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Chapter 1

Slllumary

1.1 Main objectives of the workprogranune

PRENLAB is a two years multinational projeet of earthquake prediction research, starting
early 1996. In this project multielisciplinary European technology anel science are applieel
in a common action aimed at progress in earthquake prediction research and at reducing
seismic risle The questions are "where, when anel how" large earthquake ground motions
will occur. Ans\\"ers are sought by studying the physical processes and conditions Ieading to
large earthquakes. Icelanel, sometimes called a Naturai Geophysical Laboratory, is the test
area for the projeet. The significance of the multielisciplinary approach of the PRENLAB
project can be seen in the light of the foIIowing. The ciassical hazarel assessment as it has
been applied in Iceland and more countries is baseel mainly on historical elocumentation anel
Iimiteel information from instrumental earthquake catalogues of this century and a general
knowledge of where the earthquake generating plate boundaries are. Although such hazarel
assessment is extremely useful in many aspects, it has the obvious limitations that it is only
baseel on a few hunelreels of years of history, anel in faet assumes that we shoulel only expeet
hazards that are comparable to those which have happeneel within this short history. Also
it eloes not take into consieleration the exact position of and the interaetion of faults that
are expecteel to mave in earthquakes or earthquake sequences. It integrates effeets over large
areas in time and space while it is weIl known that by far the largest elestruction is relateel
to the proximity of the faults which are activated in the earthquakes each time anel to the
areas where the faults rupture the surface.

Hazard assessment baseel mainly on catalogues of earthquakes anel their magnitueles has
come to the state that it cannot have more progress:

• Until a better modeIIing of the fault processes has been achieveel.

• Until we can recognize better the involved faults anel monitor their movements anel
interaction .

• Until we can monitor better the stresses in the adjacent area and understand better
the rheological properties anel the role of ftuiels in the crust.

For a progress in earthquake hazarel assessment anel in general for progress in earthquake
prediction research we must aim at creating elynamic models which can explain multiplicity
of observations, which means that many disciplines of geosciences must be involved.

This is the basis of the PRENLAB project. It is a multidisciplinary approach in earth
quake preeliction research (Figure l).

The dynamic models to be createel must comply with a multiplicity of observations in
time scales ranging from seconds to miIIions of years, ranging from historical seismicity to
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Chapter l: Summary

SE\SMOtOGy

Hazard
assessment

Figure l: In the project multidisciplinary European technology and science are applied in a
common action aiming at progress in earthquake prediction research and for reducing seismic
risk. Scientists from 9 institutions in 6 European countries participated in the project as con
tractors or associated contractors, and in addition scientists from several other institutions.

microearthquake information, ranging from geological field observations to observations of
deformation with space technology methods and borehole observations. The PRENLAB
project collects information, developes methods and models to base further observations on
to create a basis for a more general multidisciplinary modelling.

In the workprogramme of PRENLAB the overall objectives were summarized as follows:

• To develop methods for automatic extraction of all information available in the frequent
microearthquake recordings, inc1uding fault mapping, rock stress tensor inversion, and
monitoring of crustal instability.

• To make use of information from microearthquakes, geological information, historical
as well as older seismological information for physical interpretation of and modelling
the tectonic processes leading to earthquakes.

• To improve the understanding of the space and time relationship between earthquakes
and other observable features associated with crustal deformation.

• To apply this knowledge for improved real-time evaluations anel alert systems and for
improved hazard assessments.
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Chapter 1: Summary

1.2 How the project was carried out

Starting time of the PRENLAB project was March 1, 1996. A start-up workshop was helel
in The Hague, May 7, 1996, coincieling with the XXI EGS (European Geophysical Societ~·)

General Assembly there. The first steps of the project were discussed and the work scheelule
for the year was detailed. It was very successful to have the contractor meeting coincieling
with the EGS meeting at this very start, where the contractors presented their methods anel
got them tested in the general discussion among the geophysicists of Europe.

The project had a good start. Some subprojects started already March 1 anel all got
started during 1996, well before the contractor meeting, which was coinciding with the XX\'
ESC General Assembly (European Seismological Commission) in Reykjavik, September 9
14, 1996. Papers reflecting the progress of all the subprojects were presented there at the
various symposia of the conference. The contractors met twice formally, September 10 anel
12.

A PRENLAB workshop was helel eluring the ninth biennial EUG meeting in Strasbourg,
March 23-27, 1997. Results of PRENLAB were clemonstrated in severaI sessions of this
meeting and in Union Symposium 16, about mitigation of geological hazards, the majorit~'

of the papers was about the PRENLAB project.
A two days PRENLAB workshop was helel in Paris, October 24-25, 1997.
Participants in PRENLAB have attendeel severai meetings besides those mentioned above.

in some cases especially invited, to describe results of the project.
The PREN LAB project has been carried out in accorclance with the workprogramme.

There have been minor changes in priorities of work which are to a large extent cio to
unexpectecl increase in data collection capabilities. Thus refinement and easy access to
clatabases lags behind the hopes expressed in the workprogramme. .On the other hand
much more data have been collectecl which is extremely significant for the progress of the
PRENLAB project and its continuation PRENLAB-2.

The subprojects of PRENLAB have all been finalized in accordance with what \\'as
planned in the workprogramme. There were no significant delays in carrying out the projects
except Subpart 4B, Radon related to seismicity in the South Iceland seismie zone, which \vas
associated to Subproject 4, Borehole monitoring of fluid-rock interaction. Task 1 of Subpart
4B, Budd an improved LSe apparatus to measure the radon cantent of water and gas sam
ples, was fundecl by EC. For various reasons this work was delayed compared to what "'as
planned in the workprogramme. It has been successfully finalized now. However, the clelay
caused elelay in reviving the the radon sampling program in South Iceland within the time
limits of PRENLAB. This part of reviving of the radon program is cost by Icelandic sources.
However, it must be adcled that significant research work was carried out on the available
old radon data for the region, and this work creates a good basis for reviving the regular
sampling program, which now can start.

It is of a great significance for the project how successfully the SIL acquisition system
has been expanded from the 18 stations that were available for the project at the time
of application, to the 33 stations that are now in the permanent network. Although this
expansion \Vas not cost by EC funding the existence of the PRENLAB project and the
powerful research planned, helped greatly in obtaining the necessary funds for the extension.
This adds considerably to the database which is available for the project, ancl makes Icelancl

3



Chapter 1: Summary

to a much more significant ,Jaboratory" for earthquake prediction research also for other
projects. Another addition of a similar type is that 29 broad-band seismic stations are
operated temporarily in Iceland during the period of the PRENLAB project and until encl
August 1998. This is a part of the Icelancl Hotspot Project which is run in cooperation
between the University of Durham, Princeton University, and the Icelandic Meteorological
Office. Geographically the Icelancl Hotspot stations are complementary to the permanent
SIL network, so it is of a significant benefit for the PRENLAB project to have access to
these data.

The PRENLAB project will be directly continued by PRENLAB-2 which started on April
1, 1998. PRENLAB-2 is based on the results of PRENLAB and is a continuation of it.

1.3 Financing and support fron1 other sources

Originally the support requested for this project from EC was 2.2 MECU, but only 500.000
ECU coulcl be provided by EC to a revised project. The question was raised, of course,
if it would be right to cut out significant parts of the project to be better able to make
progress on other parts of it. It was, hmvever, agreecl that it was more worth to keep the
multidisciplinary character of the project, so all the main projects were kept in. Evidence
has shown that this decision was correct. Among significant items that had to be cut from
EC fundings was building of new seismic stations in the existing seismological acquisition
and evaluation system, i.e. the SIL system. It showecl to be possible to achieve funcls from
other sources to extend the seismological system, graclually even far beyond the what \vas
planned in the EC proposal. Among others, Icelanclic communities and civil defence funds,
the Icelandic Government and the Icelandic Research Council could provide a significant
contribution to extend the SIL system. The PRENLAB contractors 'succeeded to obtain
financial guarantees from the various institutions and funds for being able to plan realistic
projects falling within the objectives of the original multidisciplinary proposal and thlls to
compensate partly for the cutting of the reqllested EC support.

1.4 SOll1e significant results

The results of PRENLAB research during 1996-1998 are listed task by task in Chapter 3,
related to the projects and tasks as these were described in its workprogramme.

In the following a few significant resllits are summarized:

• The multidisciplinary cooperation in PRENLAB is a significant progress to be reportecl.
It is not so usual that seismologists, other geophysicists and geologists have cooperatecl
on such a wicle basis in projects aiming at seismic risk. In future this cooperation \Vill
be still deepenecl, and gradually more disciplines taken in .

• It has been demonstrated in severai studies involving work of seismologists, geologists
and geophysicists that it is possible on basis of microearthquakes to map subsurface
faults with a great accuracy. A good agreement is between such studies within the
project based on microearthquakes and the results of studying the faults on the sur
face when these are exposed. But new faults have been fOllnd and their tilts and sense

4



Chapter 1: Summary

of motion found in many cases. There are indications that arrangements of individ
ual fault planes of microearthquakes along faults express fluid activity in the faulting
process .

• It has been demonstrated that stresses inferred from microearthquakes coincide gener
ally very well with what can be expectecl, based on paleostress studies of the geologists
in this project, and in agreement with results gained from the borehole experiment.
One of the problems of interpretation of double-couple focal mechanism solutions of
earthquakes is to distinguish between the fault plane and the auxiliary plane of the
solution. Methods for doing this have been developed with three different approaches,
by comparison with geological fault data, by basing the selection on groups of solutions
on the same fault ancl by applying stability criteria on the possible fault plane solutions
for each earthquake.

• Among significant new results that can be reportecl is that changes of shear-wave
splitting at one of the SIL stations in the South Iceland seismic zone (SISZ) indicate
changes of deviatoric stress with time. It has been proposed that this may be attributecl
to the preparatory stage of the eruption in Vatnajokull which started on September
30, 1996. An increase of deviatoric stresses was indicated, starting at the seismic
station SAU inside the SISZ about 5-6 months before the eruption, at 160 km distance
from the eruptive site. The increase in stress continued until around the start of the
eruption. It was suggested that intrllsive activity at great depth under the eruption si te
callsed the stress changes. Volumetric borehole strainmeters at two sites in the same
area also inclicated change in strain rate during the same period of time. The more
general interpretation of these findings is that these changes indicate a strain wave
going through Iceland during these .5-6 months. These indications· may be of enormous
significance for understanding strain waves and how these are transmitted. Strain waves
have been defined in Iceland on basis of historical observation of c1ustering in time of
large earth activity in an area spanning severai hundreds of kilometers. The main
problems with explaining interaction between stress release events over long distances
are that in the most used earth models, i.e. elastic half space models and similar moclels,
the stresses will attenuate so strongly with distance that the daily changes caused by
earth tides and changes in atmospheric pressure would be more effective in triggering
earth events than stress changes from earthquakes at a large distance. Therefore it
has been proposed that strain waves should be attributed to common source of large
intrllsive activity deep in the britt le crust or below it which trigger events at sites which
are ripe for release. To understancl strain waves has relevance both for understancling
their sources as well as how they are transmitted. The observations above may be a
key to this understanding.

To be able to explain strain waves physically opens the possibility to predict increased
probability for triggering of earthquakes based on monitoring of stress changes from
outside of the seismic zones. It is to be pointed out that one of the main pillars for
using Iceland as a test area for earthquake prediction was that it would be possible to
monitor stress or strain changes caused by measurable pulsations of the Iceland plume.
It was pointecl out that such understancling woulcl have a consequence in general for

5



Chapter 1: Summary

understanding how stresses are transmitted in the crust anywhere.

• The geological field studies and interpretations have revealed significant variations in
the clirection of stress fields in the same area. Such changes have also been indicatecl
in evaluating microearthquakes. Former modelling of historical activity also shows the
significance of such changes in time and space.

• A result of a great significance is that it has been shown that it is possible to use
satellite radar interferometry for monitoring stable plate motion during a period of a
couple of years in the favourable conditions that prevail in Iceland. The relative average
plate motion being only of the order of 2 cm per year. This is of enormous significance
for constructing a dynamical model of stress build-up in an earthquake area.

A semicontinuous GPS station in the middle of the SISZ shows significant relative plate
motion, compared to astation outside the zone during the first year of the experiment,
of 11.5 mm. The motion appears to be in the same direction during the one year of
observation, averaging to 1 mm per month. No significant earthquakes have occurrecl
during this time, Le. the motion is stable for the time being. The result shows how
a powerful and significant tool continuous GPS monitoring is in the area. Because of
noise with period of the order of days, continuous measurements allow us to see much
smaller changes than measurements which are made only on a long-term basis. The
results obtained highlight how significant it is to increase the number of GPS with
continuous monitoring in the area, both for modelling of the motion around the plate
boundary as well as a for alerting about changes that may occur in the stable motion,
and to look for concentration in time and space of the observed motion.

• It has been demonstrated on two occasions by observations and 'modelling how fluid
intrusion may trigger earthquakes. In one case this was a magnitude 5.8 earthquake,
in the other it was an intensive earthquake sequence. This may be a key to explain
or understand foreshocks which are frequently reported before large earthquakes in
Iceland.

• The high ongoing seismic activity in the Hengill area indicates many kinds of patterns
that may characterize source areas of large earthquakes, like foreshock-mainshock re
lations and migration of activity. Study and modelling of such patterns in this area
may be a key to understand premonitory activity and ,nucleation patterns in large
earthquakes.

• The multidisciplinary observations within the frame of the PRENLAB project are
focussed in modelling work of many kinds. Modelling work has been carried out with
the purpose of interpreting observations in various fields. An example of this is the
modelling of observed tension gashes on the surface following an earthquake, based
on knowledge of the upper crustal structure. By this modelling it was concluded that
it is possible to draw conclusions about the underlying stress field from open fissures
striking a few degrees away from the fault strike.

Modelling work has been carried out also with the aim of adapting and developing
existing methods for the special conditions in Iceland, with its rifting, time clependency

6



Chapter l: Summary

of stress field, etc. A model has been created which describes magma intrusion into
two layered crust, where the lower layer is of much lower rigidity than the shallower
layer. This model which is an earth realistic model for some areas favours the ideas
that stress changes from faulting or rifting may cause more significant stress changes
at distance than previously assumed.

1.5 Presentation of results at sYlnposia, workshops and in pa
pers

The results already obtained within the PRENLAB project have been demonstrated very
thoroughly, as mentioned above, at the XXI EGS General Assembly in The Hague, May 6-10,
1996, and at the XXV ESC General Assembly in Reykjavik, September 9-14, 1996. These
conferences gave a good opportunity to demonstrate the first steps taken and the obtained
results within the project and to have them discussed among European geoscientists. There
were special workshops of contractors and co-workers during both of these assemblies.

There were papers given on all the subprojects of PRENLAB at the ninth biennial EUG
meeting in Strasbourg, March 23-27, 1997, especially in Union Symposium 16, Mitigating
geological hazards (risks) , where 10 oral presentations were directly linked to PRENLAB. A
special PRENLAB workshop was also organized during the symposium.

Severai results of the PREN LAB project were presented at the 29th IASPEI (Inter
national Association of Seismology and Physics of the Earth's Interior) General Assembly
in Thessaloniki, August 18-28, 1997. A PRENLAB contractor meeting was also organized
there, however, only attended by the seismologists.

A two day PRENLAB workshop was held in Paris, October 24-25, 1997. It was an
intensive workshop, where 25 papers were given, followed by discussion.

Before the end of the PRENLAB project abstracts were prepared for the XXIII EGS
General Assembly in Nice, April 20-24, 1998. A PRENLAB workshop was organized there
to overview the results of PREN LAB and to prepare the first steps of PRENLAB-2 which
started as a continuation of PRENLAB, on April l, 1998.

Some parts of the PRENLAB project or the project as a whole have also been reported
at severai other symposia and conferences. Besides conferences mentioned here can be men
tioned AGU meetings, symposia of Nordic seismologists and a symposium on Long-term
Evaluation for Earthquake Occurrence in Japan.

Available papers and reports, which are based on the research within the project have
already been published or submitted as can be seen in the publications lists in Chapter 4.

A PRENLAB webpage was opened for presenting especially internal reports or abstracts
among the participants. The location is http://bjarg/jar_inn/prenlab.
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Chapter 2

Main achievements and responsible
institutions

2.1 IMOR.DG: Icelandic Meteorological Office, Department of
Geophysics

IMOR.DG coordinated the PRENLAB project and was responsible for Subproject 1, Real
time evalllation of earthqllake-related-processes and development of database. The comitments
of the PRENLAB workprogramme as a whole have been fulfilleel as eletailed below.

The coorelinator anel contractor was Ragnar Stefansson. IMOR.DG was responsible for a
significant extension of the seismic network available for the project anel for operating it. It
has elone extensive work in exteneling, refining anel stanelardizing the earthquake databases
as well as related databases on slow changes, where continuous borehole strainmeters were
most significant. It serveel the other subprojects with elata from these elatabases. It is
also responsible for projects in mapping of active faults, in studying seismicity patterns, in
enhancing the alert system in Icelanel, for installing anel testing new algorithms for elata
acquisition anel for enhancing the automatic evaluation processes. It cooperateel closely with
all the other subprojects, and through its coordination all the subprojects were well linked
together.

Work has been carrieel out on all tasks according to the time schedule of the workpro
gramme, although the neeels of other partners for an easy access to parts of a new and refineel
database are aheael of the intensive work going on with refining it. On the other hanel the
database which it has collecteel and which it is working on to make it more easily accessible
is much larger than originally expecteel.

2.2 UUPP.DGEO: Uppsala University, Department of Geo
physics

UUPP.DGEO was responsible for Subproject 2, Development of methods llsing microearthq'ua
kes for monitoring crustal instability.

The contractor Reynir Bodvarsson, UUPP.DGEO, has fulfilled its commitments in the
workprogramme, although experience eluring the perioel anel obtaineel results have infiuenceel
the priorities on individual tasks. Most of the tasks of the project (Tasks 1, 3, 4 and 6) have
been finalized some with results beyond expectations. Task 2, Methods for monitoring the
crllstal wave velocities based on microearthqllake monitoring, has been very successful in
discovering anomalies in the 3-dimensional wave velocity structure which are of enormous
significance in lInderstanding the physics of the earthqllake zones. This is also a good basis
for being able to see possible changes in velocity from microearthquakes, and to understand
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such possible changes. Task 5, lvIethods for statistical analysis of the space/time distribtltion
of microearthquakes and earthquakes, has had good results as far as concerns the studies of
severai datasets in some areas. HO\,vever, the delay in having an easily accessible database
available, especially for all the 7 years of the SIL system, still delays pattern recognition
work in the clataset as a whole. Thus the approach has been more a physical approach
rather than that of cliscovering general patterns in the dataset. Besides the defined tasks
of the workprogramme the contractor has provided significant work in software upgrading
of the seismic system which was necessary because of the enormous extension of the SIL
acquisition and evaluation system both geographically and in collection of data. This \'lOrk
is very significant for the PRENLAB project as a whole and its continuation.

In all tasks above the dosest cooperator was IMORDG. Especially concerning continuOLlS
GPS the NYI has been the dose cooperator, and there has also been much cooperation with
UEDIN.DGG in studying shear-wave splitting.

2.3 UEDIN.DGG: University of Edinburgh, Departlnent of
Geology and Geophysics

UEDIN.DGG was responsible for Subproject 3, Monitoring stress changes before earthqtlakes
using seismie shear-waue splitting. The contractor was Stuart Crampin. UEDIN .DGG has
fulfilled its commitments in the workprogramme. It cooperated dosely with IMORDG.
Other significant cooperators were UUPP.DGEO and GFZ.DRDBL which will contribute
by providing data from borehole experiments.

All tasks of this project have been finalized according to workprogramme.

2.4 GFZ.DR.DBL: Stiftung GeoForschungsZentrum Potsdaln,
Division 5 - Disaster Research, Section 5.3 - Deep Borehole
Logging

GFZ.DR.DBL \Vas responsible for Subproject 4 as a whole, Borehole monitoring of fluid-rock
interaction. Commitments of the workprogramme have been satisfactorily fulfilled.

Subproject 4 \Vas divided into Subpart 4A, managed by contractor Frank Roth of GFZ
and Subpart 4B, managed by associated contractor Pall Einarsson of VICE.DG (see 2.8).

All the tasks of Subpart 4A, Geophysical loggings, have been carried out in accordance
with the workprogramme. Main cooperator with GFZ on Subpart 4A was Yalgardur Stef
ansson from the Icelandic Energy Authority (OS).

Subpart 4B, Radon related to seismicity in the South Iceland seismie zone, was aminor
associated part to Subproject 4. One task of Subpart 4B was cost by EC, i.e. Build an
improued LSe apparatus to measure the radon content of water and gas samples. For var
ious reasons this task was delayed compared to what was planned in the workprogramme.
However, it has now been successfully finalized. Hmvever, this delay caused delay in reviving
the the radon sampling program in South Iceland within the time limits of PRENLAB. This
part of Subpart 4B is cost by Icelandic sources. HO\oVever, significant research work has been
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carried out and reported on the available old radon data for the region, and this work creates
a good basis for reviving the regular sampling program, which now can start.

Subpart 4B of Subproject 4 has been finalized as concerns EC funding. The delay in
reviving the regular radon monitoring in the SISZ has been compensated by significant
research work on old radon data.

2.5 CNRS.DTP: Centre National de la Recherche Scientifique,
UPR 0234 - Dynalnique Terrestre et Planetaire

CNRS.DTP was responsible for Subproject 5 as a whole, Active deformation determined
from GPS and SAR. CNRS.DTP has fulfilled its commitments in the workprogl:amme.

The Subproject was divided into two Subparts, SA and 5B.
Subpart SA, SAR interferometry, was managed by contractor Kurt Feigl of CNRS.DTP

in dose cooperation with Freysteinn Sigmundsson of NVI (see 2.6), and Pall Einarsson of
UICE.DG (see 2.8). A very significant collaboration was also with Didier Massonet and He
lene Vadon at CNES in Toulouse. Subpart A has been carried out and finalized in accordance
with the workprogramme.

