelget, these areas should coincide with the areas of highest microseismicity.

The proposeel SAR. study is a, well important for the monitoring of future earth­
quakes in the seismic 'l.one that will proeluce measumble eleformation signal. After we
have completed aur proposeel study of 1992-1997 deformation we will have rollected sul~

ncient radar data, experience and knowleelge to be able to quickly estimate coseismic
displacement in the seismic 'l.one once it exceeds a few centimeters.

2.5.2.2 Task 2: Semi-continuous GPS measurements of absolute plate mo­
tion

We propose semi-continuous GPS measurements in the South Iceland seismic zone, and
to analyze these data along with other GPS data collected far within the stable plate
interiors in Greenland, America, Scandinavia, anel continental Europe. Previous GPS
measurements in the seismic zone 1301 give indication about the general deformation pat­
tern in the zone, bul. the proposeel joint analysis of GPS data within the seismic zone
and data from stable plate interiors williead to new constraints on absolute plate move­
ments near the seismic zone. This is important in the case of the South Iceland seismie
'l.one, as it is locatecl between overlapping rifts 1111. These rifts modi(y the stress field
anel may eause secular displacement directious to deviate locally from the far nele1 plate
motion. Joint analysis of GPS data from the seismic zone and adjacent plate interiors
will hell' to unelerstanel how the stress neId is rotated in the vicinity of the seismic zone
due to the overlapping rifts, and will hell' to understand the mechanism of faulting in the
seismic 'l.one. The semi-continuous GPS measurements are important for at her purposes
as well. They will provide continued information on temporaI variation in defarmation
rates within the seismic zone, that can be compared to seismic moment release in the
seismic 'l.one during the study period. They will also hell' with the interpretation of subtle
deformation signals in the SAR. images, as they can serve as fixed points of known defor­
mation, in the interpretation of the interferograms. Continuous GPS measurements are
the best method to proviele temporaI coverage of defarmation, but the approach we take
calls for semi-continuous measurements. This is only to reduce the cost of the project,
we will use 3 GPS receivers that are at our dispasal for this project for about 8 months
a year, when the instruments are not needed for other projects. To minimize antenna
set-up elTors, we will acquire additional GPS antennas for the receivers and install these
permanently at the three semi-continuous monitoring sites.

2.6 Subproject 6: Effects of stress fields and crustal fluids
on the development and sealing of seismogenic faults

2.6.1 Objectives

A successful seismic risk assessment requires not on ly a knowleelge of the stresses con­
trolling the initiation anel activity of the seismogenic faults, but also how these stresses
accumulate, transfer and relax during the earthquake cyele. There is increasing evidence
that crustal f1uids play a large role in the nueleation, propagation, arrest and sealing of
seismogenic faults.

The main objectives of this subproject are:

• To study the stress field controlling the fault populations of the test sites, the
South Iceland seismie zone and the Tjornes fracture zone. The stress tensors will
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be determined from fault-slip data sets, using an recently improved and fmther
developed version of stress inversion software Ill. Analytical and numerical studies
on the driving stresses of individual seismogenic faults in the test areas will also be
made.

• To continue analytical and numerical, and, when needed, field studies of the seis­
mogenic faults contralIed by the stress fields of the test sites. The foeIls will be on
the near-lield stresses and displacement associated with individual faults and fault
populations, with a view of improving aur understanding of how the faults nucleate,
propagate and develop in space and time. the concentration, transfer and release
of tectonic stresses, and how rapidly seismogenic faults are sealed, with application
to the earthquake cycle in the test areas. Results from PRENLAB indicate that, in
Iceland, relatively local and small stress changes may be transmitted to very lang
distances. An attempt will be made to model such changes through the effects of
fluid pressure.

2.6.2 State-of-the-art

Paleostress and present stress determinations provide a powerful tool to study the defar­
mation at plate boundaries, the rclationships between paleostress and structure must be
carefullyanalyzed. Of part.icular interest. is the relation between three groups of methods
involving stress lield reconstructions and brit.tle defarmation studies: (l) the inversion of
large sets of focal mechanisms of earthquakes, (2) the seismotectonic analysis along ac­
tive fault. SCaT'PS, and (3) geodetic analysis of present-day motion. The project presented
oO'ers cxcellent opportunities of cooperation betwecn institutes with difFerent fields of
methodological expertise.

The way that faults, fault arrays and fault populations develap has received much
aLLention in recent years. Despite considerable progress, we still do not hav" the answers
to SOllle of the central questions regarding the growth of individual faults, and the de­
velopment of fault populations. Fault populations exhibit certain scaling relationships,
describing the size-frequency distribution of fault lengths and fault displaccments, but
the physics behind these scaling relationships is still poarly understood.

A question of particular concem in earthquake prediction research is: How rapidly do
seismogenic faults heal and how do changes in fluid pressure in ane region (e.g. associated
with earthquakes or voleanic eruptions) affect slip on faults in nearby regions? There is
considerable body of evidence that changes in fluid pressure can be transmit.ted over
large distances and tIms trigger stress changes and earthquakes in areas far away from
the source of the initial pressure change. This may be partly the reason for the observed
stress changes in the South IceJand seismic zone at a distance of 150 km from the voleanic
fissure of the Vatnajokull eruption in September-Gctober lUUG. Fluid pressure also afl'ects
frietioIl on fault planes, hence the probability of fault slip.

2.6.3 Task l: The stress field

• Determine the stress lields associated with the test areas, the Tjomes fracture zone
and the South Iceland seismic zone from fault-slip data.

• Rcconstruct the stress field in the test areas: (i) inversion of large sets of focal
mechanisms of earthquakes, (ii) seismotcctonic analysis along active fault scarps,
and (iii) geodctic analysis of the present-clay crustal displacements. This part will
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be made in collaboration with participants from other subprojeeLs, 111 parLieular
Subprojeet 1.

• Use analytieal and numerical modeIs, together with ReId data and the appropriate
elastic parameters for the test sites, to detennine Lhe driving sLresses associaLed
with slip on individual faults at the LesL sites.

2.6.4 Task 2: Field, analytical and numerical studies of the seismogenic
faults

• Make numerical studies of the faults and the fault populations in Lhe SouLh Iceland
seismic zone, the Tjornes fraeture zone, and the adjacenL parts of the rift 'l,Ones.
A general seismotectonic study of same of the faults in these areas will be made,
including an attempt to relate Lhe faulL-array patterns to patterns in the seismic
data obLained from the seismic arrays and from historical seismic dat.a. Use will be
made of the stress tensors obtained in task 1 of this subproject. to provide boundary
conditions for this analysis. Jf needed, more ReId data will be obtained on the faults,
but the focus is on the modelling.

• Analytical st.udies of t.he fault development. This work focus on t.he faults in Lhe
South Iceland seismic zone, in particular the development of the tension fraelures
associated with the strike-slip faults in the Holaeene lava f1ows. This work is made
in eollaboration with partieipants from Subprojeet 7.

• Cany out a twa and t.hree-dimensional numerical modelling of the seismogenic
faulLs. Use will be made of the DistinCt ElemenL Method and the Boundary Element
Method to estimate the interaetions beLween faults and improve the underst.anding
of evolution of seismogenie faults and fault populations.

2.6.5 Task 3: Crustal fluids and sealing of seismogenic faults

• Investigate the potentia! efl'ecLs of the fluid pressure on the probabiliLy of fau!t­
ing, particular1y in the South Iceland seismic zone. We will eolleet data from the
geothermal aeLivity related Lo active faulting in the main low-temperature areas of
Ieeland.

• Study the examples of changes in hot springs and geyser activity associated with
faulting in the seismic zones, in partieular in South Iceland. In partieular, how does
penneability changes during faulting and how is it related to inerease in breccia
thickness and gauge formation during seismogenic faulting.

• Make theoretical studies on how the fluid pressure can transmit stresses and trigger
earthquakes at small and great distanees from the stress sources. To study the
meehanism of fluid migration from meas of rai sed mean stress to areas of lowered
rnean sLress during faulting. Also, how do hydrofractlll'es propagate along the fault
planes and into the eounLry rock.

• Make theoretieal, observational and experimental studies on the sealing of earth­
quake fractures with applieation to the test areas in Iceland.
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2.7 Subproject 7: Theoretical analysis offaulting and earth­
quake proeesses

The present subproject aims at modell ing the space-time evolution of the stress and
strain fields generated from tectonic aetivity of the Mid-Atlantic ridge ill lceland, em­
ploying geophysical (mainly seismic and geodetic) and structlll'al data gathered within
the project.

In detail, the modell ing subproject will focus on studying:

• The changes in crusial strain and stress due to earthquakes and aseislllic rnovement
ill the fault system of the South Iceland seismic zone, in order to understand the
fonnation and growth of faults and their interaction, and the role of rheological
properties ill the time evo!utioll of geodetic data.

• The interactioll between a spreading ridge and seismic faults in the South Iceland
seismic zone, in order to assess the mutual infiuence between vo1canic and earth­
quake activity, e.g. magmatic upwelling and shearing at fault zOnes.

• The distribution of seismicity in space and time, its clustering and migration in
Iceland including search for a eritical stress leve! above which earthquakes acem.

The researeh program will be carried out by two research units. The first unit will
focus on global (i.e. large scale) modell ing, on the role of rheologieal structmes (i.e.
lang time scales), employing mainly analytical methods; this modelling and the ridge­
induced stress field constitutes the basis for the second unit who will coneentrate on
inserting geometrical and structural complexities in versatile numerical modeIs, including
elastic and anelastic properties, in order to describe stress migration mediated by fault
interaction. SeveraI topics will be studied in close cooperation in order to achieve the
previous targets.

2.7.1 Ridge-fault interaction in Iceland employing global viscoelastic
earth models

2.7.1.1 Introduction

Severai studies have shown that the seismicity in lceland (and in particular in the South
lceland seismic zone) may be related to the activity of the Mid-Atlantic ridge accord­
ing to an interaction mechanism between upwelling magma and seismogenie faults. In
this interaction a major role is played by the enhanced rheological properties of a shal­
low asthenospheric layer, which focalizes stress transients inside the elastic Iithosphere,
acting as a stress guide. Great relevance must be also ascribed to geometrieal factors,
particularly to the discontinuity in the ridge axis, occlll'ring in the South-\\'est sector
of Iceland, which may act to convert efficiently spreading motions into large deviatorie
stresses and may give risc to major strike-slip faulting. Aeeor'ding to the above scheme,
two eomplementary scenarios can be proposed: (1) magma upwelling along rift valleys
constitutes the driving mechanism for stress buildup, its following amplifieation in the
brittle lithosphere and its migration along the stress guide; (2) stress release in major
earthquakes in turn removes constraints hindering the fmther expansion of the ridge or,
more generally, magma upwelling within the erust. The detailed understand ing of the
mutual interplay between the two mechanisms is clem'ly needed to interpret correctly
gcodetie measmements and prccursory seismicity in a deterministic prediction made!.
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Recent theoretical advances in the theory of quasi-static normal modes excited by
dislocation sources in a rheologically stratified earth model, presently allow LO compute
coseismic and postseismic deformations following: (l) Iithospheric earthquakes in a spher­
icall radially stratified, self-gravitating earth modelwith Maxwellrheology; (2) the open­
ing of a lineal' spreading ridge. Differently from previous studies, mainly based on flat
earth mode!s, these approaches are based on a spherical self-gravitating earth modelwith
radially varying mechanical properties. Attention will be mainly focussed on specific ap­
plications of the abo"e models to the geometrical and teetonie setting of Iccland.

2.7.1.2 Task l: Magma upwelling as driving meehanism for stress buildup
in the lithosphere

The role of verbcal heterogeneities, (discontinuities of elastic parameters) crossed by
upwelling magma along rift valleys, will be studied employing crack models in layered
media. Differently from dislocation modeIs, in which the displacemenL discontinuity is
assigned over a fracture surface, crack models provide solutians for the displacement and
stress fields which take into account cOlnet boundary conditions at the transition between
magma and hosL rock. The distinction is not academic, particularly in 1ayered media,
sinee a tensional stress fieid at depth may be replaced by a eompressivc stress field in
shallow layers, due to the ment ioned boundary conditions imposed by magma anta crack
surfaces. It seems plausible that severaI observations (heterogeneity of focal nlcchanisms,
I'Otation of SLress axcs, antitethic strike-slip meehanisms, geoehemieal anomalies) will be
corrcctly interpreted within this scheme. In partieular it might be possible to characterize
focal mechanisms diagnostic of magma upwelling beyond structural diseontinuities.

2.7.1.3 Task 2: Space-time evolution of the stress fie!d foIIowing transient
upweIIing of magma along the ridge axis

Episodic uprise of magma along the Iceland rift is likely to be associated with stress
aecumulation in the surraunding areas and possibly to play a role in the release of seis­
mic energy along transform faults. In order to provide a quantitative description of this
complex teetonic process, it is necessary to employ realistic geometries and structures,
pertinent to the South Iceland seismie zone. The model to be developed is based on a
quasi-analytieal speetra1 approach for a spherical earth and will provide arealistie mod­
elling of the non-stationary apening of a rift and of the subsequent transient defarmations
and stresses indueed within the crust and the upper mantIe. The proeess of stress dif­
fusion is expected to be sensitive to both the duration of the episodic uprise of magma
and to the rheological propcrties of the crust and of the upper mantIe. This study will
be approached by means of the normal made technique, based on the explicit ana1yti­
cal express ion of the fundamental matrix for thc tOl'oida! and spheroidal companents of
the fieId equations, propagated from the core-mantle boundary to the earth 's surface.
This study should be able to prediet where and when large deviatoric stresses should be
expeeted after a transient episode of ridge spreading.

2.7.1.4 Task 3: Transient effects of major earthquakes on the dynamies of a
spreading ridge

The processes of stress diffusion and migration of scismicity in Tceland will be studied
by mealls of the model proposed ill 125, 241. or partieu!ar interest will be the study
or post-seismic motions rollowing major earthquakes in Iceland, and the study of stress
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diffusion along the boundaries of an oeeanie plate. Iceland is a partieulariy interesting
region in this respeet sinee, due to the presenee of a shallow iow-viscosity asthenosphere,
postseismic motions are expected to be sensibly enhanced even in the far field with
respeet to other teetonic environments. Comparisons between the responses of flat and
spherieal models have already revealed that in a spherical earth the post-seismic stress
fields deeay in a mueh slower manner with inereasing distanee with respeet to Hat modeis.
The time-scales which characterize stress diffnsion amount to a few years in the case of
earthquakes oceurring at shallow depths if the asthenosphere behaves as a low-viseosity
layer. By means of a forward approaeh we will investigate the role of stress diffilsion on
the triggering of seismic aetivit.y along t.he bound"ries of oeeanie plat.es.