Subpart 5B, GPS geodesy, was managed by associated contractor Freysteinn Sigmundsson
of NVI (see 2.6), cooperating with Reynir Bodvarsson of UUPP.DGEO (see 2.2) and with
IMOR.DG. The work has basical1y been carried out in accordance with workprogramme
although there was some reorientation of priorities between the two tasks in accordance with
obtained results.

2.6 NYI: Nordie Yolcanological Institute

NVI was responsible for Subproject 6, Formation and development of seismogenic faults and
fault pop'ltiations, and has fulfilled its commitments in the workprogramme. Subproject 6
was divided into Subpart 6A and Subpart 6B.

Subpart 6A, Paleostresses, was managed by associated contractor Francoise Bergerat
of CNRS.TT (see 2.9). Cooperative partners have been NVI and IMOR.DG. Rennes in
France have also cooperated with CNRS.TT on this project. Other and subpart 6B, Field
and theoretical studies of faults and fault populations, was managed by contractor Åglist
Gudmundsson of NVI.

Subpart 6B, Field and theoretical studies of fault populations, was managed by Åglist
Gudmundsson of NVI. Cooperative partners were IMOR.DG and UUPP.DGEO. Other co
operators have been Helgi Torfason of the Icelandic Energy Authority and UBLF.DF. This
subpart has been carried out as planned. There has been more priori ties given to South
Iceland seismic zone than the Tjornes fracture zone than indicated in the workprogramme.
This was in accordance with obtained results and in accordance with guidelines from the
PRENLAB group in general.

Thierry Vil1emin, Universite de Savoie, and Olivier Dauteuil, Geoscience Rennes, both
in France have cooperated with CNRS.TT on both subparts of this project.
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2.7 UBLG.DF: University of Bologna, Department of Physics

UBLG.DF was responsible for Subproject 7, Theoretical analysis of faulting and earthquake

proeesses. This subproject was divided in two Subparts, 7A and 7B.
Subpart 7A, Crust-mantle rheology in leeland and Mid-Atlantic Ridge from studies of

post-seismic rebound, was managed by contractor Maurizio Bonafecle of UBLG.DF. Close
cooperation has been with Maria Elina Belardinelli and Antonio Piersanti of ING in Rome.
Subpart A has been finalized in accordance with the workprogramme.

Subpart 7B, jl;Iodelling of the earthquake related space-time behaviour of the stress fiele!
in the fault system of southern lceland, was managed by associated contractor Frank Roth
of GFZ.DR.DBL (see 2.4). Close cooperation was with IMOR.DG.

All parts of Subpart 7B have been finalized in accordance with the workprogramme.

2.8 UICE.DG: University of Iceland, Science Institute

Associated contractor Pall Einarsson (see 2.4).

2.9 CNRS.TT: Universite Pierre et Marie Curie, Departement
de Geotectonique

Associated contractor Francoise Bergerat (see 2.6).
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Metll0ds and reslllts

3.1 Subproject 1: Real-tilne evaluation of earthquake-related
proeesses and development of database, and coordination
of the project as a whole

Coordinator/ contractor:
Ragnar Stefansson
Department of Geophysics
Icelandic Meteorological Office
BLlstadavegur 9
150 Reykjavik
leeland
Tel: +354-560-0600
Fax: +354-552-8121
E-mail: ragnar@vedur.is

Reseachers:

Einar hj artansson
E-mail: eik@vedur.is
Kristjan Ågustsson
E-mail: kri@vedur.is
Gunnar B. Gudmundsson
E-mail: gg@vedur.is
Pall Halld6rsson
E-mail: ph@vedur.is
Steinunn S. Jakobsd6ttir
E-mail: ssj@vedur.is
Th6runn Skaftad6ttir
E-mail: thorunn@vedur.is
Sigurdur Th. Ragnvaldsson
E-mail: sr@vedur.is
Bardi Thorkeisson
E-mail: bardi@vedur.is
All at Department of Geophysics
leelandic Meteorological Office

Einar Kjartansson was especially hired as a researcher for the project from March 1, 1996, and
has been working on it full time from the very beginning. The other researchers mentioned
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are staff members of the Department of Geophysics. They have carried out 96 manmonths
of work for the project during the two years periocl of the project, paid by IMOR.DG.

3.1..1 Task 1: Database, development and service

Start: March 1996 (month 1)
End: February 1998 (month 24)
Responsible partner: IMOR.DG

3.1.1.1 Task 1.1: Data collection

A very significant achievement within Task 1 is the increase of number of operating seismie
stations. In the original application to EC, 12 SIL type seismie stations were requested,
to be integrated in the SIL system in Iceland. The SIL system is an automatie acquisition
and evaluation system for earthquake data, developed in Iceland during 1988-1995 as a part
of an earthquake prediction research project of the NOt'dic countries, i.e. the so-called SIL
project [77]. The cutting of the EC application for the PRENLAB project, hm,yever, did not
perrnit any new stations according to our own evaluation. HO\,yever, it showed to be possible
to arrange funds from other sources to build 15 new permanent SIL stations. These stations
are as other permanent stations of the SIL network available for the PRENLAB project and
are of great significanee for it. Hovvever, they do not fully complement what was asked for
in the original application as they are not all at sites most preferable for the project.

Anyhow, since the start of the PRENLAB project in March 1996, the number of SIL
stations in operation has increased from 18 to 33. The new stations are funded by Ice
landic communities, hydrothermal and hydroelectrical power companies, civil defenee funds,
a private tunnel-digging company, the Icelandic Research Council, and indirectly by research
groups carrying out tomographic studies, which can make use of the powerful SIL acquisition
system. The largest supporter of this build-up project of the SIL system is IMOR.DG/the
Icelandic Government, which besides contributions to the initial costs guarantees the oper
ation cost of the system [44, 66, 9, 65].

Preparations are going on to install 5 new permanent SIL type stations in the area
around Vatnajokull, i.e. central and SE Iceland, within short. The 1996 eruption in this
area including the preparation stage was very well monitored by the SIL seismie system. This
made it possible to obtain funds from the Icelandic State to operate 5 permanent stations
around the area and thus to fill in a gap in the Icelandic seismological network. Two of these
stations are in a very remote area and request special facilities for operation. It is planned
that these stations will become operative and an integrated part of the SIL system during
summer 1998.

Since summer 1996 to end August 1998,29 extra digital broacl-band stations are operated
continuously at remote places not covered by the SIL system, mainly for collecting teleseismic
data. This is a part of the Iceland Hotspot project, lead by Gillian Foulger, University of
Durham. Among other participants are Princeton University, with Jason Morgan and Guust
Nolet, and Bruce Julian of the U.S. Geological Survey, besides IMOR.DG. The waveform
information from these stations will be included into the SIL evaluation proeesses, especially
as concerns the local seismie activity. This is a significant addition to the data that according
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to the original plan can be approached for the PRENLAB project. As the Hotspot Project
stations are operated at sites where we have only a few SIL stations they can provide us
with a much more general overview about the stress conditions in the country as a whole
than would be possible with the SIL system only [27, 28]. Figure 2 shows the locations of
the seismie stations operated in Iceland during the period of the later part of the PRENLAB

Iceland Hotspot

Project stations

• Borehole strainmeters

OGraVlmeters

Figure 2: The available 3 component digital earthquake monitoring in lceland. The Mid
Atlantic Ridge goes through lceland from the Reykjanes Ridge along the South lceland seismie
zone (SISZ), the rift zones to the Tjårnes fraeture zone (TFZ) in the north. The most
destructive earthquakes occur in the transform zones, SISZ and TFZ. The outlines of the
lceland mantle plume at depth are shown in purple. The leeland Hotspot project stations are
operated during 1996-1998. Other stations are permanent. Some other seismological and
hydrological monitoring stations are operated too.

project.
Besides the seismic networks the operation of borehole strainmeters is the most significant

continuous monitoring within PRENLAB. 7 Sacks-Evertson volumetric strainmeters have
been operated in boreholes in and near the South Iceland seismie zone (SISZ). This is in
cooperation with the Carnegie Institution of Washington [5, 8, 80].

An alert system relating to activity in 30 areas within Iceland is in continuous operation.
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It is mostly based on the automatic evaluation of the seismological network. The purpose of
it is to inform the seismologists instantly if there are changes in the seismic activity which
might be a premonitory activity before large l' earthquakes or vo!canic eruptions. It also
serves the purpose of making the data col1ection better, because sometimes it is necessary to
take special actions when activity increases in some area. The functions of the alert system
are gradually improved as a result of experience and outcome from the ongoing scientific
research [6].

3.1.1.2 Task 1.2: The database access

Here we discuss in general the availability of data which are significant for PRENLAB re
search, and which are collected and evaluated by IMOR.DG. Also we discuss oll;going \York
in making these data gradually more easily available.

A refined and easily accessible database for SIL data is under construction. Since 1991,
100.000 earthquakes have been recorded by the SIL system. The data were automatically
evaluated and manually corrected. Facilities have been developed to store all the data on-line
on hard disks. Because of the enormous amount of data they have to be compressed very
much, to make this practically possible. Seismogram data in digital form is stored using
packed binary format, where only the number of bitq that is required to store sample to
sample variation is stared. Parameter data of events are stored in relational database tables,
which contain all parameters of the events, both observed parameters like onset time of phases
and amplitudes as well as ca!culated parameters such as hypocenter location, magnitude and
fault plane solution.

Other data is stored in relational database tables. Station parameters such as caordi
nates, instrument characteristics and time corrections are stored in separate tables. This
information is incorporated into headers when data are extracted from the database [51].

In order to insure against loss of data, procedures and facilities have been developed to
back up all data anto magnetic tapes. All new data and modifications are written to tape
each day and all data are written to tape approximately every two weeks. Periodically, a
set of tapes is moved for storage ta a different site. As magnetlc tapes only last a few years,
and the long-term stabilty of optical storage media is not well established, this is possibly
the most effective way to permanently preserve the data, and it has the advantage that the
data is always readily accessible.

An interface to the database through the World Wide Web is in operation. Currently
anyone with access to the Internet can search through a list of over 65.000 earthquakes that
have been manually checked since January l, 1995.

Data from the SIL database have been provided to the various projects of PRENLAB
as requested. It has not yet been possible to provide data in standardized form covering
the whole of the SIL period, i.e. since 1991. This is, however, very significant for pattern
recognition research. It is aimed at that this will be possible shortly and for this purpose
reevaluation of old automatic data is being speeded up as much as possible.

vVork has been carried out for a new, reevaluated and refined catalogue of earthquakes in
Iceland since 1926. The catalogue from 1926-1963 has been reevaluated and put on digital
form. The refinement of the more recent catalogues is in progress [39].
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Work has been carried out for refined estimation of magni tudes and locations of historical
earthquakes as well as felt events, not instrumentally detected since 1926 [36].

A lang-term overview (since 1979) of 7 volumetric strainmeters in the SISZ has been
worked out. Methods have been developed for correcting the strainmeter record for weather
influences [5]. As a result of this work change in strainrate 5-6 months before the start of
the 1996 eruption in Vatnajokull was discovered, which has been proposed to be caused by
magma intrusion there, i.e. more than 150 km from the strainmeter stations [79].

Basic evaluation was carried out on the seismie activity related to the vo1canic eruption
in Vatnajokull, especially as concerns hypocenters and mechanism of the earthquakes. Much
effort was put in saving data on this remarkable eruption from the seismic networks, both
earthquake data as well as data on vo1canic tremor. Vatnajokull is directly above the center of
the Iceland mantle plume and changes of the plume activity greatly affect the seisrnicity along
all of the plate boundary in Iceland, and is thus of a great significance for the PRENLAB
objectives [78].

Although the SIL system is a seismie data acquisition system, that is primarily designed
for automatic acquisition and evaluation of data from local microearthquakes, it can also be
used for collecting teleseismic and regional data for deep structure stuc!ies. It broadens the
scientific use of the network and has made it easier to obtain funds for extenc!ing the network
to a large part of the plate bounc!ary in Iceland. The SIL station software has now been
moc!ifiec! allowing for selection of waveform data at 20 anc! 4 samples per second in addition to
saving data at 100 samples per second, which is routinely done. This makes it economically
possible to save long time intervals of seismological data from the SIL stations. An automatic
procedure has been developed to select and store teleseismic data in the SIL system, basecl
on USGS/NEIC information on teleseismic events in the whole world, which are measurable
in Iceland. From USGS/NEIC we receive E-mail messages with a single-line information on
earthquakes they have c!etermined, the so-called "E" type messages. A selection program
reads the messages and selects events that fulfill certain criteria of magnitude and epicentral
c!istance. The program uses the IASPEI91 model to compute the first arrival time at each
station. The teleseismic body wave data are fetched with a sampling rate of 20 samples
(in some cases 100 samples) per second and the surface wave data with sampling rate of 4
samples per second from the 1-3 days long ringbuffer of the SIL site stations. Since mid
year 1996 waveform data from 230 teleseismic events have been storec! by this automatic
procedure [34].

A real-time filter has been introc!ucec! into the on-line process of the SIL system, to be
tuned for detecting harmonic tremor and signals which now are not identifiec! automatically.
The continuous seismic signal at the SIL site stations is bandpass filtered at 0.5-1 Hz, 1-2
Hz and 2-4 Hz anc! the 1 minute mean amplitude is scanned and sent to the SIL center.
Visual presentation of this data gives auseful inc!ication of the multiplicity of activity in
real-time. This data has been calibrated and procedures developed to estimate magnitudes
of local events larger than magnituc!e 2, inc!ependent of the waveform processing [52].

The extension of the SIL system into the highlands of Iceland has lead to many problems
in the automatic detection and analysis which are gradually being solvecl. The SIL system
was cleveloped for use in the seismic zones. Automatic monitoring in the highlancls revealed
in many ways new problems because the crustal structure is not as well known and the
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earthquake sources are often more complicated. Much work has been carried out to lower the
eletection thresholel for earthquakes in Central Iceland to be able to acquire more information
from microearthquakes in this area. The new real-time filter mentioneel above is significant
for this purpose as well as further tuning of all eletection parameters [41].

Work has started on a methoel to use cross-correlation of waveforms to accurately anel
automatically eletermine onsets anel dassify earthquakes in cooperation with UUPP.DGEO.
There has been dose cooperation with Uppsala in various other fielels, such as stress tensor
inversion proceelures and mapping of faults.

Work has been carried out to overview the state of knowleelge anel moelelling in the areas
of catastrophic earthquakes in Icelanel, the SISZ, the Reykjanes Peninsula anel the north
coast of Icelanel [81, 82, 83].

3.1.2 Task 2: To map seismically aetive minifaults of the selsmlC fault
systems

Start: March 1996 (month l)
Enel: February 1998 (month 24)
Responsible partner: IMOR.DG
Cooperative partners: UUPP.DGEO, NVI

Provieled the time accuracy of the seismic data of the SIL system, dose to l milliseconel, active
faults can be mappeel with accuracy of the oreler of 10 meters. Fault plane solutions baseel on
spectral amplitudes of P- anel S-waves are then used as a part of the mapping to reveal the
sense of the fault motion. Severai special fault mapping efforts have been carried out relateel
to ongoing earthquake sequences in other parts of the country, so graelually information on
fault arrangement in elifferent parts along the plate boundary is being collecteel [68].

Very significant results have been obtained in using seismological data for mapping active
earthquake faults in the Tj6rnes fracture zone at the north coast of Iceland (Figure 3). The
methoel llSeel is a multievent methoel baseel on cross-correlating similar signals at the same
seismic station [67, 63].

Similar research has been carrieel out for the HengilI triple junction in SW-Icelanel. Fault
plane solutions of more than 20.000 earthquakes have been stuelied in the area anel faults
have been mappeel by multievent location proceelure (Figure 4) [64].

3.1.3 Task 3: To search for time and space patterns in the multiplicity of
information in the SIL data

Start: June 1996 (month 4)
Enel: February 1998 (month 24)
Responsible partner: IMOR.DG
Cooperative partners: UUPP.DGEO, NVI

Results have been obtaineel on basis of investigation of recent high seismic activity near the
Hengill triple junction in SW-Icelanel, spatial and temporaI variations of activity have been
stuelieel anel migration within the area (Figure 4) [64, 69].
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Figure 3: Mapped faults within the Tjornes fracture zone off the north coast of lceland.
Black lines indicate faults mapped with conventional refiection seismic methods or by direct
observations on-land. Red lines are 60 active fault segments mapped using accurate relative
locations of microearthquakes recorded by the SIL network. Seismic stations are denoted by
triangles. Grey patches are fissure swarms in the Eastern volcanic zone. The depth contour
interval is 100 m.
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Figure 4: Earthquakes in the Hengill volcanic area, SW-Iceland. The red lines show the
location and orientation of fault planes estimated from the relative location of earthquakes.
The black lines are mapped surface faults, green lines are roads. The inset rose diagram
shows the orientation of the faults mapped using accurate relative locations of earthquakes.
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The seismicity of Katla volcano which is beneath the Myrdalsjokull glacier has been
studieel. Eruptions in Katla pose a consiclerable danger because of enormous water- anel
mudflows which accompany the eruptions. It is one of the objectives of the SIL network anel
the attached alert system to help to wam for the the future eruptions [33].

Spatial changes in seismicity have been stuelied in an area along the Reykjanes Peninsula,
the South Icelanel Lowlanel, into the eastern volcanic zone, anel off coast of North Icelancl [37,
55,71].

Work has been carrieel out to finel 3-D crustal velocity structure in SW-Icelanel from
local earthquake tomography in cooperation with UUPP.DGEO [86, 87].

Baseel on historical elata anel recent historical elata research work has starteel on known
earthquake premonitory changes [75].

Much work has been carried out in interpreting data from volumetric boreaole strain
meters, which has leael to very significant results. Premonitory anel coseismic changes, volu
metric strain, and foreshocks of the magnitude 5.8 earthquake at Vatnafjoll, near the eastern
enel of the SISZ, have been stuelieel. These can be interpreted anel have been modelleel as
magmatic fluiels intrusion coincieling with the foreshocks anel the main shock [5, 8].

3.1.4 Task 4: Introduetion of new algorithlTIS into the alert system and
other evaluations of the SIL system

Start: June 1996 (month 4)
End: February 1998 (month 24)
Respansible partner: IMOR.DG
Cooperative partner: UUPP.DGEO

The basic option of the SIL seismic system techniques is to use microearthquakes to bring to
the surface information from the source areas of earthquakes. Based on detaileel microearth
quake analysis it is possible to monitor active faults and movements on these, as well as
stresses and stress changes in their surrounelings. The smaller the earthquakes are which can
be useel the closer we are to continuous monitoring of such features, and the more detaileel
information we obtain of the spatial conditions. Therefore it is sa significant to be able to
obtain automatically as detailed anel secure information as possible [41, 43, 22].

A new software tool is being developeel, ACIS, to be introduced into the automatic pro
ceelures of the SIL system. ACIS is an acronym for Reducing manual checking by Automatic
Correlation of lncoming Signals. As has been shown in the work on multievent analysis for
detaileel mapping of faults most seismic events correlate well with each other within same ar
eas. A geographically inelexeel database is being createel where different classes of earthquakes
are storeel. As new earthquakes are recordeel by the network, the system automatically looks
for similar waveforms in the elatabase, anel if founel, takes the anset and the first motion di
rection picks from there. If no existing entry in the database correlates with the newevent,
the event is checked interactively by the network operators. This approach will improve the
accuracy of the automatie analysis anel reduce the need of work for interactive checking of the
elata without loss of useful signals. Preliminary testing has demonstrated that the approach
elescribed here is possible. It is expectecl that the first version of the algorithm will be reaely
for testing within the SIL system in October 1998. It is the intention that after testings it
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will be introduced in the routine procedures of the SIL system anel thus become a basis for
enhanced alert eletector algorithms. One of the consequences of a more accurate real-time
hypocenter location is that real-time fault plane solutions will be much more reliable, making
real-time monitoring of stress changes from microearthquakes possible in practice [22].

Work has been carrieel out for stuelying anel refining the alert thresholels for the SIL
relateel alert system in Icelanel. An alert eletector monitoring elirectivity, large amplitueles
anel backgrounel noise in both unfiltereel and filte reel baneIs of the seismic waveform elata is
operateel on all the SIL stations. It has been tuneel for different types of sensors as the SIL
system operates accoreling to neeel with 1 second, 5 seconels anel broaelbanel sensors [6, 7, 42].

The continuous seismic signal at the SIL site stations is banelpass filtereel in three chan
nels anel the 1 minute mean amplituele is calculateel anel sent to the SIL center, where the
interpretation of characteristics of the trernor is carrieel out and linked to the alert system.
These frequencies show to be useful in eliscriminating noise of different origin. The lo\',;er
frequencies are typical for harmonic volcanic trernor , while the highest frequency seems to
be expressing noise createel by very intensive activity of very small earthquakes, although
these are not eliscriminateel as such. Such an activity is more typical in the approaching of
an eruption anel may possibly be of significance in the introeluctionary phase of earthquakes.
Much work remains to be done to analyze the noise and how it is related to other activ
ities of the crustal forces. This noise monitoring is alreaely now useel to monitor volcanic
activity [52].

The experience elescribeel above also provieles a gooel basis for ongoing work in designing a
new eletector in the SIL system which will be aimeel at eletecting and automatically evaluating
complicated earthquakes (i.e. slow quakes having corner frequencies of the oreler of 1 Hz or
earthquakes which appeal' as composeel of IowaneI high frequency motion) which are often
observeel in Icelanel, especially from areas c!ose to the volcanoes. A graphic tool has been
elevelopeel to help visualizing the effects of changing the triggering parameters anel algorithms
of the eletector. This tool is very significant and efficient for the ongoing development of the
new detector algorithms. This work is carrieel out in c!ose cooperation with UUPP.DGEO.

3.1.5 Meetings and conferences

Here the research workers at IMOR.DG are listeel anel which PRENLAB workshops and
other scientific meetings they atteneleel during the perioel of PRENLAB. At these occasions
they presenteel results of PRENLAB anel participated in eliscussions about the PRENLAB
work.

Ragnar Stefansson attendeel the XXI EGS General Assembly in The Hague, May 6-10,
1996, anel the PRENLAB contractor meeting which was helel there.

Ragnar Stefansson atteneleel the XXV ESC General Assembly in Reykjavik, September
9-14, 1996 (president of the Local Organizing Committee), and one of the two PRENLAB
contractor meetings helel there. He was a convenor of the special EC seismic anel vo1canic
hazard meeting which was helel there inc!ueling coordinators of other ongoing EC seismic risk
projects. Besides him the following researchers at IMOR.DG atteneled the second contractor
meeting of PRENLAB in Reykjavik: Sigurdur Th. Rognvalelsson, Pall Halld6rsson, Kristjan
Ågustsson, Einar Kjartansson, Gunnar B. Gudmunelsson and Steinunn S. Jakobsd6ttir. All
these PRENLAB researchers also attendeel in general the ESC Assembly and presenteel
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papers there.
Ragnar Stefansson attended the ninth biennial EUG meeting in Strasbourg, March 23-2/,

1997 anel a PRENLAB workshop which was organized there on March 27. In faet Union
Symposium 16 of EUG 1997, Mitigation of Geological Hazards, was a part of the PRENLAB
workshop as majority of the papers at this session was about or relateel to PRENLAB. This
session was partly based on an initiative of the PRENLAB coordinator, Ragnar Stefansson.

Ragnar Stefansson attendecl the 28th Nordic Seminar on Deteetion Seismology in Helsinki,
June 16-18, 1997, and met with the PRENLAB contracar of Subproject 2 in Uppsala for
eliscussions on the way.

Sigurour Th. Rognvalelsson cooperateel in Uppsala, from May 30 to June 8, 1997, with
researchers within Subprojeet 2 for elevelopment of the ACIS software.

Ragnar Stefansson, Steinunn S. Jakobsd6ttir anel Kristjan Ågllstsson attended the 29th
lASPEl General Assembly in Thessaloniki, August 18-28, 1997, and a seismologist PREN
LAB workshop which was heId there on August 26.

Ragnar Stefansson was invited by Science and Technology Agency of the Prime Ministers
Office, Japan, to attencl a symposium on Lang-term Evaluation for Earthquake Occurrence
held in the Prefecture of Shizuoka, Japan, October 20-22, 1997.

Ragnar Stefansson, Pall Halld6rsson and Sigurdur Th. Ragnvaldsson attenelecl a twa clay
PRENLAB workshop in Paris, October 24-25, 1997.

Ragnar Stefansson atteneled the workshop Development of a Multiborehole Observatory
which was helel in Athens, October 26-28, 1997.

Ragnar Stefansson attendeel Review Meeting on Seismic Risk in the European Union in
Brussels, November 27-28, 1997.

Einar Kjartansson attendecl the American Geophysical Union fall meeting in San Fran
sisco, December 8-12, 1997.
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3.2 Subproject 2: Developlnent of methods using nlicroearth
quakes for monitoring crustal instability

Contractor:

Reynir B6elvarsson
Department of Geophysics
Uppsala University
Villavagen 16
S-752 36 Uppsala
Sweelen
Tel: +46-18-4712378
Fax: +46-18-501110
E-mail: rb@geofys.uu.se

Researchers:

Ragnar Slunga
Department of Geophysics
Uppsala University
Villavagen 16
S-752 36 Uppsala
Sweelen
Tel: +46-18-4712378
Fax: +46-18-501110
E-mail: ragnar@geofys.uu.se

Bj6rn Lund, Ph.D. stuelent
E-mail: bl@geofys.uu.se
Zaher Hossein Shomali, Ph.D. stuelent
E-mail: hs@geofys.uu.se
Ari Tryggvason, Ph.D. stuelent
E-mail: at@geofys.uu.se
All at Department of Geophysics
Uppsala University

Reynir B6elvarsson was 40% funded by EC anel Ragnar Slunga 20%.

The SIL microearthquake system produces detailed results of automatic analysis of large
number of microearthquakes. To be able to work efficiently with this kind of information a
special interactive program hael previously been createel. During the PRENLAB project, this
software has been eleveloped further and now accepts the results from single event location,
multievent location, fault plane solutions anel from rock stress tensor inversion as input.
The program can be useel for steering results from one analysis to another, for example the
relative locations can give constraints on the fault plane orientation which can be useel in
the input for both hult plane solutions anel rock stress tensor inversion. The development
of this interactive software has also required modifications in all other software to facilitate
the information ftow between the different algorithms. In addition to what is written below,
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the UUPP.DGEO researeh group has been involved in further development of the SIL data
aequisition system ranging from further development of the phase deteetor at the sites to
the on-line multistation analysis anel the multievent analysis. A new approaeh is being
taken regarding the automatie operation of the network based on the positive results of the
eorrelation teehniques useel in the relative loeation algorithm. Work has been initiateel within
the PRENLAB projeet to develop software for using eross-eorrelation of neighboring events
to automatieally eletermine the onsets of P- and S-phases with aeeuraey comparable to or
better than aehieveel in the interaetive analysis. The aim is to reeluee the need for manual
inspeetion of seismograms from loeal and regional earthquakes anel to improve the quality
of the readings in the mieroearthquake elatabase [22]. This work is done in eooperation with
the researeh group at IMOR.DG.

3.2.1 Task 1: Methods for subcrustal mapping of faults

Start: Mareh 1996 (month 1)
End: July 1996 (month 5)
Responsible partner: UUPP.DGEO
Cooperative partner: IMOR.DG

The algorithm for absolute and relative loeation of mieroearthquakes has been implementeel
in the SIL system routine analysis. The software has been applied in a seareh of crustal
faults, both in the Tji::irnes fraeture zone (TFZ) and the South Iceland seismie zone (SISZ).
This work has been in eooperation with geologists within PRENLAB. Faults found from the
microearthquakes show a remarkable agreement with the fault information available from
sea bottom anel lanel surveys [67]. These studies also indieate the power of the multievent
loeation teehnique for eliseriminating the fault plane and the auxiliary plane. An example of
the results using this algorithm is shown in Figures 3 anel 4.

3.2.2 Task 2: Methods for monitoring crustal wave velocities from micro-
earthquakes

Start: July 1996 (month 5)
End: October 1997 (month 20)
Responsible partner: UUPP.DGEO
Cooperative partner: IMOR.DG

Seleeteel from the SIL seismie database, 6200 loeal earthquakes have been used in a to
mography study of the 3-D P- and S-wave veloeities anel hypoeentral loeations beneath
SW-Icelanel [86, 87]. The study region is a 224x112 km 2 reetangular area. Major teetonie
features within the study region inc1ude the SISZ, the Hengill vo1canic system, the Western
vo1canie zone (WYZ), and the Reykjanes vo1canie zone (RYZ). The veloeity model block size
used was 4 x 4 km horizontally and 1 km vertically, resulting in detailed velocity moelels.
The resulting velocity struetures are well eonstraineel down to elepths of 10-12 km. Figure 5
shows a horizontal sliee through the moelels between the depths of 6 and 7 km. The main
results of the interpretation are:
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• A large low-velocity anomaly is found at depths between 4 to 12 km beneath the Hengill
vo1canic fissure system. Both P- and S-wave velocities are low, but the reduction in
the P-wave velocity is larger than in the S-wave velocity, suggesting that the anomaly
is not causec! by large partians of partial melt. The observed anomaly is interpretec! as
a heavily fractured vo1canic fissure system and the low velocities are caused by super
critieal magmatic fluids (C02 and H2 0) which are migrating in the fracture system.
Theoretical ca1culations of the elastic moduli for a porous medium, using both magma
saturated pores and supercritical water, support this interpretation.

• The SISZ has normal veloci ties wi tha tendency towards lower than normal Vp/Vs
ratios (1.75). A slight increase in the depth to the lower crust (P-wave velocities of 6.5
km/s) is observed along the SISZ from west to east, from less than 4 km, to below 5
km.

• In the depth range 5-7 km, lower than normal P- and S-wave velocities are observed
in the center of the RVZ. A tendeney to increased Vp/V s ratios is observed at 4-8
km depth beneath the Krisuvfk vo1canie system, which might be caused by elevated
temperatures.

• The depth to the base of the brittle crust in the study area, defined as the depth above
which 90% of the earthquakes occur, varies from about 5 km in young (0-0.7 My)
crust near the RVZ and WVZ to about 12 km near the eastern end of the SISZ. This
corresponds to the estimated depths of the 600°C isotherm.

• Clusters of earthquakes c!eeper than the base of the brittle layer occur beneath the
Hengill and Eyjafjallajokul1 vo1canoes. These earthquake sequences may be associated
with periods of unusually high strain rate in the roots of the vo1canic systems.

3.2.3 Task 3: Methods for monitoring the Iocal rock stress tensor

Start: July 1996 (month 5)
End: January 1998 (month 23)
Responsible partner: UUPP.DGEO
Cooperative partners: IMOR.DG

New methoc!s anc! software have been developed to estimate a regional or loeal stress tensor
based solelyon microearthquake focal mechanisms and locations [53]. The inversion method
is based on the work of Gephart and Forsyth [29] with significant changes in the treatment
of focal mechanisms and in the criteria of choosing the correct fault plane from the two
nodal planes. The inversion algorithm is implemented in the SIL system environment, takes
full advantage of the SIL software for focal mechanisms [62] and for absolute and relative
loeation [73] and is compatible with the visualization software.

We invert the focal meehanisms to obtain the directions of the three principal stresses
and, R = 3D(al - a2) / (al - a3), a measure of the relative magnitude of the intermediate
prineipal stress. \-Ve use a grid search over the lower hemisphere for the directions of the
prineipal stresses and the size of R. For each stress tensor the direction of shear stress on the
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Figure 5: Horizontal slices through the models at 6-7 km for aj the S-wave velocities and
bJ the P-wave velocities. Model blocks without any my tmvelling through them are white.
Earthquakes occurring within the layer are shown. The thin stippled lines outline the volcanic
zones.
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nodal planes are calculated and we minimize the angle, in the plane, between the observeel
slip direction and the theoretically calculateel shear stress elirection in the inversion. The
misfit angle is useel as the objective function to be minimized anel can be weighted with
the ,amplitude errors on the focal mechanisms, with dynamic source parameters such as the
moment and can also be constrained to consieler angles less than a certain value equal to
that value to prevent overfitting the data. The misfit and confidence levels are calculateel in
a ane-norm sense, following [29], and the confidence levels are further constraineel using only
non-redundant focal mechanisms [54].

To account for the uncertainties in the focal mechanisms we use the facilities provided
by the SIL fault plane solution algorithm [62]. The algorithm provieles a range of acceptable
fault plane solutians for each event, in the same way as a 95% confielence level, where each
fault plane solution has a specific amplitude enor. The amplitude error is used as a weight
in the misfit calculation. We include the whole range of mechanisms for each event and
calculate the misfit of each focal mechanism, in the end choosing the mechanism which gives
the lowest misfit. This significantly improves the stress tensor inversion (Figure 6). For each
testeel stress tensor all acceptable focal mechanisms are thus tested, the best fit mechanism is
chosen for each event anel all the chosen misfits aelded to a final misfit for that stress tensor.

The crucial point of choosing which nodal plane to include in the inversion, i.e. choosing
the fault plane, has been tackled with three different rnethods (Figures 6 and 7):

• Slip angle. The most common method today is to choose the nodal plane that shows
the smallest misfit, i.e. the smallest angle between observed slip anel estimated shear
stress, in the tested stress field.

• Instability. We designed a new method of choosing the most unstable nodal plane
in the current stress field. Using a simple Mohr-Coulomb failure criterion we define
instability as I = 3DT - f-lO'n, shear stress minus the product of the coefficient of
friction and the effective normal stress. We showed that the elependence on f-L, which is
a potential problem, can be handled consistently without assuming a local coefficient
of friction. The instability criterion is appealing from a physical view point but gives
slightly higher misfits than the slip angle method.

• Pre-defined fault plane. Using the SIL algorithm for absolute and relative location [73]
we can sometimes, with very high accuracy, locate a cluster of events to a common
fault plane. For the events in the cluster only fault plane solutians in agreement with
this fault plane are used in the stress tensor inversion, Le. we have a pre-defined fault
plane. This criterion is used together with either the instability or slip angle criterion
for the events without pre-defined plane.

We want to emphasize that these methods only chaose the fault plane! They are not part of
the objective function and do not add to the misfit. The objective function is calculated on
the chosen nodal plane. The methods to choose a nodal plane have been tested with both
synthetic data anel geological fault slip data where the correct fault plane is known. The
slip angle and instability methods generally return similar stress tensors but the chosen fault
planes vary significantly. Our tests indicate that instability method chooses the correct fault
plane more aften than the slip angle methoel.
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Figure 6: Results of stress tensor inversion of 68 microearthquake focal mechanisms in Hest
fjall, Iceland. The upper two mws show lower hemisphere equal area projections, in the left
column are the resulting principal stress directions with 10%, 68% and 95% conjidence limits
and the optimal solutions marked by a black square (0'1), a black diamond (0'2) and a black
triangle (0'3)' Deviation is the average angle between observed slip and estimated shear stress
and misjit is the weighted deviation, both for the optimal solution. R is the relative size of the
intermediate principal stress. The black rose diagram amund the circle is the 95% conjidence
limit for the direction of maximum horizontal compression. The middle column histogram
shows the conjidence regions for R and the right column shows the nodal planes that the in
version algorithm picked as fault planes. The plus signs are the poles to the individual planes.
They are overlayed by a K amb contour diagram. The upper row shows the result when only
the optimal fault plane solutions (FPS) were included in the inversion and the middle row
is the result when a range of acceptable FPS were used for each event. The third row shows
histograms over the misjits of the individual FPS. Both inversions were performed with the
instability plane selection criterion. The misjit is reduced signijicantly and the conjidence
limits shrunk markedly when using the range of acceptable FPS.
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Figure 7: Same 68 microearthquakes as in Figure 6 but now inverted with different nodal
plane picking algorithms. Both examples in this figure have been inverted with acceptable
fault plane solutions (FPS). In the upper row we have used the slip angle plane selection
criterion to determine the fault planes. In the bottom row the plane with lowest stability,
calculated using a simple Mohr-Coulomb failure criteria, was chosen as the fault plane. In
addition six events have been located to a fault plane and thus constrained to only use FPS with
the same direction as that plane. The slip angle inversion favours a normal faulting stress
regime, although there are strike-slip regimes within the confidence levels. When inverting
with predefined planes the stress tensors are more strongly polarized into a strike-slip and a
normal faulting regime, both equally probable. The slip angle method selects very different
fault planes from the instability inversions. We infer that the correct stress tensor can be
distinguished only with knowledge of which planes slipped.
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We have applied aur stress tensor inversion scheme to data from Hestfjall in the SISZ.
Figures 6 and 7 show different stages in the inversion of 68 microearthquakes, ranging in
local magnitude from -0.36 to 1.38 with a median at 0.24 and in depth from 3.2 to 7.4 km
with the median depth at 5.7 km. It is evident from Figure 6 that using a range of acceptable
fault plane solutions significantly improves the fit and accuracy of the inversion. The overall
misfit is reduced by more than a faetor three, the 95% confidence level shrinks to show
two distinct stress states, either st rike-slip or normal faulting, and the direction of horizontal
compression, the black histogram on the perimeter, is concentrated at N400E. Also the range
in R is reduced. Both inversions choose mainly subvertical nodal planes striking NNE-ENE.
At the bottom of Figure 6 we see the histograms of the individual misfits on the selected
nodal planes and there is a marked change to lower misfits for the acceptable focal mechanism
inversion. The lack of misfits between 0.0 and 0.05 is due to a lower bound on the misfit
corresponding to 3° between observed slip and estimated shear stress.

The results of using the three different criteria for choosing the fault plane can be seen in
Figure 6, which shows the instability criterion inverse in the lower half, and in Figure 7, which
shows the slip angle criterion on top and the pre-defined plane criterion, with instability for
most of the events, below. All three inversions have been perforrned using the acceptable
focal mechanisms. As expeeted the slip angle method gives the 100vest misfit, since it has the
largest freedom to choose well fitting planes. The pre-defined inversion has worse misfit than
the instability inversion, also due to the lower degree of freedom when six of the events have
fixed planes. All inversions yield approximately the same direction of maximum horizontal
compression, NL!Q°E, and all inversions have 9.5% confidence levels allowing both strike-slip
and normal faulting regimes. The slip angle inversion, however, strongly favours normal
faulting whereas the other two have almost equal misfits for the best fitting strike-slip and
best fitting normal faulting stress tensors. The planes chosen by the different criteria vary
markedly. The instability criterion choose mainly subvertical planes striking NNE-ENE, with
some planes having lower dips, for the strike-slip stress state. The slip angle inversion choose
both subvertical and subhorizontal planes with main strike directions of NNE and NW,
which is similar to the planes the instability inversion choose for the normal faulting regime.
Including pre-defined planes with the instability criterion yields even more subvertical planes
but with an added group of NNW striking planes.

These 68 Hestfjall microearthquakes are thus compatible with both a strike-slip and a
normal faulting state of stress. The strike-slip regime requires mainly NNE-ENE striking
subvertical fault planes and the normal faulting regime requires some subhorizontal fault
planes. Knowledge of the fault planes is thus necessary to distinguish between the two stress
states. This can be gained either through a larger data set with more events with predefined
planes or through extrapolation of surface fault mapping to the conditions at 5 km depth.
We feel that the methods developed here have improved our chances of correctly identifying
the state of stress in the crust through earthquake focal mechanisms.

3.2.4 Task 4: Methods for monitoring of stable/unstable fault movements

Start: October 1996 (month 8)
End: February 1998 (month 24)
Responsible partner: UUPP.DGEO
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Cooperative partner: IMOR.DG

The work in this field has been concentrated in developing tools for handling the large
amounts of data produced by the PRENLAB network. Examples will be given in a number
of figures from the TFZ transform fault north of Iceland. The activity from August 1, 199,
onwards will be used in this demonstration. This analysis is based primarily on a multievent
location algorithm [73] and fault plane solution inversion using spectral amplitudes and first
motion directions [72, 62].

The activity during August 1-9, 1997, is shown in Figure 8. Figures 9 and 10 shows fitting
of planes to different grouping of these events. One should note that accurate locations are
produced although the closest station is more than 20 km from this rather shallow activity.
The magnitudes of these events are mostly in the range ML=0.5-1.5. The estimated relative
location uncertainties are about 10-30 m.
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Figure 8: The left map is an overview showing the stations as diamonds and the events of
the swarms on August 1-9, 1997, are shown as circles with diameter 500 m. The closest
station in the analysis is about 22-28 km from the events. The events have been located by
mtlltievent analysis and the blow-up to the right gives a clearer picture of the epicenters. The
diameter of the event circles in the right map is 200 m. Note that the multievent location
gives accurate locations although the ratio closest station distance to depth is about 3.
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Figure 9: The left map shows the again the epicenters while the right part is a depth view along
the strike of the plane fitting the hypocenter locations of the events. The su/face interception
of the best fitting plane is shown in the left map. The RMS deviation from the plane is 88
m. This is larger than the estimated uncertainty of the relative locations of these events. The
sizes of the event circles are 200 m and the depth scale of the right part is in kilometers.
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Figure 10: This is a slight blow-up of the central densest group of events. The sizes of the
event circles are here 100 m. The RMS deviation from the best fitting plane is 12 m which
is in agreement with the estimated uncertainties of the relative locations of the events. This
illllstrates that rather acC'urate locations are achieved even with only few stations and with no
station very close to the epicenters.

The consistency between the multievent locations and the routine fault plane solutions
of the SIL network is illustrated in Figure 11 which shows the best fitting fault planes from
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Figure 11: This figure is the same as Fig'ure 10 but here the events are shown as disks. The
radii are the estimated fault radius of each event. Among all fault plane solut'ions (FPS)
having an acceptable fit to the observed spectral amplitudes and first motion directions the
one having one of its two possible fa'ult planes closest to the orientation of plane fitting the
hypocenter locations has been chosen. For each event the disk shows the orientation of that
FPS plane. The median deviation from the hypocentral plane is 40 which is reasonable as the
grid step in the FPS analysis is 60

• This figure indicates areasonable consistency between
the multievent locations and the FPS inversion.

the results of the fault plane solutions. Areasonable condusion is that the plane marked in
the figure weU approximates the slipping fracture.

Figure 12 shows how the microearthquakes are distributed over the fault area. The sizes
of the earthquakes are estimated from the corner frequencies. One can see that the seismidy
slipping parts do not cover the whole active area and also that same parts slips seismic!y
severai times during the twa days of this activity. In addition the peak slips (not shown in
this figure) varies between 0.03 and 3 mm which gives a remarkable different size of total
slip over the area during this concentrated activity.

The group in Figures 10, 11, and 12 is very dose to other events, see Figure 13. To get
some indications about the reality of the slight location differences the distributions of their
dynamic parameters (seismic moment Mo and peak slip sl) are shown in Figure 14. There is
a dear difference in b-value and also in the distribution of the peak slip. This supports the
inelication by the multievent location that the aelelitional events elo not belong to the same
fracture as the starting group.

The activity along this fault has continued after August 9, 1997, anel the main features
of this activity are summarized in Figure 15 which shows the locations of all major swarms
after August 1. The figures dose to the central parts of the swarm fault areas indicate their
relative times in days. One can see that later activity tenels to occur in parts of the faults
that are c!ose to immediate previous major faults. The simplest guess is that the swarm
activity is caused by an increased velocity of the stable slip of that part of the fault. There
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Figure 12: This figure shows the same disks as F-igure 11 but now the depth view to the right
is normal to the strike of the hypoeentral plane. The shght marks at the peripheries of the
eircles show the shp direetion of the bedroek of the visible side of the disks. This slip direetion
pertain for each event to the ehosen aeeeptable FPS. Interesting aspects of this figure is that
parts of the active area has no deteeted seismie event and that parts of the area slip seismicly
several times during the twa days of this aetivity.

seems to be a complicated episodic migration of the stable slip along the fault.
The recent state- and rate-dependent models for fault stability may be valuable tools in

the analysis and in understanding of of fault behaviour as illustrated iri these figures.

tre: 66.24BN -18.409E 171 events.
TlmQ pona 0801 092924. - 97 08 09 22 26 59.