Anot.her pot.ent.ially int.eresting t.ectonic process consist. in the efreet.s of seismie aetivity
along transform faults on the evolution of the Mid-Atlantie ridge. In order to foeus on
this and on the previous topie, we will also need to adopt a numcrie approach which
allows for a self-consistcnt deseription of complex geometrica! and rheological features.

Computations of post-scismic defarmations and stress fields in Iceland will t.ake ad­
vantage from geodetic data obtained by GPS measmements performed in South Tee­
land 1301. The use of these data, in conjunetion with information about the seismicity
of this region, is expected to provide constraints on the rheologieal profilc of the upper
mant.!e beneat.h Iceland and possibly to give new insights on t.he role of post.-seismic
motions on t.he ongoing deformat.ions in this area. Furthermore, in analogy wit,h previous
studies 1251. it will be possible to assess the relative importance of post-glaeial uplift
signatures and post.seismie deformat.ions due to major earthquakes.

2.7.2 Modelling the earthquake related space-time behaviour of the
stress field in the fault system of southern Iceland

The st,ress drap during earthquakes should be preeeded by a stress aeeumulation be­
fare the event. Therefore, many methods in earthquake prediet.ion researeh aim at the
observation of st.ress ehanges:

o Determination of fanlt plane solutions of earthquakes.
o Monitoring of ehanges in the propagation of elastie waves.
o Measurements of displaeements from whieh strain and stress ehanges can be caleu­

lated.
o Monitoring of eleetrieal eonduetivity in the erust.

This proposal has the target to model the space-time development of the stress field
using data on strain and stress changes from the other experiments and from databases.

The database for the modelling are the seismicity, defonnation, strain and stress data
existing already and being gathered in future in the measuring eff'orts of this rcseareh
projcct. A lang historieal record of earthquakes larger than G is available for events
since 1700 and instrumental data are availab!e from 192G on. Furthcrmore, the model
ea1culations will make use of data on erustal deformation, especially on distanee changes
measured by geodimeters and GPS teehniques. MOl'eover strain ehanges are reeorded by
volumetrie borehole st.rainmeters. In general, it is based on the CUITent state of knowledge
of seismotecLonics of Iceland and the interpretations of erustal strain and 1lI0vements in
the region.

The objecLives of these investigations are:

o A better lInderstanding of the distriblltion of seismicity In spaee and time, its
clustering and migration in lcelancl.
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Chapter 2: Work content

• To seek an explallation for the relation between the left-lateral strike direction of
the South Iceland seismie zone and the faet that after historieal earthquakes new
craeks were aften ereated following the N-S right-lateral strike direetion.

• To mark areas with stress concentrations (slip deficits).

• To cheek if a eharaeteristie stress level preceding seismic events exists.

• To make a contribution to the intermediate-term earthquake forecasting 111 this
populat,ed and eeonomically important region of Iceland.

• To provide models for the joint interpretation of the data gathered in the eommon
researeh programme proposed here.

• To compare models of stress fields at SIL to those for stress fields in other regions,
e.g. the North Anatolian fault zone.

The forward modelling of stress fielels will be ela ne by applying statie elisloeation theory to
geodetic data and data obtained tlu·ough seismic moments from seismograms. It allows to
ealculate displaeements, strain and stresses due to double-eouple and extensional sourees
in Iayered elastie anel inelastic earth struetures. Besides the change in displaeement
eluring the event, the ehanges caused by the movement of plates can be included.

Computer programs are provieled to calculate:

• Displacement, strain and stress in a homogeneaus (in-)elastie half-space elue to
point sources and extended sources of double-couple type, of explosion and crack
apening type.

• Surface and subsurface displacement, strain and stress due to a point source of
variable type in a Iayered half-spaee, inC!ueling ane inelastic layer.

• The superposition of stress fields from fault segments with on·set and/or different
strike direetion.

• Displaeement and stress due to loads of various shapes on a spherical shell.

With the experience and tools given, the goals set above can be aehieved.
Following work will be done:

2.7.2.1 Task l: Extrapolation of the stress field, already ealeulated within
PRENLAB for the next years

2.7.2.2 Task 2: Pin-pointing of stress eoneentrations in spaee and time

2.7.2.3 Task 3: Seareh for a eharacteristie pre-seismie stress level

2.7.2.4 Task 4: Including the effeet of voleanie loads into the stress field
deterrnination
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Project milestones and deliverables

3.1 Research program milestones

The tasks described in 2.1-2.7 will be conducLed within the timetable shown in Figure 7.
The end dates represent project milestones. At these end dates contractors present task
reports to the coordinator to be distributed among the participants. Participants will
present progress reports on individualongoing tasks in each common progress report.

3.2 Contractorjproject reviewing workshops

Contractor/project reviewing meetings are planned approximately in months 5, 12, 17,
and 24 (Figure 7). These meetings will be in the forms of workshops apen to the
contractors, associated contractors, scientists wor'king on the project and other invited
guests and experts nominated from EC. The pm'pose of the meetings is to plan future
work and pnblications, and to review the work already done. Generally speaking the
pUl'pose is to focus this mnltidisciplinary project towards the common goals.

The workshops are planned to coincide with European geoscience assembIies, i.e.
ESC, EUG and EGS meetings, where papers resulting from the project will be presented.
Besides these general meetings there will be minor meetings of participants cooperating
on specific tasks.

The internet will play a significant role in the reporting/communication among the
participants, through the coordinator's homepage on the "Vorld Wide Web.

3.3 Reports to the European Commission

Twa 12-monthly progress reports together with edited summary reports will be submitted
and published not later than 13 and 25 months respectively after the start of the project.
A final report covering all the 24 months of the project period will be submitted not later
than 26 months after the start of the project. A technology implementation plan will be
prepared and submitted not later than 2 months aftcr the end of the project (Figme 7).

Information about available computer software and about how to access data from
databases will be distributcd to a wider audienee by inC!uding it in peer-reviewed papers
when it is adequate. Such information will to some extent be circulated tluough the
World "Vide \~reb as well as information about the progress reports and how to access
them. A common colom leaflet will be published to give a short oveview of the project
objectives and milcstones.

3.4 Publications III peer-reviewed journals

All the participants will submit papers in peer-revicwed earth science journals based on
obtained results. All thc work topics and most of the work tasks of the planned work
content will result in papers to be submitted for publication soon after finishing the tasks.
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Chapter 3: Projec~ milestones and deliverables

Figurc 7: Anticipated dlltes fOT "esear'ch and task milestones. WI , W 2 , W 3 and VV4 ar"e
wOTkshops, RI and R\ are first yell7" progTess report/edited Teport, R 2 and R2 are second

year progress repo7'l/ed-ited repo,·t, R 3 and R~ aTe final "eport/edited "eport and R 4 is
technology implementat-ion plan.

Tt \Vill be emphasized that papers be prepared jointly by members of difl'erent research
groups involved.
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Chapter 4

Benefits

Earthquake predietion, in the sense practically useful knowledge of where, how and when
an earthquake takes place, is a request from people to science in any earthquake prone
country of Europe. Development in science and technology during the last decades opens
the possibility to prov ide answers to such requests. For success multidisciplinary approach
in geoscience and technology is necessary.

Scientists from 14 institutions in 7 European countries join hands in this project to
try to answer the questions above. Their contribution is in different fields, uniting hands
towards the common objectives. As concerns level of science and technology relevant
in this project all the groups are of a high level and internationally recognized for their
work.

Ice!and is the test area for the project. It has for a long time attracted scientists
from all over the world to study earth proeesses. They have named the country a naturaI
laboratory for earth sciences. As a test area for earthquake predietion research in leeland
is signifieaIlt for many reasons.

The tectonics and the sediment-free surface of Iceland provides conditions which
make it especially useful for studying fault, and fissures, as well as CI"ustal deformation.
The interplay between the ridge and the hotspot activity provides time dependent and
measureable changes in stress and strain, making it possible to study how stress changes
are transmitted and how they lead to rock failure. The enhanced rheological properties
in Iceland, for example the significanee of fluid rock interaction in crusta1 proeesses, make
it easier than elsewhere to study such proeesses. Similar proeesses are, however, active
worldwide although often on a smaller seale making them more difficult to study.

High leve! microearthquake technology is available in Iceland for monitoring fau1ting
processes and stress changes. The same is to say about the deformation monitoring by
GPS, SAR., volumetric strainmeters and other methods. Geology in Iceland in general is
at a very high scientific level. The present proposal is based on very significant results
from earlier predietion projects. It is based on the acquisition and evaluation technology
which was created by the SIL project of the Nordie countries (1988 - 1995). It is based
on scientific research of the EC supported PR.ENLAB project (March 1996 - February
1998) which has further advanced the SIL technology. A significant base for the project
is the international Iceland Hotspot Project and other similar international projects of
recent years aiming at studying the erustal and upper mantle structure of Iceland and
its surroundings. It is not of least significanee for the use of Iceland as a test area that
earthquake predietion and reducing earthquake risk is of a vital interest, which is reflected
in positive attitude and support for the project.

This project if carried out will be a significant contribntion to the development of
seismology, solid earth physics and geology in Europe.

It will be a significant contribution to development of technology for reducing seismic
risks and thus for fulfilling European Commission policies in that field.

Because of the physical approach in this project it will be a significant contribution
to other fields as well, e.g. which is expressed in collaborative efforts in this proposal.
lx-lapping of the detail ed structure of active fault systems at depth, as well as successful
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monitoring of, and modelling of the migration of crllsLal f1uids is of a great val Ile in solving
many hydrological problems.

The seismie alert system which is in practical operation in Iceland will be cOIlLinllollsly
IIpgraded as new resIIlts from ana!ysis and modelling are tested. The technology devel­
oped and the experience and knowhow that will be gained dming the proposed project
can be applied in any area of high seismie risk.

It is the intention of the mllltinationa! group of the participants to export the tech­
nology gained and Lested in Iceland to other earthqllake prone cOllntries. In this proposa!
there is already a step taken for using, on a cooperative basis, the seismie acquisition and
evaillation technology developed in Iceland in anothcr European site of high seismie risk.
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Economic and soeia1 impacts

Information about what ground mot.ions are to be expected in earthquakes, where faults
will rupture the surface and when, are of a significanee in any earthquake prone country.
Increased knowledge will if correct.ly applied lead to better security and living conditions.

Many earthquakes that have struck the world during recent years have surprised by
gTound mot.ions that were not expect.ed at that place. Earthquakes continue to strike
unexpectedly, although there are severai reports of useful short t.enn warnings.

It is generally accepted that earthquake predietion progI'ess is a very gradual proeess
and the approach to useful information will be uneven and different at various sites.
However, any gain which is achieved can be of enormous economic and social advantage.

The physical approach to earthquake predietion research which is the basic idea of the
present proposal has the potential of increasing in general our understand ing of crustal
proeesses and tims bring us closer to the main goals of reducing seismie risk.

Such a physical approach requests multidisciplinary participation of earth sciences.
V"'hich also means that the project leads to development of earth sciences in general and
t.o bet.t.er underst.anding of the crust that we live on.

The technology developed during earlier predietion project.s in Iceland are already
applied in other fields as for example in studying underground wat.er conduits and the
environmental effects of excavation of energy and water from thermal areas. Still further
development. is expected during this proposed project which can be applied in this field,
especially to st.udy the elfects of fraeturing in geothermal reservoirs.

The project proposed here is economically and socially significant for the test area,
Iceland. Tt is based on high level European technology and science. But experience,
scientific gains, knowhow and technology developed in this project will be transferred to
other European countries to be of comparable significanee there.

A by-product of the project of a general significanee is the ability to reduce voicanic
risk. This is done partly by short term wamings based on earthquake activity as well as
hy better understanding of stress changes and deformation proeesses that can lead the
outbreak of eruptions.

Large eruptions, especially in the eastem rift zone of Iceland, can have infiuence on
life conditions in large parts of Europe. Eruptions that start without waming can cause
immediate threat to air tramc. In Iceland eruptions are a special threat to somc hydro­
electrical and geothennal power planl.s. That is ane of the reasons for that companies
running these faeilities have provic!ed considerable support for extending the SIL seis­
mic network, to the benefit of earthquake predietion research, as well as monitoring and
alerting in general.

The faith that people and authorities in Iceland have for the prec!iction projects have
been expressed in providing funds for building and operating the high quality permanent
seismie nctwork, which is the ba-sis for our proposal. This is one of the signs of the
enonnous economic and social impact that the predietion research work includes.



Chapter 6

Project management structure

The subprojects and participants are summarized in Figure 8. Further information about
the division of work, work items and tasks are found in Chapter 2. Figure 7 summarizes
when various tasks will be can-ied out. Figure 7 also includes the approximate dates for
4 workshopsjmeet.ings during the period of the project, and the reporting dates, i.e. not
later than 13 and 25 months, respectively, after the start of the project.

Figure 9 shows the various institutions, contractors and associated contractors re­
sponsible for carrying out the tasks of the workprogramme.

The 7 subgroups can-ying out this proposal are composed of scientists that have
experience in wOl'king together in their fields in an organized way and with good success.
The praposed project, Ea,.thquake-p,.edici'ion Rcseurch in a Natuml LabomtOl'Y - Two
(EUl·thq1LUke P"ediction Natlab-2) is a direct continuation of the EC project Ea,.thquake­
P,-erhction ReseUl'ch in a Natuml Labomto,.y (PRENLAB), starting when the former
programme ends.

Subproject l, with its base at the Icclandic Meteorological Office, Department of
Geophysics, is the center of the project: (1) because the contractor for it is also the
coordinator for the total praject: (2) because all the other subprojects will be in close
contact with it to interchange data. The general database of the project will be in
development and service under Subproject 1. Most of the real-time 'monitoring will be
there also, and tIms testing and validation of the algorithms created, for example in the
alert system.

The contractors of the praject will report to the coordinator not later than a week
before scheduled meetingsjworkshops of the contractors. The meetings will be planned
to coincide with European assemblies on geosciences, i.e. ESC, EUG and EGS meetings,
and will be open to participation of all scientists involved in the project. By having the
meetings coinciding with these conferences the possibility opens for presenting results
and having results tested within the European scientific community, bul. also this way we
have the prospeet of attraeting more scientists to the workshops.

The coordinator will provide progress reports to EC on basis of the contractor reports
and their eva!uations at the common workshops.
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Chapter G: Project management strl/ctl/re

Figure 8: Participants respansible Jar tasks listed in C'hapter 2.
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Chapter 7

The partnership

7.1 Subproject 1: Monitoring crustal proeesses for reduc­
ing seismie risk

Contractor:
Ragnar Stefansson (partner 1, coordinator)
Department of Geophysics, Icelandic Meteorological Office, Reykjavik, Iceland

Subcontractor:
Th6ra Arnad6ttir
Pree-Iance scientist

Subcontractor:
Grimur Bjornsson
Tcelandic Energy Authority, Reykjal'ik, Tceland

Ragnar Stef,insson is also a coordinator for the project as a whole. The Icelandic
Meteorological Office, Department of Geophysics, is in a center position of the project,
Tt builds and qualifies the common database. Most of the continuous monitoring, the
basic seismic evaluations and upgrade oHhe alert system is carried out there. It applies
Ol' tests results and new methods from all the other partners for the seismic evaluation,
for enhancing the alert system, and hazard assessment, Six of the staff members of the
Icelandic Meteorological Office dedicate a significant part of their worktime to the project
as detailed below.