QUAKE·LOOK

o c§)
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Figure 13: This figure shows the group of the previous figures with small eirc!es while the
larger eircles show the other close events. The sizes of the larger eirc!es are 200 m. An
obuious question is if the smallloeation differenees are real.
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Figure 14: The distributions of two dynamic parameters of the two groups of events, the
seismic moment Mo, and the peak slip sl. In the right part the distributions are shown in a
log-log plot. The small circle group contains 124 events and the great circle group contains
47 events. For each group the right curve shows the distribution of 10g(Mo) and the left
group shows the distribution of log(sl). For the 10g(Mo) distribution the horizontal scale is
approximately the local magnitude ML, For log(sl) a iJalue 1 means an estimated peak slip
of 1 mm, O means a peak slip of 0.1 mm, etc. The two groups have different b-values (slope
of 10g(Mo)) and also different slip distributions. This gives some support to the different
hypocenter locations.
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Figure 15: The locations of swarm activity along the fault after August 1, 1997. To each
major swarm a plane containing most of the events has been fitted. In the depth view to
the right (normal to the strike) the figure close to the central part of each plane gives the
day number of the swarm activity (typically they last for a week or more). The first swarm
is marked by day 1. The swarms marked 1 and 6 are based on multievent locations and for
these two groups the individual event locations are shown. The remaining groups are based on
single event locations which explains there wider depth distributions. The activity migrates
in such away that calm areas close to active areas are likelyareas of next activity. Note that
plane marked 13 overlapping plane marked 6 "avoids" the most active part of plane marked
6 in agreement with this statement. 35
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3.2.5 Task 5: Methods for statistical analysis of the space/time distribu-
tion of microearthquakes and earthquakes

Start: May 1997 (month 1.5)
Enel: February 1998 (month 24)
Responsible partner: UUPP.DGEO
Cooperative partner: IMOR.DG

The work on this task has been integrateel with the work within Task 4 anel is reporteel in
Chapter 3.2.4.

3.2.6 Task 6: Development of a method for acqusition of contin1.!-ous GPS
data at the SIL stations

Start: May 1996 (month 3)
Enel: February 1998 (month 24)
Responsible partners: UUPP.DGEO, NVI
Cooperative partner: IMOR.DG

The work on this task was a part of Subproject 5, Sedion 3.5.2.2.

3.2.7 Meetings and conferences

Here we list the research workers at UUPP.DGEO anel which PRENLAB workshops and
other scientific meetings they attendeel during the period of PRENLAB. At these occasions
they presenteel results of PRENLAB, anel participated in discussions about the PRENLAB
work.

Reynir Bi::ielvarsson anel Ragnar Sllinga attended the XXI EGS General Assembly in The
Haglle, May 6-10, 1996, anel the PRENLAB contractor meeting which was held there. Reynir
Bi::idvarsson, Ragnar Slunga, Bji::irn Lund and Zaher Hossein Shomali also attended the XXV
ESC General Assembly in Reykjavik, September 9-14,1996. Reynir Bi::ielvarsson atteneleel the
ninth biennial EUG meeting in Strasbourg, March 23-27,1997 and the PRENLAB workshop
organizeel there on March 27.

Reynir Bi::idvarsson anel Ragnar Sllinga attended a two day PRENLAB workshop in Paris,
October 24-25, 1997.

Reynir Bi::idvarsson, Ragnar Sllinga and Bjorn Lund attended the 29th lASPEl General
Assembly in Thessaloniki, August 18-28, 1997, and a seismologist PRENLAB workshop
which was held there on August 26.

On many occasions the members of the UUPP.DGEO research group visited IMOR.DG
in Iceland working with the research group there.
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3.3 Subproject 3: Monitoring stress changes before earthquakes
using seisnlic shear-wave splitting

Contractor:
Stuart Crampin
Department of Geology and Geophysics
University of Edinburgh
Grant Institute
West Mains Road
Edinburgh EH9 3JW
United Kingdom
Tel: +44-131-650-4908
Fax: +44-131-668-3184
E-mail: scrampin@ed.ac.uk

Researchers:
Helen J. Rowlands and Theodora Volti
Department of Geology and Geophysics
University of Edinburgh
Grant Institute
West Mains Road
Edinburgh EH9 3JW
United Kingdom
Tel: +44-131-650-8533
Fax: +44-131-668-3184
E-mail: helen.rowlands@ed.ac.ukandt.volti@ed.ac.uk

3.3.1 Task 1: Identify optimal stations and search for precursors

Start: June 1996 (month 4)
End: February 1997 (month 12)
Responsible partner: UEDIN.DGG
Cooperative partner: IMOR.DG

Shear-wave splitting is sensitive to changes in stress, for example, changes prior to a large
earthquake. The two principal arrivals identifiable on local earthquake records are the direct
compressional P-wave, and transverse shear-wave. In anisotropic media, such as triaxially
stressed microcracked rock, the shear-waves split into two orthogonally polarized waves that
propagate with slightly different velocities. Careful examination of seismograms can identify
the polarization direction of the first (or fast) shear-wave, and the time-delay between the
two arrivals (Figure 16). The time-delay is particularly sensitive to changes in the anisotropy.

We have used earthquake data provided by IMOR.DG to ascertain which of the SIL
stations record sufficient numbers of events suitable for shear-wave splitting analysis, and
which of those are suitable for looking for precursory changes. Figure 17 shows those stations
with polarization measurements during the period January 1996 to May 1997, inc1usive.
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Figure 16: Example of shear-wave splitting at station SA U. On the right-hand side are the
thl'ee recorded components. On the left hand side, the rotated horizontal components clearly
show the time-delay between the twa shear-wave arrivals. This event occllrred at 07:28:30.4,
July 10, 1996, at 9.8 km depth, 5 km from SA U.

Many of the stations show a good alignment of polarizations, indicative of seismic anisotropy
with transverse isotropy and a horizontal axis of symmetry. The polarizations show the
average direction of the maximum horizontal stress is NE-SW.

During the first year, time-delay analysis was concentrated on station SAU as it is dose
to a seismically active area, and at the easternmost end of the South Iceland seismic zone
(SISZ) where a larger earthquake might be expected. Data was initially analyzed from May
1996. The results appeared to show a trend in the time-delay results associated with the
eruption beneath the Vatnajokull ice cap in October 1996 (as reported previously). This
study has now been continued, at SAU and at other stations, as clescribed under Task 2.

3.3.2 Task 2: Station/EQ relationship

Start: March 1997 (month 13)
End: February 1998 (month 24)
Respansible partner: UEDIN.DGG
Cooperative partner: IMOR.DG

Time-delays and polarizations have been measured for all suitable data in the period January
1996 - May 1997, inc1usive. Suitable events are those recordecl with station-to-epicenter
distance less than hypocentral depth. These are within the shear-wave window which ensures
that the shear-waves are not distorted by surface conversions. This constraint places a severe
restriction on the number of events that can be used for shear-wave splitting analysis. Also,
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Figure 17: Shear-wave splitting polarizations measured at SIL stations. All data are within
the shear-wave window (450

), January 1, 1996 - June 1, 1997.
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Figure 18: Shear-wave splitting at SA U from January 1, 1996 to June 1, 1997. Variation
of normal-ized time-delays with time, and polar equal-area maps out to 45° of shear-wave
polarizations with dotted line indicating average direction, for (a) ray paths in bands with
incidence 00 to 15° to the crack face (sensitive to crack density), and for (b) ray paths in

bands with incidence 15° to 45° to the crack face (sensitive to aspect ratio). Lines are linear
least-square flts to data befare and after the Vatnajokull eruption (October 1996). Error bars

are approximate.

to identify temporal trends, there needs to be sufficient activity, spread in time, near the
station. These criteria were only fulfilled at stations SAU and BJA.

Time-delay measurements are analyzed for temporal trends in Figures 18 and 19. At each
station, the mean circular polarization direction is calculated, and time-delay measurements
with polarizations within the standard deviation of this direction are selected (at SAU and
BJA this is polarizations N44°E ± 20°). The time-delay measurements (normalized over
straight-line path distance) are then separated into two bands. The bands are defined by
incidence to the vertical plane of symmetry parallel to the mean polarization direction (in
terpreted as the strike of aligned near-vertical cracks), previous studies have shown that the
outer band of time-delays is expected to be the most sensitive to changes in crack aspect
ratio, the result of increasing stresses. At SAU, there is a clear increase in time-delays from
about May 1996 to the beginning of October 1996 in the outer band of measurements. After
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Figure 19: Shear-wave spl-itting at BJA from January 1, 1996 to lune 1, 1997. Diagrams
as for Figure 18. The dashed lines are linear least-sq-uare ]its for a shorter time period. The
absence of data for March, April and lvJay 1996 is due to instrumental problems.

this time, the delays gradlIaIly decrease. During the same period, the delays in the inner
band remain roughly constant. This suggests that the change in delays could be a result of
increasing aspect-ratio of the microcracks with the stress build-up (and subsequent release).
The tectonic event likely to responsible for this is the Vatnaj6kull eruption that started on
September 30, 1996, the fourth largest eruption in Iceland this century. The volcano is over
160 km away, so the effect is also expected to be visible on other stations during this period.

The only other station with sufficient data during this time period is BJA. BJA is near
the centre of the SISZ (Figure 20) and is in a mllch more complicated tectonic area than
SAU. The data does not show the same trend as SAU over the period May to October 1996,
but there is an average increase in delays when a shorter time period is taken (mid-July
to October 1996). For this time period, there is an increase in the delay measurements in
both bands of data, suggesting there was also same increase in crack density. This trend
may be related to the changing stress state prior to the eruption. However, there was also
a magnitude 4.2 event, only 7 km from the BJA on October 14, 1996. It is possible that
this increase of delay times over the shorter period is related to this more local event, rather
than the eruption (200 km from BJA).

Data from station KRI is also shown in Figure 21. The measurements at this station
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Figure 20: Map oj SW-Iceland showing all seismicity recorded during the period January
1996 - May 1997 (inclusive). Red triangles are SIL stations that were deployedjor the whole
period, and blue triangles are stations added to the network during this period. The large
black circles show the locations oj the Bardarbunga and Grimsvotn volcanoes beneath the
Vatnajokull ice sheet.

have polarizations N51°E± 28°. In February 1997 there was an increase in activity just north
of the station which culminated in a magnitude 3.9 event on February 23, 1997,7 km from
KRI. This is the largest event in this area for at least twa years. There is same evidence from
the time-delay data in Figure 21 that there is an increase in delays prior to this larger event.
As can be seen from the projection, the events all have similar locations, hence similar ray
paths that make the changes in delays all the more significant, as they are less subject to
variations caused by different ray paths.

3.3.3 Task 3: Developing routine techniques

Start: March 1997 (month 13)
End: February 1998 (month 24)
Responsible partner: UEDIN.DGG
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Figure 21: Normalized time-delays at KRI from February 15, 1996 to March 15, 1997, as
for Figure 18. Lines are linear least-square jits befare and after the magnitude 3.9 event, 7
km from KRI (no data recorded in the (f'-15° band).

Effort has gane into developing routines for data manipulation for shear-wave splitting anal
ysis, including programs to select and download the relevant data from the database at
IMOR.DG. The actual measurements are still done manually. Fully automated, real-time
measurement will require significant further work.

3.3.4 Task 4: Identify optimum areas

Start: September 1997 (month 19)
End: February 1998 (month 24)
Respansible partner: UEDIN.DGG

Optimum areas for further stations, permanent or temporary, have been identified on the
basis of recent seismicity pattems. One suggestion is for more stations around SAU, where
the particularly good alignment of polarizations suggests time-delay pattems will be the
most informative. If the same events can be recorded at more than ane station this will give
much greater constraints on the anisotropy. In NE-Iceland, a station on Flatey Island, or
on the coast further south from LEI will also record events suitable for shear-wave splitting
analysis near the Husavik transform fault and Grfmsey zone.

3.3.5 Meetings and conferences

Stuart Crampin attendecl the XXV ESC General Assembly in Reykjavik, September 9-14,
1996. Stuart Crampin and Helen J. Rowlands attencled the ninth biennial EUG meeting
in Strasbourg, March 23-27, 1997. Stuart Crampin attended a twa day workshop in Paris,
October 24-25, 1997.
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Stuart Crampin attenclecl the symposium Earthquake Research in Ankara, September
30 - October 5, 1996. Stuart Crampin attenclecl the symposium Assessment of Schemes for
Earthquake Prediction, Geological Society, London, November 7-8, 1996. Stuart Crampin
ancl Helen J. Rowlancls attenclecl the ninth biennial EUG meeting in Strasbourg, March.
23-27, 1997.
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3.4 Subproject 4: Borehole monitoring of fluid-rock interac
tion

Contractor:
Frank Roth
Stiftung GeoForschungsZentrum Potsdam
Division 5 - Disaster Research
Section 5.3 - Deep Borehole Logging
Telegrafenberg A34
D-14473 Potsdam
Germany
Tel.: +49-331-288-1530
Fax: +49-331-288-1203
E-mail: roth@gfz-potsdam.de

Associated contractor:
Pall Einarsson
University of Iceland
Science Institute
Hofsvallagata 53
IS-107 ReykjavIk
Tel: +354-525-4816
Fax: +354-552-1347
E-mail: palli@raunvis.hi.is

Subcontractor:
Yalgardur Stefansson
Icelandic Energy Authority (Orkustofnun, OS)
Grensasvegur 9
IS-108 Reykjavik
Iceland
Tel: +3.54-569-6063
Fax: +354-568-8896
E-mail: vs@os.is

Subcontractor:
Pall Theod6rsson
University of Iceland
Science Institute
Dunhagi 5
IS-107 ReykjavIk
Tel: +354-525-4791
Fax: +354-552-8801
E-mail: pth@raunvis.hi.is
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3.4.1 Subpart 4A: Geophysicalloggings

Contractor:
Frank Roth

Subcontractor:

Yalgardur Stefansson

In the framework of the EC project, Earthquake Predietion Research in a Natural Laboratory,
a pilot study has started to obtain a time series of logs in the South Iceland seismic zone
(SISZ). An 1100 m deep borehole (LL-03, Nefsholt) inside the zone (63.92°N, 20.41°W, 7 km
south of the seismic station SAU) is used and provides the unique opportunity to perform
measurements much nearer to earthquake sources than usual - the hypocenter depths at that
location range between 6 anel 9 km. Moreover, data can be obtaineel for a depth interval
of more than 1000 m, uninf!uenced by the sedimentary cover and less disturbed by surface
noise.

In the preparational phase of an earthquake, stress accumulation is expecteel to be con
nected with the creation of borehole breakouts, changes in the number and size of cracks, a
possible variation of the stress elirection, etc. Therefore, the following set of geoparameters
is monitoreel:

• P-wave travel time.
• Electrical conductivity.
• Water content anel porosity.
• Stress information from borehole breakouts (orientation anel size).
• Crack density, crack opening.

This is achieveel by repeateellogging with tools as:
• Sonic log (BCS).
• Dual induction/latero log (DIL).
• Neutron log.
• Four-arm-dipmeter (FED).
• Borehole televiewer (BHTY) .
The neutron log is run with the logging equipment of OS, the rest with the Halliburton

logging truck of GFZ.DR.DBL.
Temporai changes visible in these logs wil! be correlateel with data obtaineel by other

methods useel in the whole project, as there are: seismicity, anisotropy observeel in S-waves,
crustal deformation, gravity, etc.

3.4.1.1 Task 1: Logging activities

Start: July 1996 (month 5)
Enel: December 1997 (month 22)
Responsible partner: GFZ.DR.DBL

As elescribed in the previous reports, three logging campaigns took place in 1996. During
these campaigns, repeated measurements were performed in well LL-03 (Nefsholt). In co
operation with Orkustofnun, logging was done in 5 other borehoies, of which at least the
borehole-televiewer measurements in wel! LJ-08 are relevant for this project.
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Figure 22: iVJap of the south-western part of Iceland showing the location of the site of repeated
logging (iVefsholt) and of the other t wo boreholes where borehole-televiewer measurements ha ve
been performed during 1997.

The recent activities within this sllbproject comprise two logging campaigns in 1997, one
in September, the seconel in December. The first was exclusively concerneel with repeateel
logging in borehole LL-03 (Nefsholt) insiele the SISZ. During the seconcl campaign, additional
logs were run with the borehole-televiewer in Boelm6elsstaelir (locateel at the northern eelge of
the SISZ, close to Lallgarvatn) anel in Thykkvibær (slightly south of the SISZ, near the south
coast). The latter borehole was elrilleel very recently. The locations are shown in Figure 22.
Table 1 shows the logs performed eluring the first and seconel year of this project.

These five campaigns have thus attribllteel to the two aims of this subproject:
• Observation of changes in physical parameters of the rock anel of changes in degree of

fracturing anel orientation of principal stresses with respect to seismic activity.
• Indirect meaSllrement of tectonic stress orientation to evaJuate the tectonic stress fielel

in the area of the SISZ.

3.4.1.2 Task 2: Check for changes - results from repeated logging

Start: July 1996 (month 5)
Enel: Febrllary 1998 (month 24)
(following each logging campaign)
Responsible partner: GFZ.DR.DBL
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Name: Location: Max. Logged Tools used: Date:
depth: interval:

NG-01 Olafsvellir 1070 m 180-1070 m FED, GR, SP, July 1996
(inside SISZ) 3-arm-caliper,

16"- and 64"-
resistivity

HS-36 Reykjavik 980 m 330-980 m BHTV, BCS-GR July 1996
LPN-lO Laugaland 890 m 80-880 m BHTV, July 1996

near Akureyri, BCS-DIL-GR
North Iceland

LJ-08 Sydra Laugaland 2740 m 120-1890 m FED, BHTV, July 1996
near Akw'eyri 120-1330 m BCS-DIL-GR

TN-02 Ytri-Tjarnir 1370 m 260-1370 m BCS, GR July 1996
near Akureyri

LL-03 Nefsholt 1309 m 80-1100 m BHTV, BCS-DIL-GR, July 1996
(inside SISZ, neutron-neutron, Odober 1996
site of repeated X-Y-caliper, September 1997
logging) 16"- and 64"- December 1997

resistivity, SP
THB-13 Thykkvibær 1254 m 466-1225 m BHTV December 1997

south-west of Hella
near the south coast

BS-ll Bodm6dsstadir 1193 m 703-1090 m BETV December 1997
near Laugarvatn

Table 1: As borehole NG-01 partty eollapsed between log runs, the hole was abandoned and
tcell LL-03 was ehosen Jar repeated logging. GR indieates Gamma-Ray-log, SP stands for
Spontaneous Potential. FED means Four-Arm-Dipmeter whieh includes an oriented Jour
arm-ealiper. BHTV means ultrasonie Borehole- Televiewer. BCS is Borehole-Compensated
Sonie; DJL is Dual-Induetion/Latero log. For teehnieal reasons, no FED run was possible in
LL-03, no BHTV run was possible in Ll-OB below 1330 m depth, no BHTV nm was possible
in BS-ll above 703 m depth. Due to the limited availability of a erane, no BHTV or FED
run were possible in TN-02. The deepest parts of wells Ll-OB, LL-03, THB-13 and BS-11
were not aeeessible anymore.

Repeated measurements in Nefsholt showed good repeatability, especially of the sonic log.
The standard deviation is in average between 2.5% and 3.5% of the average travel time
measured.

A good interpretation can be made in depth intervals with high sonic amplitude. In these
intervals the standard deviation usually is lower than 2.5%. Depth intervals where the am
plitude of the registratecl signal is very low show significant variation in the (automatically)
pickecl travel-times and thus cannot be considered for an analysis of changes. Small differ
ences between repeated logg in the high amplitude intervals seem to be caused by inaccurate
depth matching due to slightly different curve shapes (Figure 23). Thus, no changes in the
sonic velocity have been observecl so far. The same is true for the resistivity measurements,
as can be seen from Figure 24.

On the other hancI, no relevant seismic activity has been observed in the surrounding of
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Figure 23: Data example showing from left to right panel: an average curve of sonic ampli
tude, a superposition of the average compensated travel times measured in October 1996 and
in December 1997 (each averaged over four runs performed immediately one after the other),
the difference between these two average travel time curves (absolute value, green curve) and
the standard deviation (absolute value) derived from the four runs performed in December
1997. Compensated travel times are given in microseconds per foot. The difference between
the average travel times exceeds the standard deviation only in low amplitude intervals (not
shown here) or at depths with inaccurate depth-matching (for example around 740 m).
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Figure 24: Data example showing from left to right panel: gamma-ray log in APl, compen
sated travel time in microseconds per foot and the sonic amplitude, and three repeated mea
surements of latero log (LL3), medium induction log (ILM) and deep induction log (ILD).
Month an year of campaign are given.

this borehole since the beginning of the measurements.
We are thankful that Orkustofnun provided a lithology log of the well at Nefsholt. This

log shows a nearly continuous sequence of altered basalt, interrupted only by a few thin
sedimentary layers and some thin layers of dolorite, hyaloclastites and fresh basalt. Corre
sponding to a porosity change within each basaltie layer, the sections of altered basalt show
very different characteristics in sonic velocity and resistivity as well as in the neutron log.
These differences allow to distinguish between the lava-flows (Figure 25).

3.4.1.3 Tasks 3 and 4: Evaluation of measuring results

Start: July 1996 (month 5)
End: February 1998 (month 24)
Responsible partner: GFZ.DR.DBL

Borehole-televiewer measurements
The televiewer-data collected in the well at Nefsholt have been presented in the previous
reports. These previous presentations have to be corrected for an error in ori
entation! Attempts were made in 1996 to correct for instrumental problems with the
orientation of the data. Unfortunately, these efforts now turned out to have failed. To give
the data the right orientation, it is necessary to change the coordinate system from clockwise
to counterclockwise rotation. General breakout-orientations and fraeture statisties from the
measurements in Nefsholt with the correct orientation are presented in words below.
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Figure 25: Data example showing the correlation between the perjormed logs and the lithology
log provided by Orkustofnun. GR = gamma-ray in A PI, DT = compensated travel time in
microseconds per joot, neutron = neutron log in A PI, ILD and ILM = induction log deep
and medium in Ohmm, LL3 = laterolog in Ohmm.

Also are diseussed breakouts in the borehole BS-ll (Bodm6dsstadir), which was logged
down to 1090 m, and the borehole THB-13 (Thykkvibær), down to 1245 m.
Nefsholt: The previously found orientation of the borehole breakouts of about N35°E have
to be corrected in 120.5° to 126°, giving a direction of the maximum horizontal prlncipal
stress of N30.5°E to N36°E. The circular standard deviation (1CT) is of the order of 10°. The
stress direction is in agreement with the expected stress direction from large scale tectonics
(left-lateral strike slip). The length of picked breakouts sums up to approximately 5.5 m.

308 fractures have been picked in the depth interval between 300 m and 1090 m. De
termination of dip-angle and -direction are presented in Figure 26. They show that most of
the steep dipping fractures (dip angle greater than 60°) are dipping ESE, a slightly smaller
set of steep fractures dipping WNW. Considering all fractures, this trend is much less pro
nounced, but there is still a preferred dip-direction of W to WNW with a smaller dataset
of dip-angles ESE. The averaged strike of these fractures is thus NNE, like the strike of the
fractures observable at the surface.
Thykkvibær: Borehole breakouts have been found in the depth intervals 925 m to 927 m
and 937 m to 941 m. The breakouts in these two depth intervals sum up to approximately
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Figure 26: Strike (upper row) and dip (lower row) of fraetures observed in Nefsholt. Blue
diagrams: dip-angles greater 6fJ',. red diagrams: dip angles less than 6fJ',. green diagrams: all
fraetures.

3.5 m. Data quality is rather poor due to weak refiection amplitudes. Figure 27 shows
a data example. The average breakout azimuth is between Nl05°E (upper depth-interval)
and N12l o E (lower depth-interval). Statistie analysis over the whole depth range gives a
breakout-orientation of Nlll°E with a circular standard deviation (10') of about 10°. This
would mean that the larger principal horizontal stress is in average orientated N2loE. This
is in agreement with the stress directions expected from the overall tectonics as well as with
the results from Nefsholt.
B6dm6dsstadir: No breakouts have been observed in this borehole, but there are vertiea!
fractures visible between 713 m and 934 m depth. The length of the vertiea! fraetures sums
up to 45 m. Vertical fraetures are expected to occur in the direction of the maximum hori
zontal principal stress because of tensile failure of the borehole wall. They are supposed to
be drilling induced and not of naturaI origin. These fractures occur at an azimuth of N45°E
to N900E. One data example is presented in Figure 28.

Additional to the drilling induced fraetures, 52 naturaI fractures have been picked in the
depth interval between 820 m and 1060 m. The steep dipping fraetures (dip angles greater
60°) show a dominant strike ENE. Regarding all naturaI vertical fraetures, there are two
datasets: One striking nearly N and the other striking ENE to E.

The results can be summarized as follows:
• The repeated measurements of sonic P-wave velocity, resistivity and gamma-ray show

good repeatability. Neither changes in logs nor changes in seismie activity have been
observed yet.
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Figure 27: Example for the borehole breakouts found in Thykkvibær with two cross sections.
The two panels show the amplitude of the reflected signal (left) and the radius calculated from
the travel time (right) unwrapped from North over East, South, West to North. Vertical axis:
depth in meters. Breakouts appear as vertical bands of low reflection amplitudes. Due to low
reflection amplitude, the values for the radius are missing in these parts, resulting in black
bands. In the two cross sections, the black lines indicate the picked breakouts.

• Borehole breakouts observed in Nefsholt and Thykkvibær correlate with the expected
large-scale stress direction in the SISZ: they show the maximum horizontal principle
stress at an azimuth of approximately NNE (N21°E to N36°E). The data obtained in
Bi:idm6dsstadir show an average direction of maximum principle horizontal stress ENE.
Thus, the direction of maximum principal horizontal stress as found by the televiewer
data varies from NNE (north of the SISZ, BS-ll) to ENE (south of the SISZ, THB-13).
This variation is of the same order as the standard deviation.

• Fraetures found down to nearly 1100 m depth show the same dominant strike as those
observed at the surface. A dependency of fraeture orientation with depth or with
geographicallatitude could not be found so far. Fracture picking in the data collected
in Thykkvibær is not finished yet.

Outlook
It is planned to continue the logging activities in 1998, depending on seismic activity. After
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Figure 28: Example for drilling induced vertical fractures observed in the borehole at Bod
m6dsstadir. Same principle of displaying the data as described in Figure 26. The fractures
appear as vertical stripes of low reflection amplitude. Values for the radius calculated from
travel time are missing for these stripes due to low amplitudes.
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that, the work will be focussed on theoretical investigations.
Besides K. Henneberg, the proposer and the subcontractor, the following scientists and

technicians have worked in the subproject, especially the field campaigns: G. Axelsson (OS),
H. Bafl,ler (Karlsruhe), C. Carnein (GFZ), E.T. Eliasson (OS), H.-J. Fischer (GFZ), S.T.
Gudlaugsson (OS), G. Hermannsson (OS), M. Honig (GFZ), S. Mielitz (GFZ), J. Palmer
(GFZ), H. Sigvaldason (OS), 0. Sigurdsson (OS), B. Steingrfmsson (OS), V. Stefansson and
M. Thoms (GFZ).

3.4.1.4 Acknowledgements

We thank Orkustofnun for excellent preparation and support of the logging campaigns. We
like to thank the owners of the boreholes for their permission to work in the wells. We are
very grateful to the Geophysical Institute of Karlsruhe University for lending us a BHTV for
the logging campaign in December 1997.

3.4.2 Subpart 4B: Radon related to seismicity in the South Iceland seismie
zone

Associated contractor:
Pall Einarsson

Subcontractor:
Pall Theod6rsson

3.4.2.1 Task 1: Build an improved LSC apparatus to measure the radon content
of water and gas samples

Start: September 1997 (month 19)
End: April 1998
Responsible partner: UICE.DG

This task is at a final stage. The beginning of the project was delayed, first because expected
funds showed not to be available for the completion of the project (Task 2), and then it was
clelayed due to some bureaucratic difficulties in transferring funds and resulting problems in
scheduling the work.

The design and construction of a new system for automatic monitoring of radon in grouncl
water for earthquake prediction is now in its final phase. The work was clelayed seriously
because of the late transfer of the grant, more than half a year later than expected. The
main designer and constructor of the system left for graduate study in Copenhagen in the
miclclle of the work, but he coulcl continue part time on the project in Copenhagen and work
on it during two short periods when he returnecl to lcelancl. Despite this, the progress of the
work is satisfactory ancl the system will hopefully be finishecl in the midclle of April 1998. In
order to optimize the radon monitoring work we have emphasized:

• Simple sampling, as this is clone by a group of inexperienced people.

• Small size of water samples in order to facilitate the sending of samples.
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• High sensitivity so that the radon content of a small water sample can be measured.

• Simple transfer of radon from water to scintillation cocktail.

• Automatic sample changing to minimize the work of measuring the samples.

The key to the present solution is a novel way of suppressing interfering backgrouncl
pulses, a method \"hieh seems not to have been put into routine use before. This is basecl on
delayed counting, Le. to count only pulses if a pulse has arrived in the prececling milliseconcl
period. Only pulses from Po-214, a radioisotope in the radon decay chain, fulfil this require
ment. This SeCltreS both low background and strict controlover the proper functioning of the
system. 200 ml water samples will be collectecl at the sampling stations ancl sent to Selfoss,
where the radon system will be operatecl. The radon will be transferred to a tolltene scintil
lation cocktail by bubbling 0.3 liter of air through the water sample and then through the
scintillator in a conventional 20 ml liquid scintillation vial. The automatic sample changer
is of the carousel type: 8 vials sit on the carousel, which is driven by a step motor. The
scintillations are short light bursts that occur each time (1) a raclioactive isotope emits an
alpha- or a beta particle, (2) when a cosmic ray particle traverses the scintillator or (3) when
an external gamma ray is absorbecl. The scintillations are cletected by a photomultiplier
tube, which nearly touches the side of the sample vial. 'The tube gives an electric pulse each
time a light burst arrives. The electronic system consists of a PC-computer and a dedicated
interface unit, which is inside the sample changer chassis. This unit contains a power supply,
the stepping motor driving circuit, regulated high voltage supply, pulse amplifier and a pulse
size threshold detector. The PC-computer reads continuously the threshold detector ancl
records delayecl pulses. A major part of the work, the production of the carousel sample
changer, is now finished. The electronic system has been designed, printed circuit boards
have been macle and electronie components are now being soldered to the boards. According
to our plan the system will be fully assembled in the micldle of April and then tested in our
laboratory.

The new LSC apparatus will be set up at Selfoss, in the South Iceland seismic zone, in
summer of 1998, where the routine radon measurements will be made. Sampling will be 01'

ganized at some of the tested sampling sites of our 1977-1993 program, Fludir, Hlemmiskeid,
Kaldarholt, Laugaland, Thorleifskot and Bakki, possibly also at Oxnalækur and Ormsstadir.
Tests for consistency and diurnal variations will be run in the beginning, and then regular
sampling will begin, at least twice a week. See next section.

3.4.2.2 Task 2: Revive the radon sampling program in South Iceland

Start: March 1996 (month 1)
End: April 1998
Responsible partner: UICE.DG

This part of the project is funded by the SEISMlS project in Ieelancl. The start of the
reviving of the radon sampling program has been delayed due to delays in building the
necessary instruments (Task 1). Regular sampling of radon and analysis using the new
instrument will start during the summer, funded by the SEISMlS project in Ieelancl.
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In spite of the delays in finalizing the construction of the LSC instrument for the radon
analysis and resulting delays in starting the regular radon monitoring, significant work has
been carried out, east by the contractor, which is a good preparation for the new regular
radon sampling program. This work was concentrated in two areas:

• Analysis of radon time series collected in South Iceland 1977-1993. These represent
same of the longest time series available. The results have been reported in severaI
publications [45, 46, 47, 48] and a manuscript will be submitted to a refereed journal
within the next month [49J .

• Development and testing of same of the physical concepts behind the improved LSC
apparatus. This work was funded by other projects. This work has been documented
by Theod6rsson [84] and in a recent book on weak radioactivity [85]. .

The work on analyzing the 1977-1993 radon time series can be shortly summarized as
follows:

During the period 1977-1993 radon was monitored in water samples from severaI geother
mal drill hales in the South Iceland seismic zone. The 3-16 years long time series are generally
smooth functions with sharp anomalies or excursions superimposed on them. The anoma
lies showadistinct relationship with earthquake activity in the region. About 35% of all
measured anomalies are related in time to earthquakes. More than 30% of all seismie events
satisfying certain magnitude-distance criteria (M ~2.0 and M ~ 2.4 log D - 0.43) are accom
panied by anomalous excursions in the radon time series. Seven events were preceded by
anomalies detected at more than ane sta1ion. One event was accompanied by anomalies at
.5 stations. Majority of the anomalies are positive and occur befare the respective seismie
events. There is a 38% probability that a measured, positive anomaly is immediately followed
by an earthquake. The efficiency of the sampling stations at detecting earthquake-related
anomalies is found to be positively correlated with the average radon activity of the water,
which is related with the radioactivity of the host rock. The success rate of a monitoring
network of radon for the purpose of earthquake forecasting can most likely be improved from
these figures by increasing the sampling rate, refining the definitions of what constitutes a
radon anomaly at each sampling station, and a careful selection of sampling sites. SeveraI
anomalies were found that are related to the eruptions of the nearby volcano Hekla in 1980
and 1981.
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3.5 Subproject 5: Active deformation deterlnined fronl GPS
and SAR

Contractor:
Kurt L. Feigl
Cent re National de la Recherche Scientifique
UMR 5562 - Dynamique Terrestre et Planetaire
14 Avenue Edouard Belin
FR-31400 Toulouse
France
Tel: +33-5-6133-2940
Fax: +33-5-6125-3205
E-mail: Kurt.Feigl@cnesJr

Associated contractor:
Freysteinn Sigmundsson
NOl'dic Yo!canological Institute
Grensasvegur 50
108 Reykjavik
Iceland
Tel: +354-525-4494
Fax: +354-562-9767
E-mail: fs@norvol.hLis

Su bcontractor:
Pall Einarsson
University of Iceland
Science Institute
Hofsvallagata 53
107 Reykjavik
Iceland
Tel: +354-525-4816
Fax: +354-552-1347
E-mail: palli@raunvis.hLis

Cooperator:
Reynir B6dvarsson
Department of Geophysics
Uppsala University
Yillavagen 16
S-752 36 Uppsala
Sweden
Tel: +46-18-4712378
Fax: +46-18-501110
E-mail: rb@geofys.uu.se

58



Chapter 3: Methods and results

Researchers:
Helene Yadon
Centre National d'Etudes Spatiales (CNES)
18 Avenue Edouard Belin
FR-31055 Toulouse
Franee
Tel: +33-5-6127-3167
Fax: +33-5-6128-2614
E-mail: Helene.Yadon@cnesJr

Sigurj6n Jonsson
Nordie Yo1canological Institute
Grensåsvegur 50
108 Reykjavik
Iceland
Tel: +354-525-4494
Fax: +354-562-9767

Sigurj6n J6nsson did work 50% in the project from March l, 1996 to May l, 1997. Fundeel
by EC.

Subproject 5 is divieled into two subparts, A and B.

3.5.1 Subpart 5A: SAR interferometry

3.5.1.1 Task 1: Analysis of SAR images from the ERS-I and ERS-2 satellites

Start: March 1996 (month l)
End: September 1997 (month 19)
Responsible partner: CNRS.DTP
Cooperative partners: NYI, VICE. OG

Kurt L. Feigl, Freysteinn Sigmundsson, Helene Yadon and Didier Massonnet

The objective ofthis work (according to the reviseel work description) was to ca1culate anel in
terpret Synthetie Aperture Raelar (SAR) interferograms to capture interseismie deformation,
spanning at least one year.

This goal has been reached and even exceeeled. We have studied two areas in Iceland
using radar interferometry, the Reykjanes Peninsula oblique plate boundary in SW-Icelanel
and the Krafta vo1canic system in Iceland. In both areas we have captured interseismie
c!eformation spanning up to three years, thereby validating the use of radar interferometry
for the monitoring of crustal deformation in the seismic and vo1canic zones in Iceland. The
results help to understand the mechanism of oblique rifting, the behaviour of vo1canic zones
in post-eruptive periods, and the generation of earthquakes. The work was conducted in
col1aboration with Didier Massonnet and Helene Yadon at CNES, Toulouse. Initial1y a
number of interferograms were ca1culated at CNES for each of the two studyareas. These
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interferograms have then been successfully modelled, interpreted, and published in revieweel
scientific journals of internationalrepute.

In the first study area, the Reykjanes Peninsula in SvV-Iceland, \ve have used satel
lite radar interferometry to map the satellite-view component of a plate-boundary velocity
fielel, as well as volcano eleformation. The area is the direct onlanel structural continuation
of the submarine Mid-Atlantic Rielge. Oblique spreading between the North American anel
Eurasian plates of 1.9 cm/year occurs there, causing both shearing anel extension across
the plate bounelary. Using ERS-1 images from the 1992-1995 perioel we have formeel inter
ferograms, spanning up to 3.12 years. The fringes in these interference patterns are clear,
inelicating that the elielectric properties of the grounel surface in this area remain unchangeel.
Moreover, these fringes measure crustal eleformation. The most obvious eleformation is sec
ular eleflation of the Reykjanes central vokano, averaging to 15 mm/year, proba-bly causeel
by compaction of a geothermal reservoil' in response to its utilization by a power plant. The
elefiation we infer is in gooel agreement with leveIling elata. This gives confielence in the
interpretation of more subtle eleformation signal in the interferograms, fringes aligned in the
elirection of the pla.te bounda.ry caused by plate bounelary eleformation. Relying partlyon
geologic evidence, we assume the shape of the horizontal anel vertical crustal velocity fielel.
We estimate best-fit moelel parameters by maximizing the global coherence of the resielual
interferograms, the difference between observeel anel moelel interferograms. The data con
strain the locking elepth of the plate boundary to be about 5 km. Below that level the plate
movements are accommoelateel by continuous ductile eleformation, not fully balanced by in
flow of magma from elepth, causing about 6.,5 mm/year subsielence of the plate boundary.
Previous regional geoeletic elata agrees with this interpretation.

For the other study area, the Krafla spreading segment in North Icelanel, we have useel
radar interferometry to map deformation in the 1992-1995 perioel, relateel to readjustement
of the spreaeling segment to crustal rifting. Three images acquired by the ERS satellites
were useel to proeluce 3 interferograms. Time-average eleformation in the 1992-1995 perioel
amounts to 24 mm/year subsidence above a shallow magma chamber at Krafta, superimposeel
on 7 mm/year along-axis subsidence of the spreaeling segment. The rate of subsidence elecays
with time, it appears two times lower in 1993-1995 than in 1992-1993. Severai process
may contribute to the subsidence, all which relate to ongoing post-rifting adjustment of
the spreaeling segment after a rifting episoele in 1975-1984. Subsidence above the magma
chamber may relate to magma solidification and cooling; solielification of 106

- 107 m3 /year
of magma is required to fully explain it. Processes likely to contribute to subsidence along
the Krafta rift are ductile flow of material from the rift axis anel cooling. Cooling by 0.5°C
per year, the measured cooling of groundwater at the rift, of 1.5 km wiele anel 3 km high
zone along the rift axis coulel explain the sllbsielence. The time decaying subsidence may also
reflect time elecaying ductile ftow of material from the rift axis. The relative contributions of
cooling and ductile ftow to the subsielence is difficult to assess, bllt both processes indicate the
reaeljllstment of the spreaeling segment to crustal rifting. The current low rates of deformation
at Krafta sllggest the readjllstment is in a final stage, a elecade after the end of the 1975-1984
rifting episode.
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3.5.2 Subpart 5B: GPS geodesy

3.5.2.1 Task 1: Installation

Start: March 1996 (month 1)
Enel: June 1997 (month 16)
Responsible partner: NVI
Cooperative partners: UUPP.DGEO, IMOR.DG

Freysteinn Sigmunelsson, Sigurj6n J6nsson, Pall Einarsson anel Reynir BCielvarsson

The initial objective was to initiate continuous GPS measurements in South leeland to
eletermine temporai variations in deformation rates.

In 1996, we reorienteel our priorities to focus on interesting results uncovered since the
beginning of the stuely in 1994:

i) the SAR-interferometry study was given higher priority than GPS, ii) we studieel
elevateel seismic activity in the Hengill area, at the the western end of the South leelanel
seismic zone (SISZ), relying on conventional GPS and levelling. New results on temporaI
variations in eleformation rates in this part of the seismic zone have been interpreteel anel
publisheel.

Nonetheless, we have maele some progress with continuous GPS measurements. One
GPS instrument (Trimble 4000 SST) has been installed and operated in a semi-continuous
made near the center of the SISZ (stat ion Saurbær), since March 1997. Automatic trans
mission of the data through the SIL system has not yet been accomplished, rather the data
is transported through the Internet.

3.5.2.2 Task 2: Defarmation rates

Start: August 1996 (month 6)
Enel: February 1998 (month 24)
Respansible partne: NVI
Cooperative partners: UICE.DG, IMOR.DG

Freysteinn Sigmundsson and Pall Einarsson

The data from the semi-continuous GPS station in the SISZ has been analyzed anel the
movement of the station is al ready significant. Relative to a station in ReykjavIk (on the
North-American plate), the velocity of the Saurbær station is estimated lL5 mm/year in
elirection NSrE. For the first year of observation the relative velocity appears steady in time,
about 1 mm/month during the last year. There is no suggestion of temporai variation in
the defarmation rate in this part of the seismic zone. AIso, the inferred velocity is dose to
expected, about half the 2 cm/year full spreaeling vector in South leelancl. Ifthe GPS-station
were locatecl to the south of the seismic zone (on the Eurasian plate), we would expect to
observe the full spreading vector. The semi-continuous elata collected sofar will serve as a
reference, against which we can compare future measurements.
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Baseel on conventional GPS anel leveIling, \ve have information on temporal variation
in eleformation rates in the Hengill area, at the western enel of the seismic zone. There an
unusually persistent swarm of earthquakes (M<4.0) has been in progress since 1994. Activity
is clustereel arounel the center of the Hr6munelartinelur vo1canic system, in the Hengill area.
Geoeletic measurements inelicate a few centimeters uplift anel expansion of the area, consistent
with a pressure source at 6.5 ± 3 km elepth beneath the center of the vo1canic system. The
system is within the stress fielel of the South Icelanel transform zone, anel majority of the
recoreleel earthquakes represent strike-slip faulting on subvertical planes. We show that the
seconelary effects of a pressure source, moelelleel as a point source in an elastic halfspace,
incluele horizontal shear that perturbs the regional stress. Near the surface, shear stress
is enhanceel in quaelrants arounel the elirection of maximum regional horizontal stress, anel
eliminisheel in quaelrants arounel the elirection of minimum regional stress. The recoreleel
earthquakes show spatial correlation with areas of enhanceel shear. The maximum amount
of shear near the surface causeel by the expaneling pressure source exceeels 1 microstrain,
sufficient to trigger earthquakes if the crust in the area was previously close to failure. This
stuely has improveel the unelerstaneling of triggering of earthquakes in vo1canic areas.
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3.6 Subproject 6: Formation and developlllent of seislllogenic
faults and fault populations

Contractor:
Agllst Gudmunclsson
Norclie Vo1canological Institute
University of Icelancl
Grensasvegur 50
IS-108 Reykjavik
Icelancl
Tel: +354-525-4488
Fax: +354-552-9767
E-mail: agust@norvol.hi.is

Associated contractor:
Francoise Bergerat
Departement cle Geotectonique, Boite 129
Universite Pierre et Marie Curie
4, place J ussieu
FR-7.5252 Paris Ceclex 05
Franee
Tel: 33-1-4427-3443
Fax: 33-1-4427-5085
E-mail: bergerat@lgs.jussieuJr

Subcontractors:
Jacques Angelier
Departement de Geotectonique, Boite 129
Universite Pierre et Marie Curie
4, place J ussieu
Fr-75252 Paris Cedex 0.5
Franee
Tel: 33-1-4427-5857
Fax: 33-1-4427-5085
E-mail: ja@lgs.jussieuJr
Thierry Villemin
Universite de Savoie
Franee
Olivier Dauteuil
Geoscience Rennes
Geological Institute
France

Guclmundsson hi red a scientific assistant to work for 2 years 50% on this project (50% on
volcanic risk). This assistant did work on all aspects of the project: aerial photographs,
maps, manuscripts, illustrations, etc. Helgi Torfason was hired to carry out specific tasks,
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mainly very eletaileel maps of specific seismogenic faults in the South Icelanel seismic zane
(SISZ). Gudmundsson has also been starting a callaboration with Philip Meredith (University
College, London, who is also in PRENLAB-2); that collaboration has involved same travel
cost for Meredith.