Th6ra Årnad6ttir will cooperate in task 3, "Moc!elling of near field grounc! motions
in catastrophic earthquakes in Iceland",

Grimur Bjornsson and the Icelandic Energy Authority will cooperate in task l with
integration in the database and monitoring of hyc!rological data from geothermal areas.

7.1.1 Department of Geophysics, Icelandic Meteorological Office

The Icelandic Meteorological omce (IMO) with its 95 staff members covers a wic!e range
of scientific c!isciplines in meteorology anc! geophysics. Below is an overview on the role
of the Icelanc!ic Meteorolgical Office in redueing seismic risk.

In the Department of Geophysics, 11,5 persons are eurrently c!evoted to seismological
research. Of these two are technical engineers, the others are scientists in the nelc!s of
seismology, geophysics anc! geology,

The main duties of the Department of Geophysics are monitoring of earthqllakes
anc! earthqllake relatec! changes anc! research based on instrumental as well as historieal
earthqllake data. Tt operates the SIL network which consists of 33, 3-component seismie
stations in the seismic zones of northel'1l and southern Iceland, anc! a real-time evalllation
system in Reykjavik, An alert system watehing the seismic activity for different parts of
the country is in alltomatic operation in the Department. Now the continllous monitoring
of 7 borehole strainmeters is also inclllc!ed in the SIL system, as well as of 2 gravimeters
to mention the most signincant real-time monitoring.
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The Department of Geophysics is the backbone of the successfnl STL project for
earthquake prediction research and the construction of the SIL system which is the main
achievement of the STL project. The Department has also lead other multinational re­
seat:ch projects in Iceland. The borehole strainmeter project in the South Iceland seismic
zone is one of these projects and of benefit for earthquake prediction research.

The research policy of the Department is focussed towards reducing seismic risk.
Tt covers everything from general hazard assessment. to the development of technology
for short t.enn alerts. The seismic system with its alert facilities and the strainmeter
system is also signiHeant for watching vo1canoes and thus the Department is contributing
signifieantly to vo1canie researeh too, and to reducing voleanic risk.

The Department organized the XXV General Assembly of the European Seismologieal
Commission in Reykjavfk, September 9-14, 1906, in collaboration with the Ministry for
the Environment and the University of Tceland. The Assembly was attended by 450
scientists in the Helds of seismology, geophysics, geology, vo1canology, engineering, etc.

The Department of Geophysics coordinates the ongoing PRENLAB projeet (EC
project, seismie risk), but the present proposal is a continuation of and based on the
resnIts of the PRENLAB projcet.

Name: R.agnar Stefansson

Citizenship:
Icelandie

Date of birth:
August 14, 1038, in Tceland

Edueation:
Fil. kand. (B.Sc.), Uppsala University 19G1, mathematies and physics. Fil. kand.
1062, geodesy with geophysics. Fil. lic. (Ph.D.), Uppsala University 1966, The­
sis: lvlethods of foeal mechanism studies with application to two Atlantic earth­
quakes.

Career: 1962-1963 and since 1966 head of the Departmcnt of Geophysics, Tcelandic Me­
teorologica! Office. At 3 occasions visiting researcher at the Department of Ter­
restrial Magnetism, Carnegie Institution of Washington. Fulbright scholar in
the United States 1994. Chairman of the Icelandic National Committee for the
mitigation of earthquake risk. Chairman of the steering committee of the Nordic
STL projeet 1987-1995. Projeet manager of the STL project 1988-1995. Member
of the European Advisory Evaluation Committee for Earthquake Prediction in­
stituted by the Council of Europe. Vice-president of the European Seismologiea!
Commission.

References relevant to the proposal:
PI Tryggvason, K., E. Husebye & R. Stefansson 19S3. Seismie image of the hy­
pothesized Icdandic hot spot, Tectonophysics 100, 97-118.
121 Stefansson, R. & P. Halld6rsson 1988. Strain release and strain build-up in
the South Ieeland seismie zone. Tectonophysics 155, 267-27G.
131 Stefansson, R, R. Bodvarsson, R. Slunga, P. Einarsson, S. Jakobsd6ttir, H.
BungulTl, S. Gregersen, J. Havskov, J. Hjelme & H. KOl'honen 1993. The STL
project, backgl'ound and perspectives for earthquake predietion in the South Ice­
land seismie zone. B,,/I. Seism. Soc. Am. 83, 69G-71G.
14\ Linde, A., K. Agiistsson, 1. S. Sacks & R. Stefanssoll, 1093. Mcchanism of
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the 1991 eruption of Hekla from eontinuous borehole strain monitoring. Nature
365, 737-740.
15j Stefansson, R. 1996. Towards earthquake predietion in Iceland. In: B.
ThorkeIsson (editor), Seislnology in Eumpe. Papers presented at t.he XXV ESC
General Assembly, September 9-14, 1996, Reykjavik,Ieeland. ISBN 9979-60­
235-X, 3-8.

Other staff at the IMO working on Subproject l:

Kristjan Ågustsson:
1996: Fil. lie. from Uppsala University, Department of Geophysics.
1987-present: Geophysieist at. t.he Icelandic Meteorologieal Office, maintainanee
and development. of the strainmeter network and the alert system of the seismie
network, analysis and interpration of strainmeter data.

Gunnar B. Gudmundsson:
1986: B.S. in geophysies from University of Ieeland, Reykjavik.
1985-present.: Geophysieist at the Ieelandie Meteorologieal Omee. Main work
has been on the SIL network. In 1990, 1991 and 1994 organized and partieipated
in OBS experiments in Ieeland in eolloboration with Hokkaido University, Japan.

Pall Halld6rsson:
1979: Dipl. Phys. from University of Gtittingen, Germany.
1979-present: Geophysieist at the Ieelandit lvleteorologieal Office. Main tasks
are seismicity research and seismie hazard assessment.

Steinunn S. Jakobsd6ttir:
1985: Cand. scient. in geophysies from University of Copenhagen. Thesis on
interpretation of sonobuy-data from off coast East-Greenland.
1979-1984: Reasearch assistant at t.he Geologieal Survey of Greenland.
HJ8S-1987: Geophysicist at the Geologieal Survey of Greenland.
1987-present: Geophysieist at the Icelandit Meteorologieal Office. Working
mainly on the SIL network sinte 1988, building up and installing stations, de­
veloping and debugging software and rulllling the network.

Sigurour Th. Rtignvaldsson:
1994: Ph.D. in seismology from Uppsala University.
1994-1995: Postdoetoral fellow at NOI'die Vo!canologital Institute, Reykjavik.
1995-present: Reasearth position at the Ieelandic Meteorological Omte, partly
financed by the Icelandic Science Foundation. Work on mapping attive faults
using relative ioeation tethniques and software development for the SIL network.

References relevant to the proposal:
III Linde, A., K. Agustsson, l.S. Saeks & R. Stefånsson 1993. Mechanism of the
1991 eruption of Hekla from continuous borehole sl,rain monitoring. NatllTe 365,
737-740.
121 Rtignvaldsson, S.Th. & R. Slunga 1993. Routine fault plane solutions for local
nctworks: A test with synthetie data. Bull. Seism. Soc. Am. 83, 1232-1247.
131 Rtignvaldsson, S.Th. & R. Slunga 1994. Single and joint fault plane solutions
for microearthquakcs in South Iccland. Tectonophysics 237, 73-86.
HI Slunga, R., S.Th. Rtignvaldsson & R. Bodvarsson 1995. Absolute and rela­
tive locations of similar events with applieation to microearthquakes in South
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Iee!and. Geophys. J. Inl. 123, 409-419.
15j Bodvarsson, R., S.Th. Rognva!dsson, S.S. Jakobsd6ttir, R. Slullga, & R. Stef­
ansson 1995. The SIL data aeqllisition and monitoring system. Se';s11I. Res.
Letters 67, 35-46.
IGI Agustsson, K., A. Linde & R.. Stefansson 199G. The 1987 Vatna(jolJ earth­
quake South Iee!and viewed by strainmeters: Information on source processes
from associated deformation. In: B. ThorkeIsson (editOI'), Se';smology ';n Eumpe.
Papers presented at the XXV ESC General Assembly, September 9-14, 1996,
Reykjavik, Iceland. ISBN 9979-60-235-X, 175-180.
171 GlIdl1lundsson, G., S. Jakobsd6ttir & R.. Bodvarsson 1996. Alltomatic se!ee­
ti on of teleseismic data in the SIL system. In: Abstracts from the XXV ESC
General Assembly, September 9-14, 1996, Reykjavik, Iceland. Tcelandic Meteo­
rologica! Office, Ministry for the Environment, University of Tceland.
181 Jakobsd6ttir, S. 1996. Alert-detector in the SIL-network. In: Abstracts
from the XXV ESC General Assemb!y, September 9-14, 1996, Reykjavfk, Tee­
land. Tcelandic Meteorological Office, Ministry for the Environment, University
of Iceland.
191 Mochizuki, M., H. Shiobara, H. Shimamura, R. Stefansson & G. Gudmunds­
son 1996. Crusta! structure beneath Reykjanes ridge obtained by OBS refraction
study. In: Abstracts from the XXV ESC General Assembly, September 9-14,
1996, Reykjavik, Iceland. Icelandic Meteorological Office, Ministry for the En­
vironment, University of Ieelancl.
1101 Rognvaldsson, S.Th., G. Guomllndsson, K. Agustsson, S. Jakobsd6ttir &
R. Stefansson 199G. Reeent seismicity near the Hengil! trip!e-junetion, SW Ice­
land. In: B. ThorkeIsson (editor), Seismology in Europe. Papers presentcd at the
XXV ESC General Assembly, September 9-14, 1996, Reykjavik, Ice!and. ISBN
9979-60-235-X, 4Gl-466.

Ernployed by the PRENLAB project:

Einar Kjartansson:
1979: Ph.D. in geophysics from Stanford University, USA.
1979-1980: Research geophysicist at Gulf Research and Development Co.,USA.
1980-1982: Fellow at Nordie Vo!canological Institute, Reykjavik.
1982-1984: Assistant professor of Geology and Geophysics, University of Utah,
USA.
1985-1986: Senior research geophysieist, Entropic Proeessing Ine, Cupertion CA,
USA.
1986-1996: Geophysicist, Icelandic Energy Authority
1996-present: Geophysicist at the Icelandic Meteorological Office.

References relevant to the proposal:
111 Kjartansson, E. 1979. Constant Q-wave propagation and att.enuation. J.
Geophys. Res. 84,4737-4748. (This paper has been reprinted ill two books that
Society of Exploration Geophysicists has published on seismie attenuation and
rock physics).
121 Kjartansson, E. 1996. Database for SIL earthquake data. Tn: Abstracts from
the XXV ESC General Assemb!y, September 9-14, 199G, Reykjavik, Iee!ancl. Iee­
landic Meteorological Office, Ministry for the Environment, University ofIeeland.
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Free-Iance scientist:

Name: Th6ra Arnad6ttir

Citizenship:
Icelandie

Date of birth:
December 17, 1963, in Ieeland

Edueation:
1986 B.S. geophysics, University of Icelanel, Reykjavik.
1989 M.A. geophysics, Princeton University, Princeton, New Jersey, USA.
1993 Ph.D. geophysics, Stanford University, California, USA.

Career: Summer 1985: Research assistant at the Science Institute, University ofTceland,
Reykjavik.
Summer 1986: Field assistant in GPS measurements in Iceland.
1986-1988: Researeh assistant, Dept. of Geosciences, Princeton University, USA.
1989-1993: Research assistant, Dept. of Geophysics, Stanforel University, USA.
Summer 1989: Research volunteer at the U.S. Geological Survey Hawaii Vokano
Observatory, Hawaii, USA.
1994-1995: Research fellow, Dept. of Geology, Victoria University, New Zealand.
1996-present: Researeh associate, Dept. of Geoscienees, Princeton University,
USA.

My researeh foeuses on inversion of geodetic and seismie data to study earth­
quake sources. In partieular, I use a nonlinear optimization method to eletermine
the fault geometry from measured crustal deformation, and model the slip distri­
bution on the fault and stresses induced by earthquakes. The geodetic method I
have mostly used to measure crustal eleformation, is the Global Positioning Sys­
tem (GPS). In the past, I have colleeted anel modelled data from the 1989 Loma
Prieta, California, earthquake, the 1994 Arthur's Pass, New Zealand, earthquake,
and the 1989 Kilauea south flank earthquake, Hawaii, USA.

References relevant to the proposal:
Il) Arnadottil', T., J. Beavan & C. Pearson 1995. Deformation associated with
the 18 June, 1994, Arthur's Pass earthquake, New Zealand. New Zealand J. aj
Geol. and Geophys. 38, 553-558.
121 Arnad6ttir, T., & P. Segall 1994. The 1989 Loma Prieta earthquake imaged
from inversion of geoeletic data. J. Geophys. Res. 99, 21835-21855.
131 Arnad6ttir, T. 1993. Earthquake dislocation models derived from inversion
of geodetic data. Ph.D. thesis, Stanford University.
141 Arnad6ttir, '1'., P. Segall & M. Matthews 1992. Resolving the diserepancy
between geodetic and seismic fault moelels for the 1989 Loma Prieta, California,
earthquake. BILl/. Beis1/!. Soc. Am. 82, 2248-2255.
15] Arnad6ttir, T., P. Segall & P. Delaney 1991. A fault model for the 1989
Kilauea south Rank earthquake from leveling and seismie data. Geophys. Res.
Lett. 18, 2217-2220.
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7.1.2 Icelandic Energy Authority (IEA)

The Ieelandic Energy Authority is an independent government organi"ation under the
Ministry of Industry and Energy. It advises the Ieelandic government on energy policy
by performing researeh and planning commensurate with satisfying the nation's energy
needs. The Ieelandic Energy Authority has been active in the fielcls of exploration,
development and utilization of energy sourees for forty years both at home and abroad. In
Iceland, the Icelandic Energy Authority works closely with the energy utilities developing
the geothermal and hydropower potential of Iceland.

The IEA covers all aspects of geothermal investigations and is furthermore one of
few organizations in the world covering sueh a wide spectrum or activities. It operates
s.everal laboratories such as petrologic laboratory for mineral analysis, chemical labora­
tory ror rock, water and gas analysis and laboratories for development, maintenanee and
ealibration of geophysical instruments and well logging equipment.