Francaise Bergerat and Jacques Angelier had a student, Segalene Verrier, working on the
paleostress fields of the SISZ, but that student has not been paid from the project.

Thierry Villemin also had a student wOl'king on the project, but no salary from the
project was paid to that student. Sigurdur Th. Rognvalelssan also warked an the project.

3.6.1 Subpart 6A: Paleostresses

3.6.1.1 Task 1: Determine the paleostress tensor

Start: July 1996 (month 5)
End: January 1998 (month 23)
Respansible partner: CNRS.TT
Cooperative partners: NVI, IMOR.DG

Francaise Bergerat and Jacques Angelier

The paleostress tensors for many localities in the SISZ have been made, using fault-slip
datasets. Preliminary work an Tjornes fracture zone (TFZ) was carried out last summer,
and same paleostress tensors for this zone have al ready been calculated. This task was in
collaboration with ÅgllSt Gudmundsson.

3.6.1.1.1 Detailed analysis of focal mechanisms of earthquakes and recent fault
ing in the central part of the SISZ (work carried out with Gudmundsson and
Rognvaldsson)
First, a seismotectonic analysis was carried out in the Vordufell mountain considered as
a test area (64.0.5°-64.12°N anel 20.5°-20.6°W). Good outcrops permit geological study of
the recent faults which affect the quaternary lava pile, anel focal mechanisms of shallow
earthquakes are available. Among the earthquakes recordeel in southern Iceland by the SIL
network with eleterminations of earthquakes mechanisms, a elataset of 68 earthquakes, oc
curring in this area from 1991 to 1995, was used. 18 data corresponding to quarry blasts
were rejected, and 50 focal mechanisms of naturai earthquakes were selected.

The variety of these focal mechanisms of shallow earthquakes shows that the whole set
cannot be accounted for by a single tectonic stress state. Numeraus mechanical analyses
were done, baseel either on geometrical considerations or on stress-slip consistency. vVithin
the range of acceptable misfits (defined as a function of both the assumptions about stress
slip relationships and the uncertainties of data), a separation of two main groups of elata
(anel related stress regimes) accounts for the whole dataset. First, using the P- and T
elihedra method, the general consistency within each group is highlighted. The largest subset
inc!udes 30 strike-slip, 4 reverse and 4 normal mechanisms. It is consistent with NW-SE
compression anel NE-SW extension, in agreement with left-lateral shear along E-W trends
anel right lateral stril·,:e-slip on N-S trending faults. The smallest subset inc!udes 8 strike-slip,
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l reverse and 3 normal mechanisms. !ts indicates NE-SW extension and NW-SE compression,
with more dispersion than for the main group. Second, numerical inverse methods were
useel in oreler to compute the average stress tensors which best fit the observed fault plane
solutions. Two main methods were useel: the 4-D search (R4DT-R4DS), and the direct
inversion method (INVD). Contrary to the P- and T-eliheelra methoel, these methoels require
a choice among nodal planes. Because of its arbitrary character in geological terms, the
choice of the nodal plane which best fits an average stress tensor was not aelopted as an
unique criterion. The geological stuely in the field and from aerial photographs allowed
ielentification of the orientations of faults, fraetures and other zones of weakness at both
the scale of outcrops and that of the Vordufell mountain. A comparison between fault plane
solutions of earthquakes anel fault slip elata observeel in outcrops was carrieel out. Combining
these three criteria resulteel in the final selection. In terms of numerical estimators considered
a!one, one may simply choose the best fitting fault plane solution for each earthquake. This
was not done because, dealing with shallow earthquakes, reasonable choices between nodal
planes imply consieleration of the geological structure.

For each subset, the orientation of stress axes, the ratios of principal stress differences
anel the misfit estimators depend relatively little on the methoel adopted. The results are
quite significant for the main subset. For the seconelary subset, the misfits are larger despite
its smaller size, which indicates inhomogeneity. Weighting data according to the quality
of individual determinations did not result in significant improvement which suggests that
mechanisms with small weights are quite acceptable. The main difference between the sub
sets mainly results from a kind of permutation between extreme stress axes. The elirection
of the maximum stress average N600E for the main subset and N1200E for the subsidiary
one, while the elirections of the minimum stress average average N1500E and N40oE, respec
tively. The main subset reflects regional tectonic mechanisms, whereas the secondary subset,
mechanically less consistent, principally reflects fault rebound and local accommodation.

Before examining earthquake data, asurprising result of geological studies of fault slip
data in thefield was the identification of two opposite tectonic regimes, respectively charac
terized by a NW-SE extension (the major one, principally including strike-slip and normal
faults) and a NW-SE compression (the minor one, principally including strike-slip anel few
reverse faults). We point out first that for most of geological and geophysical data indepen
dently collected, similar tectonic regimes dominated by NW-SE maximum stress and NE-SW
minimum stress were identified, and second that both these studies revealed permutation of
extreme stress axes for the remaining data.

We conclude that the Vordufell area is dominatecl by NW-SE extension, principally
accommoclated by strike-slip and normal faulting, in agreement with the general behaviour
of the SISZ. Local stress permutations, however, play a major role, resulting in subsets of
conflicting mechanisms for both the present-clay shallow earthquakes and the quaternary
fault movements.

3.6.1.1.2 Seismi-tectonic studies in the whole SISZ (work carried out with Gud
mundsson and Ragnvaldsson)
After the first study on Vordufell, the field studies have been carrieel out in September 1996
in the whole SISZ in order to collect fault slip data measurements anel reconstruct paleostress
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tensor. The collection has been made in some seleeted sites in late Tertiary and Pleistoeene
lavas and hyaloclastites and in postglaeiallavas. The areas investigated were the Skardsfjall,
Hestfjall and BLIrfell mountains, the Grfmsnes area and the eanyons of St6ra Laxa and St6ra
Mastunga. This study has been eompleted by analysis of focal meehanisms of earthquakes
in the same areas. We eolleeted about 700 brittle teetonie data at 25 sites in Upper Plioeene
to Holoeene basaits and hyaloclastites. At eaeh site the whole dataset reveals two opposite
stress regimes, eaeh including normal and strike-slip faulting. The analysis of the strike-slip
faults in the major data subset indieates paleostress tensor with subhorizontal 0"1 and 0"3 axes,
the trend of 0"3 being N2700E to N3400E (main trend: N315°E). The normal faults in the
major subset eharaeterize vertieal 0"1 and horizontal 0"3, also trending N2700E to N340oE. In
the minor data subsets, the direetion of 0"3, for the strike-slip faults as well as for the normal
ones, ranges from N200E to N800E (N45°E on average) . The major stress regime includes
70% of the total population of faults. Of a total of 718 fault slip data, 55% indieate primarily
normal-slip and 45% primarily strike-slip. The ratio normaljstrike-slip faults is lower than in
other areas of Iceland. Moreover, many normal faults were generatecl in the western rift zone
segment, then drifted out of it. The above results inclieate that the clominating stress field
in the SISZ favours strike-s!ip faulting, with an horizontal 0"3 axis trencling approximately
WNW-ESE to NW-SE. We point out, hO\,yever, that in aclclition, there is a contrasting minor
stress fielcl, characterizecl by approximately NNE-SSW to NE-SW extension. These results
were comparecl to the stress regimes cleterminecl from earthquakes meehanisms. The cleter
mination of the stress regimes is clone through calculation of stress tensors, involving the use
of inverse methocls. Preliminary analyses of focal meehanisms reeorcled by the SIL net'vvork
revealecl the presence of two contrasting stress regimes. The erueia! problem of the choiee
between noclal planes of clouble eouple foeal meehanisms is solved in two ways. First, some
methocls cio not require the ehoice between the noclal planes, sueh as for the right diheclra
(P- ancl T - dihedra) methocl. Seeoncl, for those inversions requiring choiees between nodal
planes, ancl because the earthquakes studied are very shallow, the rieh geological information
on the fracturecl medium cleserves attention. We use an integrated approach including four
eriteria; geophysieal and geologieal: eonsideration of nodal plane attitudes as compared with
geo!ogical cliscontinuities, comparison with reeent fault meehanisms observed in the fielcl,
eonsicieration of meehanical likelihoocl for eaeh fault solution, and best fit eriterion relative
to the stress tensors calculatecl. The systematie use of these criteria for noclal plane selection
within a weighted approach (reliability, magnitude, depth, etc.) allowed better determination
of the stress regimes in the SISZ. As for faults colleetecl in the fielcl, major NW-SE extension
is in agreement with the left-lateral behaviour of the E-W seismic zone. Aminor NE-SW
extension is attributecl to rebouncl phenomena, loeal block aeeommoclation ancl magmatic
effeets. For both these regimes, strike-slip meehanisms prevail, many normal ancl few reverse
meehanisms being also present. Permutations between stress axes, 0"2/0"3 and O"I!0"2, are
common.

3.6.1.1.3 Stress tensor determination from foeal meehanisms: development of
new methodology, espeeially aiming at solving the problem of the ehoiee between
the nodal planes
The reclucecl stress tensor includes the orientations of the three prineipal stress axes 0"1, 0"2, 0"3
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and the ratio of principal stress differences, <P = (a2 -a3) / (al - a3)' For a homogeneous subset
of double couple mechanisms, this tensor can be determined through inversion of data, under
the c!assical assumptions of mechanical consistency. This is a c!assical problem for geologists
in brittle tectonics. In the case of focal mechanisms, hovvever, there is an aelditional problem,
that of the choice between noelal planes of double couple focal mechanisms. Classically, the
answer either consists of avoieling the choice by using the right dihedra (P- anel T- dihedra)
method, or aims at performing this choice in various ways prior to numerical inversion of
data. It is demonstrated that there is a thirel possibiIity, which allovvs one to carry out the
mathematical inversion of elata and to obtain the complete reeluceel stress tensor, without
eloing any choice between the nodal planes of each earthquake. Furthermore, the formulation
is such that it is possible to carry out the inversion by pure analytical means, based on
cancelling partial derivatives relative to the unknowns of the reduced stress tensor. The
solution of the problem is thus straightforwarel anel numerical problems are avoieleel. Using a
simple elirect inversion of elouble-couple mechanisms of earthquakes enables one to focus on
a more important problem, tint of the inhomogeneity of elatasets in terms of stress states.
Separation into subsets is made easier because in the new method calculation is extremely
brief elespite the complexity of algebraic elerivations.

3.6.1.2 Task 2: Participate in a cooperative effort in the overall project to
reconstruet the stress field in these seismie zones

Start: July 1996 (month .5)
Enel: February 1998 (month 24)
Responsible partner: CNRS.TT
Cooperative partners: NVI, IMOR.DG

Francoise Bergerat and Jacques Angelier

This task has involved collaboration with Thierry Villemin and Olivier Dauteuil. It focussed
on deformation pattern, morphology and tension-shear deformation in the Erafta fissure
swarm.

3.6.1.2.1 De/ormation pattern and morphology in the Krafta fissure swarm: the
Mo/ell area (work carried out with Dauteuil and Villemin)
In the northern part of the rift, the eleformation affects an area 60 km wide. In this area most
of the active extensional eleformation is localized into fissure swarms, l to 5 km wide. t\lajor
vo1canic centers are present along swarm axes. We analyzed the partitioning of extension
into a major fissure swarm: the Krafta fissure swarm. The studied area was a 4.5 km2

, near
the M6fell mountain, north of the Krafta volcano and composed of basaltie lava flows younger
than 10,000 years.

yVe used two information sources to estimate the spatial elistribution of strain in this
area. The first dataset was obtained from detailed mapping structures combining field mea
surements, SPOT satellite images and aerial photographs. Most faults and fissures trend
N010o-030°. The fissures width ranges from 10 to 200 cm. The faults have a maximum
vertical throw of 20 m. The second dataset used is a network of more than 450 geodetic
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points providing an accurate record of topography within the fissure swarm. This allows
us to determine exactly the amount of tilt blocks (less than 2 ees), in an area with a weak
extensive rate since 10,000 years. This network was used to define blocks with planar upper
surface. The plunge and the trend of each plane were estimated and analyzed in compared
to the fault network. The plunge values vary from 0.2° to 3°, with trend comprised between
N030° and NI00°. The tilt of the blocks was used to estimate the stretching accommodatecl
by the block rotations.

A balance of the extension accommodated by block tilting and fissure dilation is discussecl
along E-W profiles anel on maps. Assuming that the whole area is affected by the same
stretching amount, important variations are thus highlighted insiele the system.

3.6.1.2.2 Tension-shear defarmation in the Krafta fissure swarm: . the Leir
hnjukur area (work carried out with Dauteuil and Villemin)
The geometry of the fracture pattern of a small graben (studied area: 280 m long and 150
m wide) in the Krafla fissure swarm was analyzecl in detail. Based on geodetic analysis of
the present-elay topography at the top of Holocene basaltic lava f10ws which fil! the axial rift
zone, the eleformation of this initially horizontal surface can be reconstructed. Extensional
eleformation is localizeel at all scales anel block tilting, albeit present, remains minor.

Using simple moelels of the surface expression of normal faults, the geometrical charac
teristics of the topographic features relatecl to active eleformation during tectonic-vo!canic
events are quantitatively analyzeel. At crustal depths of about one kilometer, normal faults
are present anel have an average 70° dip. Comparison with the dip distribution of older
normal faults observed in the uplifted and eroded shoulders of the rift zone, at paleodepths
of 1-2 km, indicates that this dip determination is valid. Comparisons between the local case
study and structural analyses of active fissure swarms on a larger scale ·suggest that normal
faulting plays a major rale in the middle section of the thin, newly formed brittle crust of
the rift zone. In the axial oceanic rift zone of NE-Iceland, the extensional deformation in the
upper crust is dominated by horizontal tension and normal shear, their relative importance
depending on depth. Absolute tension dominates in the uppermost severai hundred meters
of the crust, resulting in the development of fissure swarms. Effective tension plays an im
portant role at a deeper level (2-5 km), because of the presence of magmatic fluid pressure
from magma chambers which feed dyke injections. At crustal depths of about 1 km, normal
shear prevails along fault planes which dip 60°-7.5°. This importance of normal shear at
moderate depth, between upper and lower crustal levels where tension prevails, is pointed
out. Within the extensional context of rifting, these variations of tectonic behaviour with
depth are control!ed by both the lithostatic pressure and the effective tension inducecl by the
presence of magmatic fluid pressure.

3.6.2 Subpart 6B: Field and theoretical studies of fault populations

3.6.2.1 Task 1: Make a detailed study of the faults in the TFZ and the SISZ

Start: July 1996 (month 5)
End: February 1998 (month 24)
Responsible partner: NVI
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Cooperative partners: IMOR.DG, UUPP.DGEO

Field inspection of the faults in the SISZ was made in the summer of 1996. Detailed mapping
of individual seismogenic faults in the Holocene lavas of the SISZ has al ready resulted in de
tailed maps of the Leirubakki-Svinhagi fault and many other faults were studied. This work,
which now includes considerations of fluid pressure effects and the relation of seismogenic
faults to geothermal systems, is made in collaboration with Helgi Torfason, Icelandic Energy
Authority (OS).

A map of the TFZ has been been made in collaboration with Thierry Villemin (see Task
5), who, with his students, is now primarily responsible for this map.

3.6.2.1.1 The SISZ
The work has focussed on aerial inspection of the main fault systems. Some of the faults
have been selected for a detailed areal study for comparison with on-land field studies. The
principal questions addressed are: Why are the fault systems in the Holocene lava flows so
complex? How do these systems compare with the nearby faults in the Pleistocene rocks.

With the view of answering these questions partly, a detailed aerial inspection and map
ping of the Leirubakki-Svinhagi seismogenic fault has been made. This fault is just over 7
km long strikes N12°. The fault consists of many seg'ments within a zone that is 100-2·50
m wide. In the northern part of the zone, individual fractures st rike around N12°, around
N1.5° in the middle part, and around N25° in the southernmost part. The fractures thus be
come more easterly striking towards the south. The fractures consist of en echelon segments,
with small push-ups or hillocks as well as pull-apart structures between the nearby ends of
the segments. These structures are associated with areas of transpression and transtension,
respectively, along the main strike-slip fault.

The Leirubakki-Svfnhagi fracture is location in the 9000 years old Thj6rsarhraun lava
flow. The age of the fracture itself is, hovvever, not known. It is obviously less than 9000
years old, but may be only severai hund red years old. At the southern end of the fracture,
near the farm Svinhagi, hot water (15-20°C) emits from the fraeture. The presence of warm
water in the fracture indicates that it is not very old as othen.vise it would have been sealed
lIP with siliea.

There are at least three main trends of fractures associated with the Leirubakki-Svinhagi
fault: NNE, ENE and WNW. Most of tbese cracks are presurnably strike-slip faults. In
addition, there are NE trending tension fractures. All these trends are also found in the
fault populations in the nearby Pleistocene rocks. Nevertheless, the WNW trend of segments
associated with the Leirubakki-Svinhagi fault is unusually clear and conspicuous and mllst
be explained by any model that attempts to account for the fracture pattern associated with
the SISZ.

Many other faults in the Holocene lava flows have been studied, on land, by aerial inspec
tion, and from aerial photographs. These results have been compared with those obtained
by field studies of faults in the nearby Pleistocene areas of the SISZ. As was to be expected,
the same populations of faults occur in the Holocene lava flows as in the Pleistocene rocks;
these populations are discussed in more detail in the section on fault populations belo\\'.

Work on the SISZ as regards the field studies and paleostresses is in close collaboration
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with Jacques Angelier, Francoise Bergerat, Sigurdur Th. Ragnvaldsson anel Helgi Torfason.
Concerning analytical stuelies on fault development, a c10se collaboration is with Maurizio
Bonafede anel Maria Elina Belarelinelli. A manuscript on the stress fields anel fracture pattern
in the central part of the SISZ has alreaely been submitteel, anel another manucript, combining
fielel anel theoretical stuelies on faults in the eastern part of this zone, is in preparation.

3.6.2.1.2 The TFZ
This work has focusseel on two aspects of seismotectonics: (l) to combine fielel and mlluer
ical stuelies with seismic stuelies from the extension of the SIL network in this area, (2) to
study the effects of faulting on all scales on the migration of crustal fluiels in a major fault
zone like the TFZ. As regards the first aspect, a manuscript has al ready been submitted to
JGR [67]. The purpose of this paper is to combine a detaileel seismic analysis by Sigurelur
Th. Rognvalelsson anel Ragnar Slunga with on-land fielel studies of the faults in the TFZ.
Our conc1usion is that many of the st rike-slip faults in the Grfmsey fault, as well as those
associateel with the Dalvik "lineament" are northerly trending sinistral faults rather than
westerly treneling elextral faults. We are working on numerical (bounelary element) models
with a view of explaining the current stress fielel in this area. As regarels the seconel as
pect an abstract entitlecl: Development of permeability in jault zones, was presented at the
XXIII EGS General Assembly in Nice, April 1998. This work is eliscusseel further in the next
section. Work on the TFZ is in collaboration with Jacques Angelier, Francoise Bergerat,
Sigurelur Th. Hognvalelsson, Ragnar Slunga and Thierry Villemin.

3.6.2.1.3 Effeets of fluid pressure on fault development
Pore-fluiel pressure greatly affects the probability of failure and reactivation of the faults,
both in the SISZ anel in the TFZ. A detaileel study has been made of the mineral veins (olel
channels of geothermal water) on the fault planes in the Pleistocene rocks of the SISZ anel in
the Pleistocene-Tertiary rocks in the TFZ. One of the principal questions aelelresseel in this
stuely is: how rapidly elo seismogenic faults in these zone heal anel how elo changes in fluid
pressure in one region (e.g. in association with major earthquakes or vo1canic eruptions)
affect slip on faults in other regions. It is likely that changes in fluiel pressure can be
transmitted over consielerable elistances and thus trigger earthquakes in areas relatively far
a\vay from the source of the initial pressure change. Fluid pressure also affects friction on
fault planes, hence the probability of fault slip.

This work has now been exteneleel to the Fennoscandian area, where the eletaileel data on
seismicity anel postglacial uplift make a comparative study with the seismic zone in Iceland
important. The stress fielcl controlling the seismic zones in Iceland is primarily relateel to
the horizontal elivergent plate movements, and the crustal structure of Icelanel is essentially
oceanic. By contrast, the stress fielel controlling faulting, fluid flow anel current seismicity
in Fennoscanclia appears to be largely generateel by the postglacial uplift in this region,
anel the crustal structure of Fennoscanelia is entirely continental. A manuscript entitleel:
Postglacial crustal doming, stresses and fracture jormation with application to Norway, has
been submitted to Tectonophysics [30].

This research is particularly important in view of the major geothermal activity associated
with earthquake fractures in South Iceland and elsewhere. The work on earthquake fracture
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healing is partly in collaboration with Philip Meredith, University College, London.

3.6.2.2 Task 2: Boundary-element models of the faults

Start: March 1996 (month l)
End: September 1997 (month 19)
Responsible partner: NVI
Cooperative partner: UBLG.DF

This work was carried out in col1aboration with Maurizio Bonafede and Maria Elina Be
lardinel1i, who use analytical methods and has focussed on the wel1-defined faults in the
Holocene part of the SISZ. A manuscript, entitled: Secondary earthquake fmctun;s genemted
by a strike-slip fault in the SISZ [15], has been submitted to JGR.