A geotbermal training programme, jointly sponsored by the Government of Ice­
land (80%) and the United Nations University (20%) is run by the Ieelandie Energy
Authority. More than 130 specialists ehief!y from the developing eountries have reeeived
postgraduate training in the programme sinee 1978.

The staf!o of the Ieelandic Energy Authority counts about 95 persons.

Name: Grfmur Bjornsson

Citizenship:
Ieelandic

Date of birth:
June 7, 1960, in Iceland

Education:
1980-1984: University of Iceland, B.S. in geophysics.
1985-1987: University of California, Berkeley, U.S.A., M.Se. in reservoil' physies.

Career: Present Position: R.eservoir physicist in the Geothermal Logging and R.eservoir
Physics Division at the Icelandic Energy Authority. Work includes numerical
modell ing of single- and two-phase f!ow in geothermal reservoirs and borehoies,
well logging and testing, hydrological interpretation of well tests and program
writing. Monitoring internal changes in high-temperature reservoirs due to pro­
duction. Supervising geothennal research and production monitoring for a few
district heating systems in Iceland. Storing the collected data in an Oracle re­
lational database. Summarize and draw geographical and potential field data
by using various mapping tools. Severai consultancy missions to El Salvador
and Djibouti regarding geophysical surveys and geothermalreservoir engineering
studies. Instructor at the United Nations geothermal training program, Iceland.
Part time leet urer in geothermal reservoir physics and engineering. Supervising
students in prepairing and writing their final reports.

References relevant to the proposal:
IlJ Bjornsson G. 1987. A multi-feedzone, geothermal wellbore simulator. MS
thesi, at University of California, Berkeley. Lawrence Berkeley Laboratory re­
port no. LBL-2354G, 102 p.
12\ Bjornsson G. & B. Steingrfmsson 1992. Fil'teen years of temperature and
pressure monitoring in the Svartsengi high-temperature geothennal field in SW­
Iceland. Geothe1'1nal ResouTces GOlLlLcil TRA NSA GT/DNS 16, 627-633.

49



Chapter 7: Tl,e partlJership

131 Bjornsson G. & G. Axelsson 1994. Feasibility stndy for the Thelamork low­
temperature system in N-Iceland. Nineteenth Workshop on Geothermal Reser­
voir Engineering, Stanford, California, 9 p.
141 Axelsson G., G. Bjornsson, 6.G. FI6ven., H. Kristmannsd6ttir & G. Sver­
risd6ttir 1995. Injection experiments in low-temperature geothermal areas in
leeland. Proceedings of the World Geothermal Congress 1995, Florenec, Italy,
Vol. 3, 1991-1996.
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7.2 Subproject 2: Applying new methods using microearth­
quakes for monitoring crustal instability

Contractor:
R.eynir Boelvarsson (partner 2)
Department of Geophysics, Uppsala University, Sweelen

Subcontractor:
R.agnar Slunga
Department of Geophysics, Uppsala University, Sweelen

Subcontractor:
61afur G. Flavenz
Icelanelic Energy Authority, Reykjavik, Icelanel

Subcontractor:
Akis Tselentis
Seismological Laboratory, University of Patras, Greece

Subcontractor R.agnar Slunga plays a key rale in in this project. Most of the mi­
croearthquake analysis software useel is elevelopeel by him. He will be employeel by the
project as a part-time professor supervising t.he st.uelents working within the project.

()lafm G. Flavenz is the scientific leaeler at the Icelanelic Energy Authority (IEA).
IEA is involveel in a project where a elense network of seismie stations will be installeel
in a geothennal area. The elata from this network anel also other elata from this project
will be available to our praject.

Professor Akis Tselentis is the elirector of the seismologiea! unit at Patras University.
Within this project we plan to implement the scientific anel technical knowhow gaineel
by the PRENLAB project into a new seismie network in Patras.

7.2.1 Department of Geophysics, Uppsala University

The Scction of Solicl Earth Physics (SEPU), Uppsala University, forms toget.her with the
Section of Seismology, the Department of Geophysiscs with a total of 30 employees. SEPU
is specializeel in stuelies of the lithospheric system emp!oying a variety of geophysical
techniques: refiection anel refrac&ion seismo!ogy, magnetotellurics inclueling controllecl
sources, anel potential fielels. R.ecent projeds incluele the eleep eIrilling project in Siljan
anel refiection seismic stuelies in the Caleclonicles in Norway anel Sweelen.

SEPU has been involveel in magnetotelluric research for a clecacle. The research has
focussecl on stuelies of the lithosphere anel experience has been obtaineel from various ge­
ological environments. SEPU has been concerneel with various aspects of magnetotellmic
instrument elevelopment. SEPU has assisteel with technical anel interpretational support
to a projec& on earthquake preeliction research in Greece.

Name: R.eynir BCieivarsson

Citizenship:
Icelanelic

Date of birth:
December 2, 1950, in Icelanel

51



Chapter 7: T1Je partnership

Education:
1974-1976: Electrical engineering at New Mexico Institute of Mining and Tech­
nology, Soccoro, New Mexico, USA and North Carolina State University, Raleigh,
North Carolina, USA.
1977-1980: Computer science at University of Uppsala, Sweden.

Career: 1970-1973: Engineer at Science Institute, University of Iceland.
1980-present: Research engineer, Department of Geophysics, Uppsala Univer­
sity.
1980-1982: Principle investigator for the project: General Data Acquisition Sys­
tem for Geophysical Measurements. This project was funded by the National
Swedish Board for Technical Development.
1982-1984: Principle investigator for the project "Development of Geophysical
Data Acquisition". This project was funded by the Swedish Naturai Science
Research Council.
1984-1986: R.esponsible for field data digitization and record production of the
Swedish part of the EUGENO-S project. This project was funded by grants
from national funding agencies in Sweden, Denmark Germany, Great Britain,
Switzerland, Finland and Poland.
1987-1996: Principal investigator for the Swedish participation in the SIL project.
The Swedish participation in the SIL project is funded by the Swedish NaturaI
Science Research Council and the Section of Solid Earth Geophysics at Uppsala
University. Pointed by the SIL steering commitee to be responsible for the design
of the SIL data acquisition system.

References relevant to the proposal:
III Btidvarsson, R. 1988. Design of the data acquisition system for the South
Iceland Lowland (SIL) project. Vedmstofa islands, 18 pp.
121 Btidvarsson, R. & S.Th. Rtignvaldsson 1992. The SIL acquisition system, a
new tool for earthquake predietion research. In: NatlLral Disaslers 92, proceed­
ings of the International Conferenee on Preparedness and Mitigation for Natmal
Disasters, 28-29 May, 1992, Reykjavik, Iceland. Association of Chartered Engi­
neers in Iceland, 81-90.
131 Stefansson, R., R. Btidvarsson, R. Slunga, P. Einarsson, S. Jakobsd6ttir, H.
Bungum, S. Gregersen, J. Havskov, J. Hjelme & H. Korhonen 1993. The SIL
project, background and perspectives for earthquake predietion in the South Ice­
land seismie zone. Bull. Seism. Soc. Am. 83, 696-716.
141 Slunga, R.., S.Th. Rognvaldsson & R. Btidvarsson 1995. Absolute and rela­
tive locations of similar events with application to microearthquakes in South
Iceland. Geophys. J. Inl. 123, 409-419.
[5\ Btidvarsson, R., S.Th. Rtignvaldsson, S.S. Jakobsd6ttir, R. Slunga, & R. Stef­
ansson 1995. The SIL data acquisition and monitoring system. Seism. Res.
Lette"s 67, 35-46.

Name: Ragnar Slunga

Citizenship:
Swedish

Date of birth:
July 10, 1943, in Sweden
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Education:
1955-1963: Hal Haparanda.
1963-1964: Swedish Army.
1964-1968: Royal Technical University, Stockholm.

Career: 1975-1982: Principal investigator at FOA for seismie risk assessmcnt for the
Swedish nuclear power plants at Forsmark, Oskarshamn, Ringhals, and Barse­
back.
1979-1985: Scientific investigator for the Swedish digital seismie network for re­
gional earthquakes (22 stations in southern Sweden and Denmark).
1986-1989: Principal investigator for the Swedish digital seismie network cover­
ing south-eastern Sweden and northern Sweden (totally 18 stations).
1985-1989: Principal investigator for the scismie measurements and analysis
during the hydrofracturings and water circulations within the Swedish Hot Dry
Rock Project (500 m depth in granite).
1989: Principal investigator for the seismie measurements and analysis during
the hydrofractming within the deep borehole at Siljan (Gravberg), (5000-6000 m
deep borehole for gas).
1987-1995: Member of the steering comittee of the NOl'dic SIL project in Iceland.
1988-1995: Principal investigator for implementing and developing seismologi­
calanalysis of microearthquakes within the SIL project.
1989-1993 and 1996-present: Part-time professor in tectonophysics at Uppsala
University.

. References relevant to the proposal:
III Slunga, R.. 1988. Frictional sliding and the crusta! stresses, In: A. Boden &
K.G. Eriksson (editors), Deep Drilling in Crystalline Bedroc/;, vol 2, 444-453.
121 Slunga, R. 1991. The Baltie Shield earthquakes. Tectonophysics 189, 323­
331.
13] Rognvaldsson, S.Th. & R.. Slunga 1993. Routine fault plane solutions for local
networks: A test with synthetie data. Bull. Seism. Soc. Am. 83, 1232-1247.
141 Rognvaldsson, S.Th. & R.. Slunga 1994. Single and joint fault plane solutions
for microearthquakes in South Iceland. Tectonophysics 237, 73-86.
151 Slunga, R., S.Th. Rognvaldsson & R. Budvarsson 1995. Absolute and rela­
tive locations of similar events with application to microearthquakes in South
Iceland. Geophys. J. fnt. 123, 409-419.

7.2.2 Icelandic Energy Authority

See Subproject l, section 7.1.2

Name: Olarur G. Fl6venz

Citizenship:
Icelandic

Date of birth:
May 22, 1951
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Education:
1976: B.S. in geophysics from University of Iceland, Reykjavik.
1979: Cand. real. in applied geophysics from University of Bergen, Norway.
1985: Dr. scient. from University of Bergen, Norway.

,
Career: Present position: Director of Energy Research Division, Icelandic Energy Au-

thority.
1985-1996: Head of Geophysical Department, Icelandic Energy Authority, geother­
mal division and project manager of geothermal exploration and exploitation for
the Akureyri municipal district heating system in North-Iceland.
19D5-present: Member of the Joule and Thermie program commit.t.es of the EU's
4th framework programme.
1988: Participation in planning of transient electromagnetic measurements in
the Asal rift in Djibouti and interpretation of the TEM-data obtained by alield
crew from the Icelandic Energy Authority.
1979-1985: Geophysicist at the Icelandic Energy Authority. In charge of geo­
physical exploration (both lield work and interpretation) in varions geothermal
research projects.
1982-present: Project manager of geothermal exploration and geothennal drilling
for the Akureyri municipal district heating system, North-Iceland.
1982-present: Lecturer in applied geophysics, and geothennal prospecting tech­
nique at University of Iceland.
1979: Representative for the Department of Industry, Icelandic offshore seismic
reftection survey and the interpretation of the data at the Western Geophysical
office in London.
1976-1978: In charge of geophysica! exploration (both lield work and interpreta­
tion) in geothermal reconnissance survey of the North-West Peninsula in Iceland
and eastern Iceland.

References relevant to the proposal:
III Fl6venz, 6.G. 1985. Application of subsurface temperature measurements in
geothermal prospecting in Iceland. J. Geodynamics 4, 331-340.
121 Fl6venz, 6.G. 1985. Electrical and seismic structure of the upper crust in
Iceland. Dr. scient. thesis, University of Bergen, 98 p.
131 Fl6venz, 6.G. & K. Gunnarsson 1991: Seismie crustal structure in Iceland
and the smrounding areas. Teetonophysics 189, 1-17.
14) Fl6venz, 6.G. & K. Sæmundsson 1993. Heat ftow and geothermal proeesses
in Iceland. Tectonophysics 223, 123-138.
[5] Bjarnason, I.Th., W. Menke, 6.G. FI6venz & D. Carcss 1993. Tomographic
image of the spreading center in southern Iceland. J. Geophys. Res. 98, 6607­
6622.

7.2.3 Seismological Laboratory, University of Patras

Name: Akis Tselentis

Citizenship:
Greek

Date of birth:
September 5, 1955, in Zaire
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Education:
Dip!. in electronics, Polytechnic of Zurich 1976.
B.Se. (honotlTs) in physics, Athens University 1977.
M.Sc. in applied geophysics, Leeds University, U.K. 1978.
Ph.D. in engineering geophysics, Imperial College, London 1980.
DIC in geological sciences, Imperial College, London 1980.
FSTP in engineering seismology, Tokyo University 1988.

Career: 1979-1980: Research scientist at Bullard Labs, Cambridge, U.K.
1981-1983: Research scientist at Athens University, Greece.
1984-1985: Senior geophysieist, at Institute of Geology (IGME).
1985-1987: Professor of signal processing at the National Aeronautical Military
Aeademy of Scienees.
1987-1989: Visiting researcher employed by EC at the Earthquake Research In­
stitute of Tokyo University.
1989-present: Associate professor of seismo!ogy and geophysics at Patras Uni­
versity. Also director of the Seismological Unit.

References relevant to the proposal:
III Tselentis G-A. 1989. Stress transfer and non linear stress accumulation at
the North Anatolian Fault, Turkey. Pitre and AppUed Geophysics 132, 699-710.
121 Tselentis G-A. 1990. Interstation seismic wave attenuation by autoregressive
deconvolution. p",.e and Applied Geophysics 133, 429-446.
\31 Tselentis G-A. 1993. Geoscan-An algorithm for hard rock tornographic anal­
ysis. In: Proceedings of the 2nd National Geotechnical Conference, Va!. l, 285­
292.
141 Tselentis G-A. 1993. Depth-dependent seisrnic attenuation in W. Greece.
Tectonophysics 225, 523-528.
151 Tselentis G-A. 1993. Shallow attenuation in the West Corinth-Patras rift.
B,,/I. Seism. Soc. Am. 83, 603-619.
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7.3 Subproject 3: Shear-wave splitting to monitor in situ
stress changes before earthquakes and eruptions

Contractor:
Stumt Crampin (partner 3)
Department of Geology and Geophysies, University of Edinburgh, United King­
dom

Stuart Crampin pioneered seismie anisotropy and, with Sergei Zatsepin, is now developing
an anisotropic poro-elastic (APE) model for microsea!e defonnation which appears to
match ohservations of shear-waves: variations in shear-waves can be directly interpreted
in terms of stress variations befare earthquakes and eruptions. This apens the way to
detail ed monitoring of stress beneath Iceland.

7.3.1 Department of Geology and Geophysics, University of Edinburgh

The Department with about 35 academic staft· (including same 15 geophysicists) and
about 70 research students is the largest earth science department in U.K. universities
and is a leading research institute.

The Department (in collaboration with BGS) will analyze thl'ee-component seismo­
grams, particlllarly from the closely-spaced subset of the SIL network for seismie shear­
wave splitting. The contractor Stuart Crampin, moved to the University from BGS
five years aga and there is still elose collaboration between the DeparLment and BGS.
Crampin and colleagues at the University and BGS pioneered mueh of the development
of shear-waves and shear-wave splitting in over 180 research papers; and are tIms well
qualified to interpret shear-wave data from SIL.

The Department contains and has aecess to a large range of computers and computer
hardware and software. These include PC's and small workstations, and Europe's largest
paralleI computer, the Cray T3D.

Name: Stuart Crampin

Citizenship:
British

Date of birth:
Ortober 22, 1935, in England

Edllcation:
1959: B.Se., mathematics, University of London.
1965: Ph.D., geophysics, University of Cambridge.
1978: Sc.D., publications in geophysics, University of Cambridge.

Career: 1963-65: R.esearch fellow, Seismological Institute, University of Uppsala, Swe­
den.
1965-92: Principal scientist, senior prineipal scientist (individual merit), and
deputy chief scientist (individual merit), at the British Geological Survey.
1992-present: Professor of seismie anisotropy, Department of Geology and Geo­
physics, University of Edinburgh.

Pioneered theoretical, numerical, observational, and interpretational develop­
ment of seismie anisotropy in over 180 researeh papers in refereed international
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journals. Was amongst the first to recognizc the significanee of shear-wavc
splitting for monitoring eracked rocks. Direeted the Turkish Dilataney Projeets
(TDPl in 1979, TDP2 in 1980, and TDP3 in 1984) which first positively iden­
tified shear-wave anisotropy above earthquakes, and was amongst the first to
reeognize shear-wave anisotropy in sedimentary basins. As a result of these
studies, the significanee of mieroeraek- and fraeture-indueed anisotropy is now
widely reeognized in both aeademie and industrial seismology.

In 1988 found and direeted the Edinburgh Anisotropy Projeet (supported by
a eonsortium of up to U oil Companies) developing proeessing techniques for
extracting anisotropy parameters from shear-wave reeords.

Organized and helped to organize a series of International Vlorkshops on seismie
anisotropy in Suzdahl, USSR, 1982; Moseow, USSR, 1986; Berkeley, USA, 1988;
Edinburgh, U.K., 1990; Banff, Canada, 1992; and Trondheim, Norway, 1994.

Currently, with Sergei V. Zatsepin, developing an (a)nisotropie (p)oro-(e)lasticity
(APE) model for the deformation of eraekcd porous rock. This is believed to be a
fundamental new understandingofrock deformation with important imp!ieations
and applications.

References relevant to the proposal:
III Crampin, S. 1981. A review of wave motion in anisotropic and craeked elastic­
media. Wave Motion 3, 343-391.
121 Crampin, S. 1994. The fraeture eriticality of crustal rocks. Geophys. J. Int.
U8, 428-438.
131 Crampin, S. & S.V. Zatsepin 1995. Produetion seismology: the use of shear
waves to monitor and model production in a poro-reactive and interaetive reser­
voir. In: Expanded abstracts from the 65th Ann. Int. SEG Meeting, Houston,
199-202.
141 Crampin, S. & S.V. Zatsepin 1996. Forecasting earthquakes with APE. In:
B. ThorkeIsson (editor), Seismology in Europe. Papers presented at the XXV
ESC General Assembly, September 9-14, 1996, Reykjavik, Icelancl. ISSN 9979­
60-235-X, 318-323.
151 Crampin, S. & S.V. Zatsepin 1997. Changes of strain before earthquakes: the
possibility of routine monitoring of both long-tenn and short-term preCUl"sors.
J. Phys. Earth., in press.
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7.4 Subproject 4: Borehole monitoring of fluid-rock inter­
action

Contractor:
Frank Roth (partner 4)
GeoForschungsZentrum, Potsdam, Germany

Subcontractor:
Valgardur Stefansson
Icelandic Energy Authority, Reykjavfk, Tceland

Subcontractor Valgardur Stefansson, is essential, because he provides the borehole and
has logging toais, very important for the investigations, that GFZ does not have. He
also has a large data base on rock physical properties of Tcelaudic rocks, esseutial for the
interpretation of the lags and will provide \ogistic support to our common work.

7.4.1 GeoForschungsZentrum (GFZ), Potsdam

The GFZ is a new science center placed in Potsdam, just outside of Berlin, in the state
Braudenburg, ane of the five new states of the Federal R.epublic. Tt com prises all sciences
of the solid earth, from geodesy via geophysics, geology and mineralogy to geochemistry
in a multidisciplinary research association. Its main tasks are:

Basic research in geosciences on global subjects.
- Joint projects together with universities and other research institutions in nation a!

and international cooperation.
Main fields for the research work of the GFZ dming the next years will be:

Kinematics and potential fields of the earth
Mobile zones of the lithosphere
Plate margins - deformations and mass movements
The genesis of granite and crustal evolution
Earthquakes and volcanism

The research work is done in 22 sections organised in five divisions named:
l Kinematics and Dynamics of the Earth
2 Physics of the Earth and Disaster Research
3 Structure and Evolution of the Lithosphere
4 Material Properties and Transport Proeesses
5 Rock Mechanics and Management of Drilling Projects

Division l "Kinematics and Dynamics of the Earth" comprises the following sections:
1.1 Kinematics and Neotectonics
1.2 Recent Stress Field of the Earth
1.3 Gravity Field and Figure of the Earth
1.4 System Theory and Modelling
1.5 R.emote Sensing

Division 2 "Physics of the Earth and Disaster Research" comprises the following sections:
2.1 Earthquakes and Volcanism
2.2 Applied Disaster Research
2.3 Deep Electro-Magnetic SonndingjGeomagnetic Fields
2.4 SeismologyjSeismic Tomography
2.5 Deep Seismie Sounding

Division 3 "Strueture and Evolution of the Lithosphere" comprises the followiug sections:
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3.1 Structure, Evolution and Geodynamics
3.2 Dynamics of Tectonic Processes
3.3 Sedimentation and Basin Analysis
3.4 Modelling of Geoprocesses

Division 4 "Material Properties and Transport Processes" comprises the following sec­
tions:

4.1 Experimental Petrology and Geochemistry
4.2 Material Properties and Transport Processes
4.3 Genesis of Ore Deposits
4.4 Physical Properties of Minerals and Rocks

Division 5 "Rock Mechanics and Management of Drilling Projects" comprises the follow­
ing sections:

5.1 Operational Support Group ICDP and Borehole Measurement Technologies
5.2 Geoscientilic Instrumentation
5.3 Rock Mechanics and Stress Field

Name: Frank Roth

Citizenship:
German

Date of birth:
July 23, 1951

Edueation:
1972-1979: Physics and mathematics at Bonn University.
Diplom (M.Se.) June 1979 in physics, second subject mathematics, thesis on
experimental particle physics.
Dissertation 1979-1983 in geophysics at the Institute of Geophysics, University
of Kiel, Germany. The Ph.D. was formally finished in January, 1994. Thesis
title "Surface deformations and crustal stresses in areas of high seismicity: A
model describing temporaI variations" (in German; smface displacement, strain
and stress due to point dislocations in a layered, inelastic half-space, theory and
application to an earthquake in Colombia and to the North Anatolian fault zone).

Career: Research fellow January to July 1984 at the Institute of Geophysics, ship of the
German State Seismologica! Bureau, Beijing, P. R. China. Max-Planck-Society
studies on earthquake prediction research in China. W'ork in a research August
1984 to December 1985 in the Turkish-German project Earthquake R.esearch
Project at the western end of the North-Anatolian fault zone, especially in the
active seismic experiment for monitoring travel time changes of seismic waves
(including seismic lield measurements in Turkey).

1986-1991: University assistant at the Institute of Geophysics, Ruhr-University­
Bochum, Germany; work on an own project on the modell ing of subsurface
displacement and tilt to be measured in borehoIes, funded by the German Re­
search Foundation in the framework of the German Continental Deep Drilling
Program (KTB); work on dislocation theory models applied to the stress field
of the North-Anatolian fault zone, the Xian-shui-he fault zone, Sichuan, China
and stress measurements in borehoIes; introduction of opening cracks as a source
in layered (in-)elastic half-spaces; boundary element analysis of the interaction
of cracks; applying pattern recognition to seismicity; computation of synthetic
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seismograms using the ref!eetivity method; work on veetor proeessors and SUN
work stations.
Habilitation May 1992, with the "Habilitation thesis" (in German): "Dislocation
theory modeling of processes on faults". Tt contains a review on the theoreti­
cal connections between the seismological description of transient displacement
due to seismic sourees, static deformations of the earth's erust and the fmcture
mechanics approach to the extension of cracks, further the treatment of sub­
surface deformations in a layered half-space due to double-couple sources and
due to opening cracks, applications to stresses on single faults as well as to the
interaction of faults in Germany (Upper Rhine graben) and South China (Panxi
paleorift).
Since .lune l, 1992, Leader of Seetion 5.3 "Borehole Logging" in Department
5 "Disaster Research" of the GeoForsehungsZentrum, Potsdam. Forming of a
logging team for deep wells (down to 7000 m) with caliper tools, dipmeters,
borehole televiewers, etc. Cooperation with the Institute of Geophysics, Uni­
versity of Karlsruhe, in a research project on the tectonie stress field in eastern
Europe in the framework of the International Lithosphere Projeet, especially
the World Stress Map projeet. Co-investigator in a German Research Founda­
tion (DFG) project in 1992/93 and main proposer in the continuing project for
1994/95.
Tcaching at Bochum and Leipzig University. Lectures on "Introduction to Geo­
physics" (l year), "Modeling of Deformation on Faults", "Borehole Geophysics";
seminaries on earthquake prediction research, on proeesses at faults and on key
experiments in the KTB project, guiding of severaI exercises in seismic source
theory, inversion theory, laboratory experiments on seismie waves, geomagnetics
etc., field experiments on refraction seismies, magneties and geoelectrics, guid­
ance of laboratory reports of students (graduate leve!).

References relevant to the proposal:
11\ F. Roth 1988. Modeling of st.ress patterns along the west.ern part of the North
Anatolian Fault Zone. Tectonophysics 152, 215-226.
121 F. Roth 1989. A model for the present stress fielel along the Xian-shui-he
fault belt, NW Siehuan, China. In: M..J. Berry (eelitor), Earthquake hazarel
assessment and prediction. Teclonophysics 167, 103-115.
\31 F. Roth 1990. Subsurface deformations in a layered elast.ic half-space. Geo­
phys. J. Inl. 103, 147-155.
141 F. Roth 1993. Deformations in a layered crust due to a system of cracks ­
modeling the effect of dike injections or elilatancy. J. Geophys. Res. 98, 4543­
4551.
15j F. Roth 1994. New met.hoels using elislocation theory. In: Procceelings of the
8th Internat. Symp. on Recent Crustal Movements (CRCM '93) of IUGG and
lAG, Local Organizing Commit.tee for the CRCM '93, Kobe, December 6-11,
1993, 265-274 (special issue of J. of the Geodelic Soc. of Japan).

7.4.2 Icelandic Energy Authority

See Subprojeet l, section 7.1.2.
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Name: Va!gardur Stefansson

Citizenship:
Icelandic

Date of birth:
1939, in Iceland

Education:
Dr. of Science in nuc1ear physics from University of Stockholm in 1973.

Career: Joined the Icelandic Energy Authority in 1973 as exp!oration geophysicist. From
1976 to 1985 he was the head of the Geothermal Logging Department.
In 1979-1985 he was deputy director of the Geothermal Division of the Icelandic
Energy Authori ty.
In 1985-1990 he was an interregional advisor on geothermal energy at the Energy
Branc1l, Division of NaturaI Resources and Energy, Department of Technical
Cooperation for Deve!opment, United Nations in New York.
Since 1990 he has been the head of the Reservoir Engineering Department of the
Icelandic Energy Authority. He has been scientific project manager of severa!
main high temperature geothermal projects in Iceland, inc1uding the Krafta and
Nesjavellir fields.
He has been consultant in various geothennal projects in Kenya, Russia, Croatia,
Georgia, Ethiopia and Central America.

References relevant to the proposal:
III Stefansson, V. & B. Steingrfmsson 1980. Geothermal logging I: an introduc­
ti on to techniques and interpretation. Report OS80017/JHD09, National Energy
Authority, 117 pp.
121 J6nsson, G. & V. Stefansson 1982. Density and porosity logging in the IRDP­
ho!e. J. Geophys. Res. 87, 6619-6630.
131 Stefansson, V., A. Gudmundsson & R. Emmerman1982. Gamma ray logging
in Ice!andic rocks. The Log Analyst XXIII 6, 11-16.
141 Stefansson, V., G. Axelsson & O. Sigurdsson 1982. Resistivity !ogging of
fractured basalt. In: Proceedings of the 8th Workshop on Geothermal Reservoir
Engineering, Stanford University, 189-196.
151 Nielsen, P. H., V. Stefansson & H. Tulinius 1984. Geophysical lags from
Lopra-1 and Vestmanna-l. In: O. Berthelsen, A. Noe-Nygaard & J. Rasmussen
(editors), The Deep Drilling Praject 19S0-19S1 in the Fa1·oe Islands. Foroya
Frodskaparfelag, 115-136.
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7.5 Subproject 5: Active deformation determined from GPS
and SAR

Contractor:
Kurt L. Feigl (partner 5)
Centre National de la Recherche Scientifique (CNRS), Toulouse, France

Associated contractor:
Freysteinn Sigmundsson (partner 6)
Nm'dic Volcanological Institute, Reykjavik, Iceland

Subcontractor:
Alexis Rigo
Centre National de la Recherche Scientifique (CNRS), Toulouse, France

Subcontractor:
Jan Johanson
Onsala Space Observatory, Chalmers University of Technology, Gothenburg,
Sweden

Subcontractor:
Pall Einarsson
Science Institute, University of Iceland, Reykjavik, Iceland

CNRS (K. Feigl and A. Rigo) and NVI (F. Sigmundsson) will be responsible for the
SAR interferometric analysis of radar data. When the project begins both CNRS and
NVI will have a rulming version of the DIAPASON software for interferometric ana!ysis
of SAR images. This software, developed by D. Massonnet at Centre National d'Etudes
Spatiales in France, will be used for the radar analysis. CNRS will acquire the relevant
radar data, NVI will provide the Digital Elevation Model (DEM) required for the analysis.
The analysis will be conducted in collaboration.