3.6.2.2.1 A nalytical and numerical studies on fault populations
Fault populations develop in space and time. Both analytical and numerical studies are
important in order to be able to predict the evolution of fault populations, in particular those
in the SISZ and in the TFZ. This work is made in col1aboration with Maurizio Bonafede and
Maria Elina Belardinelli. Fault populations generally show power-law (or fractal) frequency
distributions as regards fracture length and displacement, that is either fracture length and
width (for tension fractures) or fracture length and vertical or horizontal displacement (for
faults). In addition, there is commonlya linear relationship between the lengths and widths
of tension fractures, and between the length and displacements (vertical or horizontal) on
faults. For many fracture populations studied in the Holocene lava flows in Iceland there
is, hmvever, a very large scatter in the data, so that two fractures of the same length in
the same population may have widely different displacements. A model has been developed
where this large scatter is partly attributable to the fracture displacements being related to
different controlling dimensions. For some fractures the displacement is controlled by the
strike dimension, for others by the dip dimension. A manuscript has been submitted on
these results.

3.6.2.3 Task 3: Boundary-element studies of the TFZ and the SISZ

Start: March 1996 (month l)
End: September 1997 (month 19)
Responsible partner: NVI
Cooperative partners: CNRS.TT, IMOR.DG

General models have already been made and give some of the most interesting results ob
tained in Subpart 6B. The models indicate that stress migration is indicated schematical1y
be the wave-like migration of the countours of constant shear stress as the loading of the
fault zone (because of plate movements) is increased. The first contours to appeal' are those
in the areas of highest shear stress concentration. As the loading (or displacement) is in
creased, hmvever, these contours migrate over wider parts of the seismic zone, while the stress
concentration in the initial high-stress "sourcellareas increases. The actual shear stress in

71



Chapter 3: Methods and results

the source areas does not become greater than the frictional equilibrium on faults in these
areas allows; the stress is kept within these limits by repeated slip on many small faults. Be
cause of increased loading, however, the regions where the shear-stress rnagnitude rnakes slip
on faults possible gradually increases in size and depth, until the whole volurne associated
with the largest rupture area that the seismie zone is capable of generating is stressed to
failure. These results offer the possibility of forecasting the largest earthquakes by detailed
monitoring of the evolution of the seismicity in that zone.

Many of the results from Subpart 6B, including some of those indicated above, "vill be
included not only in the scientific papers listecl below, but also in the book: The Geology of
Iceland and J\1id-Ocean Ridges, that Gudmundsson is writing [31].

3.6.2.4 Task 4: Make analog models of the SISZ and the TFZ

Start: March 1996 (month l)
End: February 1998 (month 24)
Responsible partner: NVI
Cooperative partner: CNRS.TT

Olivier Dauteuil has already made analog models of transform faults in general and publishecl
recently in JGR. Dauteuil is now applying these models to the SISZ and the TFZ. This work
also includes a continuing study of large-scale Holocene crustal deformation in the area south
of the TFZ, using glacio-morphological data. The purpose of this work is partly to attempt
to detect the Holocene crustal deformation in the area that could be reiated to the controlling
stress field of the TFZ.

3.6.2.5 Task 5: Detailed tectonic map of the TFZ

Start: July 1996 (month 5)
End: December 1997 (month 22)
Responsible partner: NVI
Cooperative partners: IMOR.DG, CNRS.TT

Detailecl tectonic map of TFZ. This work is on schedule. The main part was macle in
the summer of 1997 to be continuecl in the summer of 1998 in collaboration with Ågllst
Guclmunclsson and Freysteinn Sigmunclsson.

3.6.2.5.1 The TFZ
Part of the work on the TFZ is macle in collaboration with Thierry Villemin, particular1y on
the on-land parts of the Hllsavik-Flatey fault. A detailed GPS network, set up by the NVI
in 1994, was expanded in collaboration with Villemin in 1995 and again in 1997. Altogether,
there are now 44 GPS points in this area. In 1997,32 points were remeasured, as well as the
12 new points. The results from 1997, compared with those from 1995, are not yet available
but shoulcl be so later in 1998. One objective of this work is to correlate the seismicity on the
Husavik-Flatey fault with the on-lancl slip of the fault, as measured by the GPS network. A
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paper was presented at the ninth biennial EUG meeting in Strasbourg on some of the results
of this work.

Mapping of the whole Krafta fissure swarm has also been made and a detailed map of
the junction between the HLIsavik fault and the rift zone is under the way. A SAR study' is
plannecl of the TFZ and its junction with the rift zone.

73



Chapter 3: lVlethods and results

3.7 Subproject 7: Theoretical analysis of faulting and earth
quake proeesses

Contractor:
Maurizio Bonafede
Dipartimento di Fisica
Department of Physics
University of Bologna
Viale Berti-Pichat 8
40127 Bologna
Italy
Tel: +39-51-630-5001
Fax: +39-51-630-5058
E-mail: bonafede@ibogfs.df.unibo.it

Associated contractor:
Frank Roth
Stiftung GeoForschungsZentrum Potsdam
Division 5 - Disaster Research
Section 5.3 - Deep Borehole Logging
Telegrafenberg A34
D-14473 Potsdam
Germany
Tel: +49-331-288-1.530
Fax: +49-331-288-1534
E-mail: roth@gfz-potsdam.de

3.7.1 Subpart 7A: Crust-mantle rheology in Iceland and Mid-Atlantic
Ridge from studies of post-seismic rebound

Researchers:
Maurizio Bonafede

Andrea Antonioli
Department of Physics
University of Bologna
Viale Berti-Pichat 8
40127 Bologna
Italy
Tel: +39-51-630-5013
Fax: +39-51-630-5058
E-mail: studenti27@ibogfs.df.unibo.it

IvIaria Elina Belardinelli
Department of Physics
University of Bologna
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Eleonora Rivaita did work 50% of her time on the projeet from April 1, 1997.

The subprojeet is mainly foeussed on modelling the stress and the displaeement fields due to
earthquakes and to rifting episodes in Iceland. Emphasis is poseel on the interaetion bet\veen
the two proeesses following stress relaxation in the asthenosphere. From these stuelies we may
obtain a signifieantly improved understaneling of the spaee and time relationships between
earthquakes and other geophysieal phenomena governing the state of stress in the crust.

Global studies of post-seismie and post-rifting rebounel in Ieelanel were perforrned employ
ing spherical, radially stratifieel earth models [59, 2, 56]. Earthquakes and rifting episodes
are moelelleel in terms of suitable distributions of equivalent boely forees. The methoel of
solution is based on a spectral approaeh to the equations whieh govern the deformations
of a spherieal earth due to seismie sourees loeated within the erust. The method, has the
aelvantage of inc!uding arealistie mantle layering and a self-eonsistent eleseription of the
gravitational effects. Post-seismie and post-rifting deformation are proveel to be signifieant
transient eomponents of plate motion. Studies on a loeal seale are performed employing the
theory of elastie disloeations in layered media. Comparisan is eonstantly made with obser
vations obtained in the framework of structural geology [13, 19, 15, 21]. Near-field studies
on the stress field indueed by ridge aetivity are performed employing original methods of
theoretieal fraeture meehanies in plane-strain eonfiguration. The singular integral equations
governing fault anel ridge dynamies are solved by means of suitable polynomial expansions,
yielding a linear inverse problem whieh is solved by stanelard numerieal methods [19, 20].

3.7.1.1 Task l: Inferences on the regional stress field from the study of sec
ondary earthquake fraetures

Start: Mareh 1996 (month 1)
End: June 1997 (month 16)
Responsible partner: VBLG.DF
Cooperative partner: NVl

i'vlaurizio Bonafede, Maria Elina Belardinelli and Ågust Gudmundsson

Most earthquakes in the South leeland seismie zone (SISZ) oeeur on NNE-trending dextral
anel ENE-trending sinistral strike-slip faults. Many of the earthquake fraetures rupture
the surfaee in basaltie (pahoehoe) lava flows of Holaeene age. The resulting rupture zones
display eomplex en-eehelon patterns of seeondary struetures inc!uding arrays of (mostly) NE
treneling fraetures and hilloeks (push-ups). The fielel elata inelieate that the arrays eonsist
of both mixeel-moele eraeks anel pure mode-I eraeks, eoneentrated in a narrow belt trending
in the elireetion of the strike-slip faults in the Pleistoeene bedroek buried by the Holaeene
lava flows. For the elextral faults, the angle between the strike of the hult array and the
strike of individual seeondary fraetures ranges over severaI tens of degrees, but is eommonly
10 - 30° (Figure 29). Moeleling indieates that if the arrays eonsist of pure tension (made-I)
fractures, the angle between the strike of the hidden fault and eaeh tension fracture must
be between 22.5° (if the prestress dominates with respect to the seismic stress) and 4-5° (if
the prestress is negligible), assuming that faulting oeeurs aeeorcling to the Coulomb-l\avier
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Figure 29: See text jo'r discussion.

failure criterion and the prestress is purely deviatoric. If the arrays consist of mixed-mode
cracks, the angle between the fault strike and individual cracks is lower than 22 ..5°, this value
being attained if the seismic stress dominates.

Modelling suggests that all fractures, being narrowly concentrated near the fault strike,
form as a consequence of slip-induced local stresses during major earthquakes, small angle
fractures being predominantly mixed-mode cracks, while higher angle fractures may be pure
mode-I cracks. The role played by the regional prestress field is found to be significantly
dependent on the rigidity contrast between the shallow layer and the basement rock. Useful
inferences on the regional stress field can be extracted from such modelling. Results have been
submitted for publication [1.5], and were discussed in severai meetings and workshops [10, 11,
12,16, 14]. Further results, on the 1'Ole of rheological properties in triggering large aftershocks
have been published [13].
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3.7.1.2 Task 2: Global post-seismic rebound following strike-slip and normal
faulting earthquakes

Start: March 1996 (month 1)
End: February 1997 (month 12)
Responsible partner: UBLG.DF

lVlaurizio Bonafede, Antonio Piersanti and Giorgio Spada

In order to study the post-seismic rebound following large lithospheric earthquakes we have
built a spherical, self-gravitating earth model with viscoelastic rheology [59]. This model,
which allows to compute coseismic and postseismic displacements associated to. lithosperic
earthquakes, has been originally employed to predict horizontal and vertical rates of deforma
tions in Alaska [1]. The results were compared with geoeletic data in order to better constrain
the rheological structure of the upper mantle beneath Alaska. Although motions associated
with rift dynamics and postglacial adjustment are expected to contribute in a dominant way
to present-day velocities in this area, new insights are expected from the application of our
postseismic rebound model to Icelanel. Accordingly the model has been further developeel
to account for strike-slip earthquakes characteristic of the SISZ and for rifting activity along
the mieldle Atlantic Ridge, described in terms of a distribution of tensile dislocations.

A simple earth model \Vas preliminarly employeel, which includes a 100 km thick elastic
lithosphere, a uniform mantie with Maxwell rheology, and a fluid inviscid core. The source
of eleformation consists of a 200 km long tensile fault buried at a depth of 50 km. Figure 30
portrays the coseismic surface displacement u (in centimeters) observed at a given distance
from the fault along different azimuths Cl' (namely, 00, 450 and 900 from top to bottom).
The surface displacement is elecomposeel along the spherical unit vectors 1', e, anel ify (dash
dotted, solid, and dotted curves, respectively). Figure 31 shows the long term relaxation of
the elisplacement field. The time-scales governing the transition from coseismic to postseismic
displacements depends essentially on the viscosity stratification of the mantie. For an upper
mantle characterizeel by a relatively low viscosity (such as the mantle beneath Iceland)
these time-scales amount to a few years. Large amounts of relaxation may affect all of the
components of the displacement field. In particular, we observe amplifications by a factor of
2 for the eand r components of displacements. Another interesting feature of Figure 31 is the
large spatial scale of the region experiencing horizontal motions in the postseismic regime.
The solutions and algorithms developed under Task 2 were employed as working tools for
addressing Tasks 3 and 5. Results have been diseussed at a PRENLAB workshop [4]' apaper
is in preparation.

3.7.1.3 Task 3: Comparison between global earth models, inc1uding sphericity
and self-gravitation, and plane models

Start: l'vIarch 1996 (month 1)
End: October 1997 (month 20)
Responsible partner: UBLG.DF
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Andrea Antonioli, Maurizio Bonafede, Antonio Piersanti and Giorgio Spada

Major results on this topic have been presenteel in apaper entitleel: Post-seismic deforma
tions: a camparison between spherical and fiat earth models and stress diffusion foliowing
large earthquakes, in press on Geophysical Journal International [2]. In this work we have
compared the co- and postseismie defarmations of a spherical and of a flat model perturbed
by strike-slip earthquakes. A new manuscript is being submitted, S'pherical vs. fiat models
of postseismie deformatian [56], where a more eletailed study is performed for general shear
elislocations. The purpose of these investigations is to provide a cIear account of the effects of
sphericity on postseismie motions, and to define the range of validity of flat models currently
employed in the literature. An excerpt of the results obtained are shown in Figure 32.

In this case, we show the displacement in the near field (d=100 km) and in the far
field (d=1000 km) incluced by a vertical strike-slip fault with wielth of 50 km buried in the
Iithosphere at a depth of 25 km. The elisplacement u along the strike of the fault is evaluated
as a function of time for twa madeis: a spherical anel a flat ane. The former has been first
proposeel by Piersanti et al. [57], whereas the latter has been introduced by BonafeeIe et
al. [18]. In both cases we account for the elelayed respanse of the asthenosphere. At any time
t (given in units of Maxwell times of the asthenosphere), the displacement predicted by the
spherical moclel is sensibly larger than the ane provieled by the flat ane. The discrepancies
increase with increasing time, up to a factor of 2 in the case of far-field deformations. These

81



Chapter 3: Methods and results

results reveal that a precise determination of postseismic motions must be based on spherical
models even when relatively short source-observer distances are involved. yVe have verified
that this also holds for the residual time-dependent stress field following both strike-slip and
dip-slip earthquakes. This could have implications on the interpretation of the process of
stress diffusion and particularly on the interaction between postseismic stress field and the
evolution of the Mid-Atlantic Ridge in the Iceland region.

The results of this study have been presented in two papers [2, 56].

3.7.1.4 Task 4: Mocielling of a spreading ridge

Start: October 1996 (month 8)
End: March 1997 (month 13)
Responsible partner: UBLG.DF

Andrea Antonioli, Maurizio Bonafede, Antonio Piersanti and Giorgio Spada

The dynamics of a spreading ridge has been studied by means of an approach based on a
spherical earth mode!. The main goal of this study is to enlighten the impact of episodic
uprises of magma along the Iceland rift on intermediate.and large-scale ground deformations.
The method employed, based on a spherical model with radially varying rheology, is partic
ularly suitable for this purpose, since a realistic time-evolution for the opening of the rift can
be easily introduced. In addition, it possible to appreciate the time-dependent effects asso
ciated with the delayed response of the ductile properties of the soft asthenosphere beneath
Iceland. This method employed is more appropriate than previous ones, based on flat half
spaces with purely elastic properties, in that it also allows for a self-consistent description
of the effects associated with the gravity fielc!. The interesting possibility that the episodic
uprise of magma along the Iceland rift may induce time-dependent stress accumulation in
the surrounding regions, with triggering effects on the seismie activity along transform faults
of Iceland is under study. A manuscript is in preparation on this topie: Time-dependent
deJormations driven by spreading ridges in a spherical earth [3].

In Figure 33, we show the time-dependent displacement field associated with the opening
of a ridge. The time-history employed, shown in the bottom frarne, is characterized by a
transient of length of 5 years during which the ridge is subject to a constant rate of spreading.
The displacement is computed at the earthts surface perpendicularly to the axis of the
fault. The apening ridge is modelled by a 200 km long planar distributions of elementary
tensile faults located in the middle of the elastic crust. Due to the delayed response of the
asthenosphere to the imposed forces, the displacement u attains an asymptotic regime only
after a considerable amount of time is elapsed since the end of the transient opening. In
the vicinity of the ridge, up to a distance of X rv 30 km, the displacement is negative, to
indicate that motions are towards the source. Maximum positive displacements, associated
with motions away from the source, are found at a distance of about one half the source
length (X f"V 100 km). The surface horizontal stress field, proportional to the derivative of
IL with respect to X, is characterized by a quite complex spatial and temporai evolution. A
fully 3-dimensional descriptions of the deformation and stresses in the regions surrounding
the fault is under way.
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Figure 33: See text for discussion.

Preliminary results on this topic have been diseussed in meetings and' workshops [1,58,3].
A paper is in preparation.

3.7.1.5 Task 5: Modelling of aeeelerated plate teetonies on a ridge fol1owing a
major earthquake in a transform shear zone: inferenees on the rheolog
ieal structure below Ieeland

Start: March 1997 (month 13)
End: February 1998 (month 24)
Responsible partner: UBLG.DF

Andrea Antonioli, Maurizio Bonafede, Antonio Piersanti, Eleonora RivaIta and Giorgio
Spada

Magma ascent through a mid-oceanic ridge can be modelled as a tensile crack within which
the overpressure is determined by magma buoyancy. Explicit analytic solutions are given
for the elementary dislocation problem in the most simple layered medium, made up of
two welded half spaces characterized by different elastic parameters. Particularly interesting
appears to be the case of a crack cutting across the boundary between the two media. In this
case a further singularity appears in the kernel of the integral equation, which is connectecl
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Figure 34: See text for discussion.

with the presence of the boundary surface. The problem can be solved by splitting the crack
into two interacting open cracks. The application of a constant overpressure within the crack
is found to produce drastically different stress regimes in neighbouring regions located on
opposite sides of the interface; this feature may provide a straightforwarcl explanation for the
episodic reversal (from sinistral to dextral) of strike-slip mechanisms observed in the SISZ.
If the rheological discontinuity between the lithosphere and the asthenosphere is considered,
model results predict a much larger horizontal fiow in the asthenosphere than is accomplished
by motion of lithospheric plates. Furthermore, the stress field near the transition depth is
strongly controlled by differential shear flow in the asthenosphere, thus yielding a simple
explanation for the different stress regimes prevailing in the seismogenic zones of Iceland.

Figure 34 shows graphically a result of great interest in interpreting Iceland seismicity: if
a vertical dyke 4 km long cuts across the interface between the half-space z>O, with rigiditY
10 times greater than the half-space z<O, the horizontal compression in the stiffer medium
may be much higher than magma overpressure (5 MPa) in the dyke. This component of
stress is dominant in generating a significant deviatoric stress. Figure 3·5 shows the deviatoric
component of the stress field generated in a layered medium, compared with results pertinent
to a homogeneous medium. Since the asthenosphere has much lower long-term rigidity than
the brittle crust above it, these results explain in a straightforward way the compressive stress
transients inferred from shear wave splitting in connection with magma injection episodes
along the rift zone.
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Results are presented in two papers [19, 21]. A further paper, devoted to the study of
stress induced by dyke injection over rheological discontinuities, is to be submitted soon.
Preliminary results on this topic were shown at the PRENLAB workshop in Paris [20].

3.7.1.6 PRENLAB workshops and coordination meetings

XXI EGS General Assembly, The Hague, May 6-10,1996.
XXV ESC General Assembly, Reykjavik, September 9-14, 1996.
Institut de Physique du Globe, Paris, September 30, 1996 (meeting of Maurizio Bonafede,

Ag(lst Gudmundsson, Jacques Angelier and Francoise Bergerat).
PRENLAB workshop, Paris, October 24-25, 1997.

3.7.2 Subpart 7B: Modelling of the earthquake related space-time be
haviour of the stress field in the fault system of southern Iceland

Associated contractor:
Frank Roth

In the framevvork of PRENLAB, a model study was begun to obtain forward models of the
stress field and stress changes in the South leeland seismic 20ne (SISZ).

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. In detail,
this aims at the modelling of:

• the changes in crustal strain and stress due to earthquakes and aseismic movement in
the fault system of the SISZ.

• the formation and growth of faults and their interaction.
• the mutual inf1uence between volcanic and earthquake activity, e.g. magmatic upwelling

and shearing at fault zones.

With the funding available, the following models are addressed:

3.7.2.1 Task 1: Calculation of the stress field due to rnotions on the n1.ain faults

Start: March 1996 (month l)
End: October 1997 (month 20)
Responsible partner: GFZ.DR.DBL
Cooperative partner: IMOR.DG

3.7.2.2 Task 2: Comparison with the seismie moment release

Start: March 1996 (month 1)
End: October 1997 (month 20)
Responsible partner: GFZ.DR.DBL
Cooperative partner: IMOR.DG
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3.7.2.3 Task 3: Stress build-up by these motions and stress release by the rnajor
earthquakes

Start: Mareh 1996 (month 1)
Enel: Oetober 1997 (month 20)
Responsible partner: GFZ.DR.DBL

3.7.2.4 Task 4: Forward modelling of the rheological parameters of the litho
sphere/asthenosphere in southern Iceland using data of postseismie de
fOrl11ations

Start: May 1997 (month 15)
End: February 1998 (month 24)
Responsible partner: GFZ.DR.DBL

Results of earrying out the tasks above are demonstrated in Section 3.7.2.7.

3.7.2.5 Methods

The database for the modelling are the seismicity, defonnation, strain and stress data existing
al ready and being gathered in future in the measuring efforts of the proposers to this researeh
project. A long historieal reeord of earthquakes larger than 6 is available for events since
1700 and instrumental data are available from 1926 on. Starting 1990, data from the SIL
seismie network complete down to magnitude Owithin the test site can be used. Furthermore,
the model ea1cu!ations \Vill make use of clata on erustal deformation, especial1y on distance
clunges measured by geodimeters and GPS techniques. 1"loreover strain ehanges are reeorded
by volumetrie borehole strainmeters. In general, it is based on the eurrent state of knovvledge
of seismotectonies of Iceland and the interpretations of crustal strain and movements in the
region.

The objectives of these investigations are:
• A better understanding of the distribution of seismicity in spaee and time, its clustering

and migration in Iceland.
• To seek a detailed explanation for the relation between the left-lateral strike direction

of the SISZ and the faet that after historical earthquakes newcracks were aften ereated
following the eomplementary N-S right-lateral strike direetion.

• To make a eontribution to the intermediate-term earthquake predietion in this popu
lated and eeonomical1y important region of Iceland.

• To provide models for the joint interpretation of the data gathered in the common
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.

On a wider seope, more insight in the relation of seismie and vo1canie aetivity is envisageel
as well as into the possibilities of earthquake predietion. The situation on Iceland is very
favourable for both, as there are volcanos anel longer faults. Coneerning scale, the SIL area
filJs a gap between small experiments in the laboratory and investigations in mines on one
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hand and the research on large areas as the North Anatolian fault or the San Anclreas fault,
on the other. Thus, the transfer of results from ane scale to another might get easier.