The Science Institute, University of Iceland (P. Einarsson) will provide information
on active faults in the South Iceland seismic zone in the form of a digitized fault map.
This map will be used for the interpretation of the SAR images, and to relate deformation
to distribution of faults and seismicity within the seismie zone.

The NVI (F. Sigmundsson) will be responsible for the maintenance of 3 GPS receivers
in the South Iceland Seismie Zone at least 8 months per year at semi-permanent stations.
The GPS data will be analysed at NVI and at the Onsala Space Observatory.

At the Onsala Space Observatory (J. Johanson) data from the GPS stations within
the South Iceland seismic zone will be inc1uded in joint data analysis of about 50 GPS
stations in the "Northem Hemisphere", using both the GIPSY and the Bernese Software.
In these network solutions the Iceland stations will be "connected" to stations on Green­
land, North Ameriea, Fennoscandia and Continental Europe. This network will also be
combined with the more sparse, but yet, global IGS network. This \Vill put the Iceland
stations in to a global reference frarne, allowing the determination of the absolute plate
motion applied to the South Iceland seismie zone.

All the participants in the subproject, K. Feigl, F. Sigmundsson, P. Einarsson, J.
Johanson, and A. Rigo will collaborate on the initial interpretation of the deformation
data, as \Vell as other members from the participating institutions.
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7.5.1 Centre National de la Recherche Scientifique (CNRS)

Groupe de Recherche en Geodesie Spatiale (GRGS) is an inter-deparLmental organiza­
tion of which the French space agency (Centre National d'Etudes National, CNES) and
the national research council (Centre National de la Recherche Scientifique, CNRS) are
both members. Historically, this is the research organization in France responsible for
geophysical applications of space geodesy (e.g. DORTS, TOPEX/POSETDON, SLR, etc.).
It is one of only a few laboratories in the world to combine the expertise in producing
radar interferograms with a geophysica! background in modeling crustal deformation. It
is tIms in a privileged position to undertake this projcct. With the proposed budget, it
will possess the cOll1putational resources requircd for the production and analysis of the
I~ecessary radar interferograms.

Name: Kurt L. Feigl

Citizenship:
U.S.A. and France

Date of birth:
January 30, 1962, in Sweden

Education:
B.S. in geology and geophysics, summa cum laude, Yale University, 1985.
Ph.D. in geophysics, Massachusetts Institute of Technology, 1991.

Career: Research technician, R/V R. D. Conrad, Lamont-Doherty Geological Observa­
tory, Columbia University, USA 1985-1986.
Research associate, Institut de Physique du Globe de Paris, 1991-1992.
Research scientist, Centre Nationale de la R.echerche Scientifique, Toulouse 1992­
present.

References relevant to the proposal:
III Feigl, KL., D.C. Agnew, Y. Bock, D. Dong, A. Donnellan, R.W. King, B.H.
Hager, T.A. Herring, D.D. Jackson, T.H. Jordan, S. Larsen, KM. Larson, M.H.
MUlTay, Z. Shen & F. H. Webb 1993: Space geodetic measurell1ent of crustal
deformation in central and southern California, 1984-1992, J. Geophys. Res. 98,
21677-21712.
12) Massonnet, D., M. Rossi, C. Carmona, F. Adragna, G. Peltzer, K Feigl &
T. Rabaute 1993. The displacement field of the Landers earthquake mapped by
radar interferoll1etry. Nature 364, 138-142.
131 Massonnet, D., KL. Feigl, M. Rossi & F. Adragna 1994. R.adar interferomet­
ric mapping of deformation in the year after the Landers earthquake. Nature
369, 227-230.
141 Feigl, KL., A. Sergent & D..Jacq 1995. Estimation of an earthquake focal
mechanism from a satellite radar interferogram: application to the December 4,
1992 Landers aftershock. Geophys. Res. Lett. 22, 1037-1048.
15] Massonnet, D. & K.L. Feigl 1996. Radar interferometry anc! its application
to changes in the Earth's smface. Rev. Geophys., submittec!.

Na me: Alexis Rigo

Citizenship:
French
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Date of birth:
August 23, 1963, in France

Education:
Magistere Interuniversitaire des Sciences de la TelTe, Universite Paris ti, 1990.
DEA de Geophysique Interne, Universite Paris 7, 1990.
Doctorat en Geophysique Interne, Universite Paris 7, 1994.

Career: Lecturer, Institut de Physique du Globe de Paris, 1993-1994.
Research consultant in seismic hazard, Coyne & Bellier, Gennevilliers, France,
1995.
Research scientist, Centre National de la Recherche Scientifique, Toulouse, 1995­
present.

References relevant to the proposal:
Il) Armijo R., B. Meyer, G.C.P. King, A. Rigo & D. Papanastassiou 1996. Qua­
ternary evolution of the Corinth Rift and its implications for the Late Cenozoic
evolution of the Aegean, Geophys. J. Inl. 126, 11-53.
121 Rigo, A., H. Lyon-Caen, R. Armijo, A. Deschamps, D. Hatzfeld, K. Makropou­
los, P. Papadimitriou & L Kassaras 1996. A microseismic study in the western
part of the Gulf of Corinth (Greece): Implications for large-scale normal faulting
mechanisms. Geophys. J. Inl. 126, 663-688.
131 Bernard, P., P. Briole, B. Meyer, H. Lyon-Caen, J.M. Gomez, C. Tiberi, C.
Berge, D. Hatzfeld, C. Lachet, B. Lebrun, A. Deschamps, F. Courboulex, C.
Laroque, A. Rigo, D. Massonnet, P. Papadimitriou, J. Kassaras, D. Diagourtas,
K. Makropoulos, G. Veis, E. Papazisi, C. Mitsakaki, V. Karakostas, E. Papadim­
itriou & D. Papanastassiou 1996. The Ms=6.2, June 15, 1995 Aigion earthquake
(Greece): Results of a multidisciplinary study. J. Seismology, submitted.
141 Rigo, A., C. Olivera, A. Souriau, S. Figueras, H. Pauchet, A. Gresillaud, & M.
Nicolas 1996. The February 1996 earthquake sequence in the eastern Pyrenees:
First results. J. Seism%gy, submitted.
151 Baker, C., D. Hatzfeld, H. Lyon-Caen, E. Papadimitriou & A. Rigo 1996.
Earthquake mechanisms of the Adriatic Sea and Western Greece. Geophys. J.
Inl., submitted.

7.5.2 Nordie Volcanological Institute (NVI)

The NOl·dic Vo1canological Institute (NVI) is a multi national organization sponsored by
the Nordic countries, Denmark, Finland, Iceland, orway and Sweden. The NVI was
founded in 1973 and has now 14 salaried researchers. The institute focuses on basic
research in vo1canology and related topics. ane field of special emphasis is research on
active crustal deformation at plate boundaries, both at vo1canoes and in seismic zones.
This research field has been pmsued at the institute for more than 20 years, relying
e.g. on geodetic techniques. The technigues currently used include optica! levelling and
automatic tilt measurements, e!ectronic distance measurements (EDM), Global Position­
ing System (GPS) geodesy, and Satellite Radar Interferometry (SAR). The institute
has three Trimble 4000 SST GPS receivers, partly at the disposal of this project. The
Bernese GPS software, Version 4.0, is used for analysis. of GPS data. The NVI should
soon have a copy of the DIAPASON software, developed by D. Massonnet at Centre
National d'Etudes Spatiales in France, that will be used for SAR interferometric analysis
of radar images.

64



Chapter 7: The partnership

Name: Freysteinn Sigmundsson

Citizenship:
Icelandic

Date of birth:
July 22, 1966, in Iceland

Education:
1985-1988: University of Iceland, B.S. degree 1988, geophysics.
1988-1989: University of Colorado at Boulder, USA.
1989-1990: University of Iccland, M.S. degree 1990, geophysics.
1990-1992: University of Colorado, Ph.D. degree 1992, geophysics.

Career: 1988-1989: University of Colorado, research assistant. Defonnation monitoring
in the Long Valley Caldera, and research on the application of the Global Posi­
tioning System for tectonic studies.
1989-1990: University of Iceland, research assistant. Research on post-glacial
rebound and rheology in Iceland.
1990-1992: University of Colorado, research assistant. Research on crustal de­
formation in sub-aerial parts of the world-oceanic rift system and application of
the Global Positioning System for tedonic studies.
1992-prescnt: Nordic Vo!canological Institute, research geophysicist. Principal
field of work: Research on crustal defonnation related to vo!canic and seismic
activity using the Global Positioning System (GPS), Satellitc Radar Interferom­
etry (SAR), optical levelling and automatic tiltmeters.

References relevant to the proposal:
11] Sturkell, E., F. Sigmundsson, P. Einarsson & R. Bilham 1994. Strain ac­
cumulation 1986-1992 across the Reykjanes Peninsula plate boundary, Iceland,
determined from GPS measurements. Geophys. Res. Lett. 21, 125-128.
\21 Sigmundsson, F., P. Einarsson, R. Bilham & E. Sturkell 1995. Rift-transform
kinematics in South Iceland: Deformation from Global Positioning System mea­
surements, 1986-1992. J. Geophys. Res. 100, 6235-6248.
13\ Sigmundson, F. 1996. Crustal deformation at volcanoes. In: F. Barberi & R.
Casale (editors), Proceedings of the Course the Mitigation of Vo!canic Hazards,
European School of Climatology and Natural Hazards, Vu!cano, Sicily, 12-18
.lune 1994. European Commission, ECSC-EC-EAEC, Brussels.
\41 Sigmundsson, F., P. Einarsson, S.Th. R.ognvaldsson, G.R.. Foulger, K.M.
Hodgkinson & G. Thorbergsson 1996. 1994-1995 seismicity and deformation at
the Hengill triple junction, Iceland: Triggering of earthquakes by a small magma
injection in a zone of horizontal shear stress . .1. Geophys. Res., submittcd.
151 Vadon, H. & F. Sigmundsson 1997. Crustal deformation from 1992-1995 at
the Mid-Atlantic Ridge, SW Iceland, mapped by satellite radar interferometry.
Science 275, 194-197.

7.5.3 Onsala Space Observatory (OSO)

The research group on Space Geodesy and Geodynamics at the Onsala Space Observatory
has been involved in the development of the Very-Long Baseline Interferometry (VLBI)
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technique for precise determination of baseline vectors in application to the measurement
of plate tectonics and earth orientation from the start in the early 1960's. They have
heen involved in a number of long-term international research projects, most notably
NASA's Crustal Dynamics Program during 1980's and the follow-on Dynamics of the
Solid Earth program. The latter application highlights the use of GPS and VLBI for the
measurement of postglacial rebound and related changes of the sea leve!.

Onsala Space Observatory has started its GPS activities in 1986. A CIGNET (now
TGS) tracking station has been in operation since 1987. Research and development on the
GPS technique for precise detennination of geodetic positions with special emphasis on
antennas and atmospherie wave propagation. During 1993 in a joint effort, osa and the
National Land Survey of Sweden created a permanent array of 21 GPS stations evenly
distributed throughout the country. Since August 1993 the data that are continuousJy
observed in the array are being processed at OSO and solutions are obtained on a daily
basis. Since 1996 a more extensive network is routinely analyzed. The gro up has acquired
expertise with severai GPS software packages. The Bernese Software as well as the GIPSY
software developed at Jet Propulsion Laboratory, USA are used daily.

Name: Jan Johanson

Citizenship:
Swedish

Date of birth:
September, 1960, in Sweden

Education:
1985: M.Sc. degree (civ. ing) in electrica! and computer engineering at Chalmers
University of Technology, Gothenbw·g, Sweden.
1992: Ph.D. at Chalmers University of Technology.

Career: 1985-1992: Research assistent at Onsala Space Observatory, Chalmers Univer­
sity of Technology.
1992-1993: Visiting scientist (postdoetoral fellow) at Harvard-Smithsonian Cen­
ter for Astrophysics Cambridge, Mass., USA.
1993-present: Postdoctoral scientist/assistant professor at Onsala Space Obser­
vatory, Chalmers University of Technology.
1994: Visiting scientist at Harvard-Smithsonian Center for Astrophysics Cam­
bridge, Mass., USA.
President IAG/TUGG Special Study Group on site dependent e!feets in high­
precision sateJlite navigation (SSG 1.158).
Chairman of NKG WG on permanent geodetic stations.

References relevant to the proposal:
III Scherneck, H.-G. 1991. A parametrized solid earth tide mode! and ocean tide
loading e!fects for global geodetic baseline measurements. Geophys. J. Inl. 106,
677-694.
[21 E16segui, P., J.L. Davis, R.T.K. Jaldehag, J.M. Johansson, A.E. Neill & I.L
Shapiro 1995. Geodesy using the Global Positioning System: The ellects of sig­
nal scattering on estimates of site position. J. Geophys. Res. 100, 9921-9934.
[31 BTFROST Project, R.A. Bennett, T.R. Carlsson, T.M. Carlsson, R. Chen,
.I.L. Davis, M. Ekman, G. Elgered, P. El6segui, G. Hedling, R.T.I<. Jaldehag,
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P.O.J. Jarlemark, J.M. Johansson, B. Jonsson, J. Kakkuri, H. Koivula, G.A.
Milne, J.X. Mitrovica, E.l. Nilsson, M. Ollikainen, M. Paunonen, M. Poutanen,
R.N. Pysklywec, B.O. Ronnang, H.-G. Scherneck, I.l. Shapiro & M. Vermeer
1996. GPS measurements to constrain geodynamic processes in Fennoscandia.
EOS Tmns. American Geophys. Union 77, 337-339.
14jJaldehag, R.T.K., J.M. Johansson, B.O.Ronnang, P. El6segui, .J.L. Davis, I.l.
Shapiro & A.E. Neill1996. Geodesy using the Swedish Permanent GPS Network:
Elfects of signal scattering on estimates of relative site positions. J. Geophys.
Res. 101, 17,841-17,860.
151 Jaldehag, R.T.K, J.M. Johansson, J.L. Davis & P. EI6segui 199(;. Geodesy
using the Swedish Permanent GPS Network: Elrects of snow acculTlulation on
estimates of site positions. Geophys. Res. Letters 23, lGOI-1604.

7.5.4 Science Institute, University of Iceland

The University of lceland is a state university with 5000 students in 9 departments: law,
medicine, dentistry, theology, philosophy, socia! sciences, engineering, naturaI sciences,
and economics. The Department of Natura! Sciences encompasses the subjects physits,
mathematics, computer science, chemistry, bio!ogy and geology, and has 800 students.
E.S. and M.S. degrees are offered in these subjects. Yearly number of physics students
(including geophysics) is 5-10. The Science Institute is a research institute of the Depart­
ment of NaturaI Sciences, but with a separate budget. It has divisions of mathematics,
physics, geophysics, geoJogy, chemistry, and computer science. Most of its funds come
[rom the government budget, but a substantial part comes from grants and contracts. The
Geophysics Division has a staff of 14: 2 professors, 4 senior research scientists, 3 research
scientists, 3 technicians and 2 research assistants. Main research areas are seismology,
crustal movements, glaciology, paleomagnetism, geomagnetism, mass speclrometry, and
geothermal research. The division runs a geomagnetic observatory (Leirvogur), 20 seis­
mographs throughout the country, and a mass spectrometer. The Geophysics Division
has conducted research on seismicity and crustal movements for almost 30 years. Studies
of the South Iceland seismic zone go back to 1974, with emphasis on seismicity, crustal
deformation, radon precursors and mapping of recent earthquake faults.

Name: Pall Einarsson

Citizenship:
Icelandic

Date of birth:
March 27, 1947, in Iceland

Education:
University of Gottingen, Germany, 1967-70. Major in physics, minors in math­
ematics and chemistry. Vordiplom in physics 1970.
Columbia University, New York, USA, 1970-75. Major in seismology, minors in
general geology, physics and structmal geology. M.PhiJ. degree in 1974, Ph.D.
degree in 1975.

Career: Graduate research assistant, Lamont-Doherty Geological Observatory, USA, 1970~

75.
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Teaching assistant, Columbia University, USA, 1974-1975.
Research scientist, Science Institute, University of Iceland, 1975-1977.
Senior research scientist, Science Institute, University of Iceland, l!J77-1994.
Head of the Geophysics Division and member of the Board of Directors of the
Science Institute, 1983-87.
Member of the University Senate, U.I., 1986-1990.
Leeturer in the Department of Naturai Sciences, U.I., 1975-1994, teaching courses
in geophysies, physics, seismology, tectonies and volcanology.
Professor of geophysics, U.l., 1994.

References relevant to the proposal:
. 111 Einarsson, P., S. Bjornsson, G. Foulger, R. Stefansson & Th. Skaftad6ttir

1981. Seismicity pattern in the South Iceland seismie zone. In: D. Simpson
& P. Richards (editors), Ea,·thquake Predietion - An International Review, Am.
Geophys. Union, M. Ewing Series 4,141-151.
121 Einarsson, P. & J. Eirfksson 1982. Earthquake fraetures in the districts Land
and Rangarvellir in the South Iceland seismie zone. Jiikul/32, 113-120.
131 Einarsson, P. 1991. Earthquakes and present-day tectonism in Iceland. Teclono­
physics 189, 261-279.
141 Sigmundsson, F., P. Einarsson, R.. Bilham & E. Sturkell1995. Rift-transform
kinematics in South Tceland: Derormation from Global Positioning System mea­
surements, 1986 to 1992. J. Geophys. Res. 100, 6235-6248.
15] Erlendsson, P. & P. Einarsson 1996. The Hvalhnllkur fault, a st rike-slip fault
mapped within the Reykjanes Peninsula oblique rift, Iceland. In: B. Thorkels­
son (editor), 8eismology in Em·ope. Papers presented at the XXV ESC General
Assembly, September 9-14, 1996, Reykjavfk, Iceland. ISBN 9979-60-235-X,
498-504.
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7.6 Subproject 6: Effects of stress fields and crustal fluids
on the development and sealing of seismogenic faults

Contractor:
Agllst Gudmundsson (partner 6)
Nordie Volcanological Institute, Reykjavfk, Iceland

Associated contractor:
Francoise Bergerat (partner 8)
Laboratorie de Tectonique Quantitative, Universite Piene et Marie Curie, CNRS,
Paris} Franee

Subontractor:
Jacques Angelier
Laboratorie de Tectonique Quantitative, Universite Pierre et Marie Curie, CNRS,
Paris l Franee

Subontractor:
Thierry Villemin
Universite de Savoie, France

Subontractor:
Philip Meredith
Department of Geological Sciences, University College, London, U.I<.

7.6.1 Nordie Volcanological Institute

The NOl'dic Volcanological Institute (NVI) is a multinational organization sponsored
jointly by the NOl'dic countries, Denmark, Finland, Iceland, Norway and Sweden. The
NVI was founded in 1973 and has now 14 sa!aried researchers. The institute focuses
on basic research in volcanology, with special emphasis on vo!canotectonics and crustal
deformation of active volcanoes as well as their histories, petrology and geochemistry.

The institute is well equipped for volcanoJogical studies. In addition to the usual
equipment for studies in geochemistry and petrology (including a micropl'Obe), NVI has
scveral GPS instruments and access to a large range of computers and computer hardware
and software, including the boundary-element analysis system BEASY.

Name: Agust Gudmundsson

Citizenship:
Icelandic

Date of birth:
November 26, 1953, in Iceland

Education:
B.S. in general geology, University of Iceland, 1977.
B.S. (honours) in structural geology, University of Iceland, 1978.
M.Sc. in structural geology and rock mechanics, Imperial College, London, 1979.
Ph.D. as an external student, University of London, 1984.

Career: He was a part-time teaeher at the Sund College in Reykjavik, 1974-1978 and
again 1986-1987, and a full-time teaeher 1979-1985. He has lectured on geology,
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astronomy, computer sciences and mathematics. He worked as a field geologist
for the Icelandic Energy Authority 1977-1978 and again during the summer of
1982. During the spring semester of 1985, he lectured on rock mechanics and
fracture mechanics at the Department of Physics, University ofIcelanel. He was a
research fellow at the Norelic Volcanological Institute, 1985-1987, and a research
scientist at the same institute from 1987. He was the president of the Geoscience
Society of Iceland 1994-1996.

References relevant to the proposal:
Il] Gudmunelsson, A., K. Fjader & T. Forslund 1994. Dikes, minor faults and
mineral veins associateel with a transform fault in North Icelanel. J. Sll"Ucl. Geol.
16, 109-119.
12] Guelmundsson, Å. 1995. Infrastructure and mechanics of vo1canic systems in
Icelanel. J. Volcanol. Geolherm. Res. 64, 1-22.
131 Gudmundsson, A. & B. O. Liingbacka 1995. Extensional tectonics in the
vicinity of a transform fault in North Iceland. Teclonics 14, 294-306.
141 Gudmundsson, A., 1995. Ocean-delge discontinuities in Iceland. J. Geol.
Soc. London 152, 1011-1015.
151 Gudmundsson, A., F. Bergerat & J. Angelier 1996. Olf-rift anel rift-zone
paleostresses in Northwest Iceland. Teetonophysics 255, 211-228.

7.6.2 Laboratorie de Tectonique Quantitative, Universite Pierre et Marie
Curie, CNRS

This laboratory has a long experience in tectoruc studies, focusing on quantitative studies
such as paleostress reconstructions using fault-slip data sets. Since 1987 Jacques Angelier
anel Francoise Bergerat from this Laboratory have carried out volcano-tectonic studies
in Icelanel, inelueling fraeture stuelies in the rift zone, paleostress reconstructions, and
stuelies within the on-land parts of the Tjornes fracture zone in North Iceland.

Name: Francoise Bergerat

Citizenship:
French

Date of birth:
January 18, 1949

Eelucation:
Baccalaureat Sciences Experimentales, Paris, 1966.
Maitrise de Geologie, University of Piene and Marie Curie, 1971.
D.E.A. de Geologie Structurale, University of Pierre and Marie Curie, 1972.
Doctorat de 3eme cyele en Geologie Structurale, University of Piene anel Marie
Curie, 1974.
Doctorat d'Etat es-Sciences, University of Piene anel Marie Curie, 1985.

Career: She joineel the CNRS (The French National Research Centre) in 1982 as a re­
search scientist and became a research director, at the same institute, in 1989.
Deputy-Director of the "Parisian Center of Geology" CNRS Research Federation
since 1996.
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References relevant to the proposal:
III Bergerat, F., J. Angelier & T. Villemin 1990. Fault systems and stress pat­
tems on emerged oceanic ridges: a case study in Iceland. Tectonol'hysics 179,
183-197.
121 Bergerat, F., L. Csontos, G. Tari & L. Fodor 1991. Evollltion of the stress
field in the Carpathe-Pennonian area during the Neogene. Tectonol'hysics 199,
73-92.
131 Bergerat, F. 1994. Tectonic evollltion of the Greenland-Scotland ridge during
the Paleogene: New constraints. Geology 22, 653-656.
141 Bergerat, F. & P. Martin 1996. Paleostresses infened from macro- and mi­
crofractmes in the Balazuc-1 borehole (G.P.F. programrne). Contribution to the
tectonie evolution of the Cevennes border of the SE Basin of France. Mal'ine
and PetTole"", Geology 13, 671-684.
151 Bergerat, F., J. Angelier, O. Dauteui! & T. Villemin 1997. Tension-shear
relationships in extensional fissure swarms, axial rift of northeastem Iceland:
morphological evidence. J. StT"ct. Geol., in press.

Name: Jacques Angelier

Citizenship:
French

Date of birth:
March 2, 1947

Education:
Baccalaureat de Sciences Experimentales, Aix Marseille, 1964.
Maitrise es Seiences de Geologie, Faculte des Sciences de Paris, 1968.
D.E.A. de Geologie Structurale, Universite Piene et Marie Curie 1970.
Doctorat de 3c cyde en Geologie Strueturale, Universite Piene et Marie Curie,
1971.
Doctorat d'Etat es Scienees, Universite Piene et Marie Curie, 1979.

Career: He was a teaeher (assistant) at the University of Piene et Marie Curie, Paris
from 1970 to 1971 and at the University of Orleans from 1971 to 1976 (first as
tlassistant" and then as ~'maitre-assistane'). He was a l:maitre~assistant" at the
Universite Piene et Marie Curie from 1976 to 1981 and became a professor at
the same university in 1981. Head of the "Tectonics" CNRS Laboratory for the
period 1997-2000.

References relevant to the proposal:
III Angelier, J. 1984. Tectonic analysis of falllt slip data sets. J. Ge0l'hys. Res.
89, 5835-5848.
121 Angelier, J. 1989. From orientation to magnitudes in paleostress determina­
tions using fault slip data. J. St,."ct. Geol. 11, 37-50.
131 Angelier, J. 1990. Inversion of field data in fault teetonies to obtain the
regional stress Ill. A new rapid direct inversion method by analytical means.
Geophys. J. Int. 103, 363-376.
141 Angelier, .l., .J. M. Dupin & W. Sassi 1993. Homogeneous stress hypothesis
and actual fault slip: a distinet element analysis. J. St,.ucl. Geol. 15, 1033-1043.
151 Angelier, J. 1994. Paleostress trajectory maps based on the results of loeal
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determinations: the LISSAGE program. Computers and Geosciences 20, 161­
191.

7.6~3 Universite de Savoie

The Laboratoire de Geodynamique des Chalnes Alpines (LGCA) (Laboratol'Y of Alpine
Belt Geodynamic) is a laboratory of both the University of Savoy (Chambery) and Uni­
versity Joseph Fourier (Grenoble). The LGCA is also a associated Laboratory of the
Centre National de la Recherche Scientifique (ESA CNRS n05025). The LGCA has a
stall of about 25 acadernie people, and 40 reseaeh students.

The rnain fields of reseach at the LGCA dming the next years are as follow:

• Sedimentology and lithospherie deformation.

• Tectonic, magmatie and metamophie evolution of the lithosphere during conver­
genee processes.

• Characterization, measure and modelization of recent and present-day deformation.
This group is made of 7 permanents and 15 research students. Special attention
will be payed to naturaI risk due to earthquakes (fault propagation) and stope
instabilities (dif!' evolution).

The LGCA eontains and has access to a lot of computers and softwares, a large range
of photogrammetric and geodesic instruments, equipments for analogue experiments in
rock mechanics.

Name: Thierry Villemin

Citizenship:
French

Date of birth:
September 10, 1958

Education:
Bachelor's degree in natmal sciences, Pierre and Marie Curie University, Paris,
1980.
Master's degree in natmal sciences, Pierre and Marie Curie University, Paris,
1981.
Biology and geology agregation examination, 1982.
Ph.D. in geology, Pierre and Marie Curie University, Paris, 1986.

Ca reel': He was a full time teaeher from 1984-1986. In 1986 he obtained a temporary
employment of senior lecturer at the Pierre and Marie Curie University, Paris
and gave lectures in geology, In 1990 he has obtained a permanent employment
of senior leeturer at the University of Savoie. Now he gives lectmes in structural
geology, teetonies, teledeteetion and geodesy. He makes research on fraeture
meehanies and fraeture patterns at the Laboratory of alpine beIts geodynamie
(CNRS associated Laboratory).

References relevant to the proposal:
111 Bergerat, F., .1. Angelier & T. Villemin 1990. Fault systems and stress pat­
terns on emerged oeeanic ridges: a case study in Iceland. Tectonophysics 179,
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183-197.
121 Bergerat, F., J. Angelier & T. Villemin 1992. Deformations eassantes dans
la partie emergee d'une zone transformante oceanique: Ja zone de fractures de
Tjomes (Islande). C. R. Acad. Sei., Paris 315, 1011-1018.
131 Gudmundsson, A, F. Bergerat, J. Angelier & T. Villemin 1992. Extensional
tectonics of southwest Iceland. Bull. SOl'. Geo/. Franee. 163, 561-570.
141 Villemin, '1'., F. Bergerat, J. Angelier & C. Lacasse 1994. Brittle c!eformation
anc! fracture patterns on oceanic rift shoulc!crs: the Esja peninsula, SW Ieelanc!.
J. Struet. Geo/. 16, 1641-1654.
15/ Villemin, '1'., J. Angelier & S. Choon 1994. Fractal c!istribution of fault ex­
tents and offsets: implications on brittle c1efonnation evaluation: the Lonaine
coal Basin (NE France). In: C.C. Barton & P.R.. Lapointe (editors), Fraetals in
the eal·th Sciences, Plenum Press, 205-226.

7.6.4 Department of Geological Sciences, University College, London

The Rock & Ice Physics Research Unit at the University College, London (UCL) is
based on the research activities and interests of Philip Meredith (director), Stan Murrell,
Peter Sammonds and David Scott. The Unit currently com prises 20 members, and its
main researeh objectives include the fraeture behaviour of rocks, fluid-rock interaction,
the determination of crustal stress fields by observations and experiments in borehoIes,
deformation and strength of erustal rocks, syn-deformational measurements of acoustic
properties of rocks, including P- and S-wave veloeities, attenuation and acoustic emission.

Name: Philip Meredith

Citizenship:
British

Education:
B.Se. in mining engineering, Imperial College, Lonc1on, U.K.
Ph.D. in geophysics, Imperia! College, London, U.K.

Career: From 1983-1985 he was NERC postc1oetoral research fellow at Imperial College
and from 1985-1988 special fellow at University College, London. At the Uni­
versity College he was lecturer in rock physics from 1988-1992, reader in rock
physics from 1992-1995, c1irector of the Rock & Ice Physics Laboratory from
1989-1995 anc1 c1eputy head of Department from 1994-1995. He was Monbusho
visiting professor at the Research Institute for Fracture Technology, Tohoku Uni­
versity in Japan, in 1992. He has published more than 70 research publications
(excluc1ing abstracts) since 1981.

References relevant to the proposal:
III Meredith, P. & B. K. Atkinson 1987. The theory of subcritical crack growth
with applications to minerals and rocks. In: B.K. Atkinson (ec1itor), Fmeture
Mechanies of Rock. Academic Press, London, 111-166.
121 Meredith, P. & B.K. Atkinson 1987. Experimental fracture mechanics data
for rocks anc1 minerals. In: B.K. Atkinson (editor), Fmeture Meehanies of Rock.
Academic Press, London, 477-525.
131 Sammonc1s, P.R., P.G. Merec1ith & LG. Main 1992. R.ole of pore f1uids in the
generation of seismil' percW'sors to shear fracture. NatuI'e 359, 228-230.
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141 Hatton, C.G., LG. Main & P.G. Meredith 1994. Non-universal scaling of frac­
tUTe length and opening displacement in the Krafla fissure swarm, NE Iceland.
Nature 367, 160-162.
151 C. Jones, P. Meredith & S.A.F. MWTell 1996. Thermally incluced seismic­
ity, microcrack damage and fluid permeability in basalts. In: B. ThorkeIsson
(eclitor), Seismology in Europe. Papers presented at the XXV ESC General As­
sembly, September 9-14,1996, R.eykjavfk, Icelancl. ISBN 9979-60-235-X, 83-88.
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7.7 Subproject 7: Theoretical analysis of faulting and earth­
quake proeesses

Contractor:
Maurizio Bonafede (partner 7)
Department of physics, University of Bologna, Italy

Associated contractor:
Frank Roth (partner 4)
GeoForschungsZentrum, Potsdam, Germany

7.7.1 Department of Physics, University of Bologna

The Department of Physics, University of Bologna is divided in 8 research branches (sec­
tors), one of which is the sector "Geophysies", with 8 professors 4 permanent and severa!
non-permanent researeh assistants. Geophysical disciplines are taught to undergradllate
students in physies and geology; a Ph.D. curriculum in geophysics is also available.

Main research fields in solid earth geophysics inc1ude:

• Gravitation: Experiment on the detection of non-Newtonian terms in the gravity
force (5-th force) employing a supereonduetor gravimeter.

• Physiea! modelling of geodynamic proeesses, inc1uding plate tectonies, post-glacia!
rebound, interaction with earth rotation, fault mechanics and vo1canic proeesses.

• Advaneed statist iea! methods applied to establish phenomenologieal relationships
between geophysical observations and seismie and vo1canie events, inc1l1ding pre­
cursory events.

• Modelling tsunami generation and propagation following landslides, earthquakes
and volcanie eruptions.

• Spaee geodesy (mainly GPS) applied to monitor the deformation field in tectonically
aetive areas in Italy and the Mediterranean.

• Seismie and gravimetrie prospeeting for loeal studies.

Name: Maurizio Bonafede

Citizenship:
Italian

Date of birth:
Apri! 23, 1949

Edueation:
Degree in physies, University of Bologna, 1972.
Postdoetoral diploma in spaee science, University College, London, 1974.

Career: Full professor of physies of the solid earth, University of Bologna.
Teaehing - undergrad uate:
Mathematics (University of Aneona 197G-1977, University of Bologna 1977­
1983), seismology (University of Ancona 1977-1983), physies (University of Bologna
1983-88), physies of the solid earth (University of Bologna 1988 to present).
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Teaching - postgraduate:
Mechanics of continua (Ph.D. 111 physics 1987-1988), partial differential equa­
Lions (Ph.D. in physics 1989-1993).
Convenor and chairman of EUG and EGS symposia, workshops and schools.
EdiLor of Acta Vulcanologica, associate editor of Annali di Geofisica and Physics
and Chemistry of the Earth, and guest editor of Terra Nova, vol. 4.
Member of the Directive Council of Osservatorio Vesuviano (Napoli). Member
of the Scientific Council of Gruppo Nazionale per la Vulcanologia. Member of
Scientific Council of Istituto Nazionale di Geofisica.
Proposer and co-investigator in severaI researeh projects funded by the Italian
National Research Council (CNR) and Ministry of Scientific and Technological
Research (MURST) since 1977. Contractor within the previous phase of EC
Programme Environment and Climate.
The research activity is mainly eoncerned with the physical and mathematical
modelling of geodynamie processes (interaction between lithosphere and astheno­
sphere), ground deformation (indueed by fluid migration, seismie and volcanic
activity), fractme meehanics (dyke injection, rheology of fault regions, after­
shocks), precursory phenomena (piezomagnetic effect).

References relevant to the proposal:
III Belardinelli, M.E. & M. Bonafede M. 1994. Rheology heterogeneities on fault
surfaces inferred from the time history of afLerslip events. Geophys. .J. Int. 1l6,
349-365.
12\ Piersanti, A., G. Spada, R. Sabadini & M. BOl1afede 1995. Global post­
seismic deformation. Geophys. .J. Int. 120, 544-566.
131 Bonafede, !'vI. 1995. Interaction between seismic and volcanic deformation: a
possible interpretation of ground deformation observed at Vulcano Island (1976­
84). Terra Nova 7, 80-86.
\41 Belardinelli, M.E. & M. Bonafede 1995. Postseismic stress evolution for a
strike-slip fault in the presence of a viscoelastic asthenosphere. Geophys. J. Int.
123, 744-756.
15] Bonafede, M. & M. Olivieri 1995. Displacement and graviLy anomaly pro­
duced by a shallow vertica! dyke in a cohesionless medium. Geophys. J. Int.
123, G39-652.

7.7.2 GeoForschungsZentrum, Potsdam

See Subproject 4, section 7.4.1 for information on GeoForschungsZentrum and Frank
Roth.
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Financial information

A summary of the eosts of the project is given in Table l on the following page.
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Chapter 9

Exploitation plans

The results of tllis project should be exploited for reducing seismic risk in Europe and for
fmther development of the scientific and technical achievements. The results obtained
will be disseminated as soon as they are reached, in journals, at scientific meetings, and
in open yearly reports to the EC.

The results will be used in Iceland as a basis for preparing better hazard assessment
maps and for application in alert systems, especially the already existing alert system
operated at the Icelandic Meteorological Office. The partners of this project consider
it significant that the scientific results, technology and knowhow developed during the
project will be exp!oited for similar purposes in other earthquake prone countries. Ini­
tiatives have been taken towards implementation of the scientific and technical knowhow
gained in the PRENLAB project into a new seismie network in Patras, Greeee, as a part
of this projeet.

There are severaI software programs used within this project by various groups whieh
have aequired license for using them. Also there are a few software programs developed
at an earlier stage by the participants whieh are patented. Apart from this, the use of
advaneed technology developed under the project is free under the condition of referring
to .the authors and using it with the authors' knowledge.
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Chapter 10

Ongoing projects and previous proposals

The project proposed here is a direct continuation of the project Earthqnake-Prediction
Researeh in a Natuml Labomtory (PRENLAB), EC project, contract no. ENV4-CT9G­
0252. That project started March l, 199G and will finish its term on February 28, 1998.

The present proposal Earthquake-Pred'iclion Research in a Natnml Laboratory - Two
(Earthquake Predietion Natlab-2), is a new project with a new work content, proposed
to start on March l, 1998.
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IPartner 1\ Icelandic Meteorological Office, Reykjavik, Iceland

Subproject 1: Monitoring crustal processes for reducing seismic risk
Contractor: Ragnar Stefånsson (coordinator)

Total cost Reqllested

Personnei:
Salaries of the existing personnei
devoted to the project 355,000 ECU

Contractor (50%)
Scientists (425%)
Technical engineer (50%)

Salaries of a new personnei 138,500 ECU 138,500 ECU
2 scientists (200%)

Equipment:
Mobile seismometers with accessories (3) 36,900 ECU 19,600 ECU
Work stations 33,900 ECU 4,500 ECU
Modems and accessories 3,000 ECU 1,200 ECU

External services:
Development of SIL software 4,000 ECU 4,000 ECU
Installation of hardware 4,700 ECU 4,700 ECU

Travel and subsistence:
en-aveIs to project rneetings and international
conferences for the contractor (4) 8,600 ECU 8,600 ECU
Travels to international conferences
for other personneI (6) 12,900 ECU 12,900 ECU

Other costs:
Valilt constrllction for mobile seismic stations 15,500 ECU 15,500 ECU
Operation cost of the mobile seismie stations 20,900 ECU 20,900 ECU

Overheads: 52,100 ECU 16,600 ECU

Total: 686,000 ECU 247,000 ECU
Contribution requested (36%): 247,000 ECU
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IPartner 21 Uppsala University, Sweden

Subproject 2: App!ying new methods using microearthquakes for
monitoring crusta! instability
Contractor: Reynir Biidvarsson

Requested

Personne!: 98,000 ECU
Equipment: 3,000 ECU
Travel and subsistence: 17,000 ECU
Consumab!es and computing: 2,000 ECU
Overheads (20% on personne!): 19,000 ECU

Total: 139,000 ECU
Contribution requested: 139,000 ECU

87



IPartner 31 University of Edinburgh, U,nited Kingdom

Subproject 3: Shear-wave splitting to monitor in situ stress changes before
earthquakes and eruptions
Contractor: Stuart Crampin

Requested

Personnei:
20% project manager: Stumt Crampin

(Entirely supported by contract work) 20,000 ECU
50% post doetoral fellow (Helen J. Rowlands) 40,000 ECU
75% research assistant (not yet appointed) 28,000 ECU

Travel and subsistence: 10,000 ECU
2 x 7-day vis it to Iceland per annum for
discussions; l x 1-day visit to Brussels
per annum; 2 European conferences

Computing and consurnables: 10,333 ECU
Peripheral hardware, software licences,
rniscellaneous stationary, express charges l etc.

Overheads (20%): 21,667 ECU

Total: 130,000 ECU
Contribution requested: 130,000 ECU
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1Partner 41 GeoForschungsZentrum, Potsdam, Germany

Subproject 4: Borehole monitoring of fluid-rock interaction
Contractor: Frank Roth

I Requested I
Personnei:

Salaries for l scientist, experienced in logging (half-time; l year) 21,500 ECU
External services/subcontracts:

3 additiona! log suits from subcontractor IEA 7,400 ECU
l shipping of the logging-truck to Iceland 6,500 ECU
Hiring crane and car during 3 logging campaigns 6,000 ECU

Travel and subsistence:
l travel for 2 scientists to Iceland for 5 days (meetings) 2,400 ECU
3 travels inc!. subsistence for 5 persons for 7 days
from Germany to Iceland (logging campaigns) 14,000 ECU

Overheads: 14,400 ECU

Total: 72,200 ECU
Contribution requested: 72,200 ECU

Subproject 7: Theoretical analysis of faulting and earthquake
processes
Associated contractor: Frank Roth

I R.equested I
PersonneI:

Salaries for l scientist (half-time, l year) 21,500 ECU
Travel and subsistence:

2 travels for l scientist to Tceland for 5 days (meetings) 2,700 ECU
Consumables and computing:

Tapes, disks, (plotting- )p"per, etc. 2,800 ECU
Overheads (20%): 6,800 ECU

Total: 33,800 ECU
Contribution requested: 33,800 ECU
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IPartner 51 Centre National de la Recherche Scientifique
(CNRS), Toulouse, Franee

Subproject 5: Active deformation determined from GPS and SAR
Contractor: Kurt L. Feigl

Total cost I Requested I
Personnei: 17,054 ECU
Equipment:

2/5 east of a computer, SUN Ultra l Spare 20,000 ECU 8,000 ECU
External services:

Subcontractor Science Institute,
University of Iceland, digitized fault map 12,000 ECU 12,000 ECU

Travel and subsistence:
Meetings and conferences 6,000 ECU 6,000 ECU

Consumables and computing: 4,000 ECU 2,000 ECU
ather costs:

R.adar data from European Space
Agency: 20 frames at 600 ECU/frame 12,000 ECU 12,000 ECU

Overheads: 38,946 ECU 6,000 ECU

Total: 110,000 ECU 4G,000 ECU
Contribution requested: 4G,000 ECU
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IPartner 61 Nordie Volcanologieal Institute, Reykjavik, Iceland

Subproject 6: Effects of stress fields and crustal fluids on the
development and sealing of seismogenic faults
Contractor: Ågust Gudmundsson

Requested

Personnei:
Research scientist, 8 months salary 25,000 ECU

Travel and subsistence: 18,000 ECU
Including fieldwork

'Subcontractors:
Thierry Villemin 27,500 ECU
Philip Meredith 20,000 ECU

Consumables and computing: 9,500 ECU
Overheads (20%): 20,000 ECU

Total: 120,000 ECU
Contribution requested: 120,000 ECU

Subproject 5: Active deformation determined from GPS and SAR
Associated contractor: Freysteinn Sigmundsson

I Requested I
Personnei:

Part-time assistant to maintain GPS receivers and data transfer 5,000 ECU
External services:

Subcontractor Onsala Space Observatory, GPS analysis 8,000 ECU
Travel and subsistence:

Meetings and conferences, and travel in Iceland 7,000 ECU
Consumables and computing: 10,500 ECU

Including 3 GPS antennas
Overheads (20%): 4,500 ECU

(Not on subcontract amount)

Total: 35,000 ECU
Contribution requested: 35,000 ECU
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IPartner 71 Department of Physics, University of Bologna, Italy

Subproject 7: Theoretica! analysis of faulting and earthquake proeesses
Contractor: Maurizio Bonafede

I Requested

PersonneI:
One research assistant for 2 years 20,000 ECU

Travel and subsistence:
Workshops, meetings and conferences 3,000 ECU

Consumables and computing: 2,833 ECU
'Overheads (20%): 5,167 ECU

Total: 31,000 ECU
Contribution requested: 31,000 ECU
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IPartner 81 Universite Pierre et Marie Curie, CNRS, Paris, Franee

Subproject 6: Effects of stress fields and crustal fluids on the
development and sealing of seismogenic faults
Associated contractor: Francoise Bergerat

Total cost I Requested I
Personnei: 38,428 ECU
Travel:

fieldwork 36,000 ECU 36,000 ECU
Equipment:

3D software 8,500 ECU 8,500 ECU
Consurnables: 8,500 ECU 8,500 ECU
Other costs: 6,500 ECU
Overheads: 38,104 ECU 2,000 ECU

Total: 136,032 ECU 55,000 ECU
Contribution requested: 55,000 ECU
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