The fon,vard modelling of stress fields wiH be done by applying statie dislocation thea ry
to geodetic data and data obtained through seismic moments from seismograms. It allows
to cakulate displacements, strain and stresses due to double-couple and extensional sources
in layered elastic and inelastic earth structures. Besides the change in displacement during
the event, the changes caused by the movement of plates can be included.

3.7.2.6 Modelling tools

GFZ provides computer programs to cakulate:
• Displacement, strain and stress in ahomogeneous (in-)elastic half-space d,ue to point

sources and extended sources of double-couple type, of explosion and crack opening
type.

• Surface and subsurface displacement, strain and stress due to a point source of variable
type in a layered half-space, including ane inelastic layer.

• The superposition of stress fields from fault segments with offset and/or different strike
di rection.

• Displacement and stress due to loads of various shapes on a spherica! shell.
With the experience and tools given, the goals set above are achieved.

3.7.2.7 Report

For three months, Dip\. Geophys. Gerhard Kurz could be hired as a graduate student to
help on programming and changing the plotting routines to run with the MATLAB software.
As a first step in carrying out the tasks the existing software was checked and transferred
into the new Fortran-90 standard. Then the programs were tuned for faster performance and
extended to allow cakulation of six instead of five layers to account for detailed knowledge
of velocity depth profiles.

In the following, a preparational study was made on the infiuence of severai layers, i.e.
their elastic constants and thickness, on surface defarmation. Doing sa, special attention
was paid to the effects of the physical properties of the source layer on amplification or
diminishing displacement at the surface. Results were reported at the 1996 EGS and ESC
General Assemblies.

Information was gathered on strong (historical) earthquakes on Iceland and its surraund
ings, especially from IMOR.DG.

Twa moelels were prepareel: (1) a model of the SISZ and the aeljacent part of the eastern
vokanic zone and (2) a scheme comprising the main ridge parts on Icelanel anel the North
Atlantic Ridge to the north and to the south of the islanel, inclueling both faults and the
load elue to Katla and Hekla vokanos.

3.7.2.7.1 The modelon stress changes in the SISZ
!ntrodtlction
Movements on faults occur in earthquakes, aseismic slip or inelastic creep. There are se
quences of seismic quiescence followed by seismicity and sa on. Stresses are accumulated by
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plate motion anel releaseel in earthquakes anel/or the mentioneel processes. In the following,
a moelel is elescribeel that accounts for plate motions anel earthquakes on Icelanel.

The SISZ is situateel between two sections of the Miel-Atlantic Rielge, the Reykjanes Ridge
(RR) anel the eastem vo!canic zone (EVZ). Even though the angle between the SISZ and the
neighbouring rielges is far from 90°, it is consielereel as a transform fault (for the geological
structures, see Figure 2). Following the transform fault hypothesis, left-lateral shear stress
is expecteel along the E-W striking zone. This is equivalent to right-lateral shear stress with
N-S orientation. In faet, earthquakes seem to occur on N-S trending faults ([25, 3.5J. They
are locateel siele by siele between the Hengill triple junction, where the RR meets the low
activity western vo!canic zone (WVZ), and Hekla vo!cano, a part of the EVZ [25].

The questions to be solveel are:
• Do these events, placeel on parallei faults, release all the energy storeel in the 3-D
volurne of the SISZ?
• Do the earthquakes ahvays take place in areas of high stress?
• What is the critieal stress leve!'? How large is its variability?
• vVhere are the highest stresses nowaelays?

The method
The elasticity theory of elislocations is useel to ca!culate the stress changes ineluceel by earth
quakes with a elouble-couple strike-slip mechanism on an exteneleel rupture plane [61J.

The area investigateel extenels from 18 to 24°W and from 63 to 6.5°N. The origin of the
coordinate system is set to 24°W, 64°N (Figure 36) it inclucles the SISZ, north anel south
of 64°N, the SW edge of the EVZ (exteneling NE from about 18.rE, 64°N), anel the north
eastern most part of RR (approximateel by a straight line treneling from about 23°W, 64°N
at the SISZ in SW elireetion). This latter assumption is a st rong simplification as the RR
changes strike elirection all along Reykjanes Peninsula up to Hengill triple junction where it
finally mainly st rikes E-W as the transform fault itselL

The initial stress fielel is eletermineel as follows: a tensional stress acting N103°E (nearly
parallei to the SISZ [23] is assumed, due to rielge push or basal elrag of the aeljacent plates.
The stress magnituele, which is unknown, is set to a value that procluces left-Iateral shear
stresses in E-W elireetion as large as the stress drap determinecl for the largest event (M=7.1)
in the stueliecl earthquake sequence. Insofar, this stress is the minimum stress to be expecteel.
The amount of this minimum shear stress is 2.7 MPa (consistent with Guclmunelsson [32],
who eletermineel maximum values of 12 MPa from maximum elisplacement of superficial fault
traces founel in the fielel). This shear stress corresponels to an uniaxial tensional stress of
-13.1 MPa. Tensional stresses at both rielges are moclelleel as constantly being released to
have zero values at the rifts. These are the major disturbance of the unknown backgrounel
stresses.

On this initial fielel, the stress changes elue to earthquakes are iteratively superposed as
well as the stress changes elue to further spreaeling at the ridge segments baseel on an opening
of 2 cm/year. This value is taken from [23J. The stress fielel before everyevent is thus the
sum of the initial fielel, the stress drap of all preceeling events, anel the plate tectonic stress
builel-up since the starting time of the moelel, which is set to 1706, as cliscusseel below.

Results were ca!culateel for 56 x 44 test points covering 280 km in E-W elirection and 220
km in N-S elirection; i.e. the spacing is 5 km in bath coorelinates. Stresses were computeel for

89



Chapter 3: Methods and results

336"

68"

66"

64"

62"

336"

340"

~

50 km

340"

344"

344"

348"

68"

66"

64"

62"

348"

Figure 36: Map of Ieeland and surrounding area. Thick red lines indicate Mid-Atlantic Ridge
segments, as used in the modeUing. The smaUer box shows the region of the modelon the
SISZ. The SISZ extends approximately between (125, O) to (200, O). The large box gives the
region for the Iceland rift model.

a homogeneous half-space (as a starting model) with both Lame's constants being 39 GPa.
Although surface stress changes are calculated, these should be representative for crustal
stresses using these values for the moduli, that are typical for oceanic crust [24] and not for
sedimentary layers at the surface.

Figures 37 and 38 give an example to illustrate the modelled effects: the background
stress level is about 2.7 MPa as explained above. The shear stress is reduced to very low up
to negative values in the ridge segments (lower left and upper right) where the tensile stresses,
oriented N103°E, have been reduced to zero by rifting. At the tips of the ridge segments and
on the line connecting them high shear stresses are induced. In the framework of an initial
stress field as in Figure 40 an earthquake happened at (164, O) releasing the stresses there to
values around zero (see especial1y Figure 38 where the area around the epicenter has been
enlarged). Please note that the yellow isolines in the figures correspond to different values:
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Sxy [MPa] after an event with Ms = 7.1
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Figure 37: Demonstration of the effect on the shear stress field by a sample earthquake at
position (164 km, O km) with magnitude 7.1, a rupture plane of 35 km length and 14 km
vertical extend, as weU as an average co-seismic displacement of 1.9 m. The initial stress
field is shown in Figure 40. Values at the isolines of stress are in MPa.

those near the ridge and earthquake rupture planes show stresses of -lMPa (Figure 40), those

Sxy [MPa] after an event with Ms = 7.1
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Figure 38: Same as Figure 37. The area amund (130, O) is enlarged.
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off the rupture plane tips give values of 3.2 MPa. Besides the reduction of stress at the fault
plane, there is an increase off its tips and at intermediate distances along the strike of the
rupture.

The earthquake data

All events in the SISZ with M 2 6 since 1706 were used (Table 2), fol!owing [38, 76, 77].
Even though the time of first 3 events is not exactly known, their occurrence seems to be
secured (in contrast to other events [25]) and the catalogue is supposed to be complete from
1706 for earthquakes with M ?: 6 [77].

Date1 Magnituele1 Epicenter1 South end of Co-seismic Rupture
rupture2 slip3 length4

Lat. ON Lon.oW x [km] y [km] Uo [ml L [km]
20.04.1706 6.0 64.0 21.2 131 -5 0.30 10
07.09.1732 6.7 64.0 20.1 183 -11 0.77 22
22.03.1734 6.8 63.9 20.8 1.50 -23 0.96 25
14.08.1784 7.1 64.0 20.5 164 -18 1.9 35
16.08.1784 6.7 63.9 20.9 145 -22 0.77 22
26.08.1896 6.9 64.0 20.2 178 -14 1.2 28
27.08.1896 6.7 64.0 20.1 183 -11 0.77 22
05.09.1896 6.0 63.9 21.0 140 -16 0.30 10
05.09.1896 6.5 64.0 20.6 159 -9 0.48 18
06.09.1896 6.0 63.9 21.2 131 -16 0.30 10
06.05.1912 7.0 63.9 . 20.0 187 -27 1.5 32

Table 2: 1) Data taken from [77). 2) Posdion in the model coordinate system with origin

al 64° N, 24° W. 3) Calculaled via the magnd'ude moment relationship log Mo [dyne cm} =
1..5Ms - (11.8 - 10g(aa/lL)) with the apparent stress aa = 150 MPa and the shear modulus

fl = 0.39.1011 Pa after [50}, followed by using the values of J.l above, the rupture length as
given in the table as well as a vertical fault width of 14 km east of 21° VV and 7 km between
21° W and 21.2° W. Finally, the values were reduced by a factor of 2, following the discussion

in [35). 4) Calculated using log L [km} = 0.5M - 2 (after [60]) which results in slightly lower
values compared to e.g. [70).

The shape of their damage distribution and the strike of surface breaks (Figure 39)
further confirms strike-slip events on N-S trending rupture planes [2.5]. Nevertheless, all but
ane event are not recorded instrumentally. The damage areas from historical records are
not gathered by scientists anel are as usually biased by uneven population density. Sa the
magnitudes and locations are not very accurate. Due to the unknown initial stress field, the
model results (especial!y the pre-seismic stress level) can only be checkeel at places where
more than ane event occurred in the sequence. Therefore, a long time span should be anel
\Vas used.

Determination of seismie moment, size of the fault plane, and average co-seismic slip
from the magnitudes, \Vas done as indicated in Table 2. As also discussed in [35], there is the
problem tInt fault lengths observed (e.g. 1912) are rather short compared to the magnitude
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Figure 39: The SISZ showing mapped surfaee breaks and regions in whieh over half of the
buildings were destroyed in historie seismie events [25}. The N-S dash ed line near Vatna
fjoll indicates the estimated loeation of the fault on whieh the M ay 25, 1987, earthquake
oecurred [17}. The struetural features and eoastline are from [26}.

of the events. Therefore a formula of Qian [60] was used here to calculate the rupture length.
Additionally, the vertical fault width is limited by a brittle crustal thickness of about 15 km
(cf. also the hypocenter vs. longitude plot of Stefansson et al. [77], their Figure 8) - even
though the effective short term crustal thickness reacting in brittle manneI' might be thicker
for high frequencyevents as earthquakes compared to slow geological proeesses. For this
first model, however, the co-seismic slip values were estimated to be lower (by a factor of
2) than from the global relation [50] combined with the fault lengths usecI here. Hackman
et aL, hacI a recIuction by a factor of 1.4 [35]. The recIuction in slip values is equivalent to
slightly recIucing the magnitucIes.

Earthquake fault planes near the HengiIl triple j unction were assumecI to extend vertically
to 7 km cIepth, for events further east 14 km were usecI (cf. the above mentionecI hypocenter
depth cIistribution). All ruptures were set to be orientecI N-S.

The results
The stress fields at 18 cIates were caIculatecI: the pre- ancI post-seismic situation for all 11
events ancI the stresses in 1998. The time before 5 events was too short to accumulate appre
ciable plate tectonic stresses since the prececIing event. In these cases, the post-seismic stress
field of the preceding event was set equal to the pre-seismic stress fielcI of these earthquakes.

Figure 40 gives the initial stress field in 1706. The rift segments, lower left and upper
right, with about zero tensile stresses also show low shear stresses. The area between the
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Figure 40: Shear stress field in the SISZ and its surr:oundings as assumed in 1706 - the
starting field for the model calculations. The background stress is 2.7 MPa. It is increased
between the rift tips which are at (60,-10) and (250, O). - Note that yellow isolines have
two meanings: 3.2 and -1.0 MPa.

tips of the rifts shows increased left-Iateral E-W shear stresses (equivalent to right-lateral
N-S shear stresses). The SISZ as a strike-slip fault zone extends from 23°W, 64°N or (125,
O) to 20.5°W, 64°N or (200, O). Concerning the yellow isolines, please note the remarks on
Figures 37 and 38. Figure 41 gives the stress field after the 1706, M=6, earthquake took
place at (131, O) reducing stresses there to values below 2.2 MPa.

26 years later, at the break of the next large event, the stresses had slightly increased, see
e.g. between (160, O) and (175, O) in comparing Figures 41 and 42. The 1732, M=6.7 event
then hit at (183, O) in an area of high stress. After this, the 1734, M=6.8 earthquake hit the
high stress area at (150,-12), just aside the 1706 event (Figure 43). Then the largest shock,
the August 14, 1784 earthquake, occurred in the high stress segment between the 1734 and
1732 deformation regions ((164, O) (Figures 44 and 45).

The two August 26 and 27,1896, M=6.9 and M=6.7 events occurred at the same position
as the 1732, although the stresses at (178-183, O) had not yet recovered beyond the back
ground value of 2.7 MPa, besides two very small areas at (183,±17). Figures 46, 47 and 48
show the pre-- and post-seismic situation. The September 1896 events occurred further west,
but did not hit small high stress spots at about (150, 15) and (105,±20).

The stress field 16 years later, before the 1912 earthquake (M=7, at (187, -11)) had not
changed much compared to 1896, but the stresses in the south part of the epicentral area
were rather high. Figure 49 shows the stress field after the 1912 event.

Figure 50 summarizes the mean shear stress level before each of the earthquakes at the
area of the impending event. The stress level for the 1706, 1732, 1734, the first 1784, the first
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Figure 41: The stress field after the 1706, M=6, earthquake occurred at (131, O).
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Figure 42: The stress field before the 1732 event.
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Figure 43: The stress field after the 1734, M=6.8 earthquake accurred at paint (150,-12).
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Figure 45: The stress field after the August 14, 1784, M=7.1 earthquake accurred at (164,
O).
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Figure 46: The stress field befare the August/September 1896 event series.
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Figure 47: The stress ./ield after the August 26, 1896, M=6.9 earthquake occurred at (178,
O).
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Figure 48: The stress ./ield after the August 27, 1896, M=6.7 earthquake occurred at (183,
O).
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Figure 49: The stress field after the May 6, 1912, M=7.0 earthquake occurred at (l87, -11).

4

3.5

t? 3
C- x lS<e. x x
Q; 2.5
>

.91 xUl 2 xUl

~
1ii 1.5
ti;
Ol x..c:
Ul
o x
'E
Ul 0.5 x'(jj
Ul x
i1!c- O

-0.5

-1
1700 1750 1600 1850 1900 1950 2000

Year

Figure 50: Cross plot of the pre-seismic shear stress level at the site of the impending earth
quakes vs. occurrence time. The stress values at 2 to 14 test points near the surface trace of
the rupture plane were averaged.
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Figure 51: Extrapolation of the shear stress distribution from 1912 to 1998.

and last 1896, and the 1912 events are rather high (~2.0 MPa). The second 1784 earthquake
(two days later, 0.4 in magnitude smaller, 19 km away) might be an aftershock and therefore
situated in a lower stress area (1.2 MPa). The same might apply to the second, third and
fourth of the 1896 events, whereas the last 1896 shock hit a high stress area (2.5 MPa) 
the place of the 1706 earthquake, where the stress had recovered since then.

Finally, the stress field was extrapolated to spring 1998, with the additional stresses due
to plate motion since 1912. Figures 51 and 52 show the shear stress distributions. The
shear stress inside the SISZ (Figure 52) are only high at (150, 10) and at some places at
the northern and southern margins of the seismically active zone. West and east of the zone
there are high stresses where the SISZ meets the ridge segments and where stresses may
be release by earthquakes or by aseismic creep due to high temperature near the surface at
changing places and variable in time (this is not yet included in the model). Interestingly, in
1987, there was a strong earthquake, Ms=5.8, at 63.91°N 19.78°W (198,-9) near Vatnafj611
(Figure 39). This event was not included in the modelling as its magnitude was below M=6.
Nevertheless, it occurred in a region of high stress as shown in Figures 51 and 52.

Discussion
The pre-seismic stress for most main shocks is high, 2.0-2.8 MPa. It is fairly stable. As
the initial stress field is unknown, the stress level at a site where the earthquakes recur in
the sequences provides a good test for the right assumptions concerning the stress build-up
due to plate movements: 1706 compared to September 6, 1896 and 1912; 1732 compared to
August 1896. The tendency with time towards slightly lower values, is an indication that
the stress increase due to rifting might have been assumed toa low, i.e. the spreading rate
between 1706 and 1912 might be higher than 2 cm/year.

Even though the earthquake rupture planes strike N-S, the stress changes calculated here
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Figure 52: Same as Figure 51. The area around (150, O) is enlarged. The SISZ extends
approximately between (125, O) to (200, O).

affect the whole area of the SISZ. The areas west and east of the SISZ show constant stress
increase in most parts. Here, the model should be improved to account for an extension of
the spreading movements into these regions. Moreover, the initial stress field of 1706 could
be reduced in the eastern part and the central part, where the first events did not occur
before 1732 and 1734, respectively.

Smaller, instrumentally recorded events (as e.g. the above named Vatnafjoll event) will be
included in a model with a denser test point distribution, based on the stress field determined
here for 1912.

The known layering of the crust and upper mantle below Iceland is now introduced into
the model, especially to account for inelastic layers, Le. to include post-seismic relaxation
proeesses. This will be compared to continuous GPS crustal deformation data as soon as
these are available. A new code is prepared for this much faster, more accurate, and capable
of including even more layers than the existing one.

Conclusions
The faet that almost all events occur in high stress areas indicates that this first and simplified
model can already explain the main features of the behaviour of the SISZ. This is especially
astonishing, when the faet is kept in mind, that most (all but one) events used are not
instrumentally recorded.

The model goes beyond the standard earthquake moment release analysis as it includes
the spatiallocation and extension of the events and provides an extrapolation to the present
situation.
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3.7.2.7.2 Modelon the influence of volcanic loads
The seeond modelling part tries to eheek enel member moelels for the influenee of volcanie

loads, e.g. from Vatnaj6kull volcano, on the stress field in SISZ as proelueed by rifting. The
ealculations above are uninflueneeel by sueh forees, i.e. the very large volcano (eliameter 100
km) near the seismie zone (volcano eentre to SISZ eentre is about 160 km) is assumeel to be
totally in equilibrium elue to isostasy and/or elynamie support by the up-welling magma in
EVZ. Bere, we supply a simulation of the loael above sea level being not eompensated (by
buoyaney forees of a root or by other forees) and being compensated to 75%.

The method
The method used here is the analysis of a loael on a thin shell (lithosphere) above a sub
stratum. As a first approaeh the substratum is assumed to be an elastie fluid. This will be
ehangeel to an inelastic solid material (asthenosphere) in later moelels. The w~rk is based
on [74].

The thickness of the elastie plate is assumeel to be 10 km, its Young's moelulus is 71.4
GPa, its Poisson ratio is set to 0.25 (these parameters are chosen equal to those useel by [40],
for a moelel for the northern EVZ). The density of the f1uiel is set to 3.1 kglelm3 . The volcano
is approximateel as having a raelius of 50 km, an average height above sea level of l.S km,
and a elensity of 2.8 kg/elm3 (in the fully uncompensateel case) or 0.70 kg/elm3 (in the 7.5 %
compensateel case). .

The resalts
The stress field was calculated for the region which corresponels to the larger box in Figure 36,
i.e. for Ieelanel anel its sUlTouncling area. The spaeing of the test points is 20 km in both
elirections. This means that 30 x 36 points cover 600 x 720 km 2. Figure 36 also gives the
rielge segments as entered into the moelel via calculations of the type of the former model for
the SISZ. Only the region has been enlargeel now. The SISZ is situated at (x = 200 km 
280 km, y = -18.5 km) in this reference frarne.

Figure .53 gives the orientations of the principal horizontal stress axes for the fully com
pensateel moelel, Le. the one uninfluenceel by loaels. As the emphasis is leael here on stress
orientations, the scaling of the stress components is logarithmic. Therefore the sigri (shown
by arrow tips) is cleady visible at the cost of the relative size of the components being
misleaelingly similar. The SISZ shows a homogeneous stress field from east to west.

Figure 54 gives the orientations of the principal horizontal stress axes for the uncompen
sateel moelel, i.e. the full visible loael of Vatnaj6kull creates stresses below the volcano anel
the aeljacent area. The stress orientations in the SISZ are disturbecl, at least as far west as
(220, -185).

Finally, Figure 55 gives the orientations of the prineipal horizontal stress axes for the 7.5%
compensated model, i.e. only 25% of the visible load of Vatnaj6kull creates stress in adelition
to the rielge segments. Bere, the stress orientations inside the SISZ are harelly influenced.

Preliminary conc!usions
We assume that the last model is more realistie than the fully uncompensated one. Thus
the influence of the loading effect on stress orientation inside the SISZ seems to be small and
ma.y-be negligible.
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Figure 53: The orientations of the principal horizontal stress axes for the fully compensated
model - without volcanic loads. The area covers the region of the larger box in Figure 36, i. e.
Iceland and its surT'Oundings, and includes the five ridge segments shown there. The scaling
of the stress components is logarithmic, the sign is displayed by arT'OWS (tension is shown by
arrows in outward direction). The relative size of the components tend to look similar in this
scaling, even if they differ by two orders of magnitude.

103



Chapter 3: Methods and results

300

200

100

o

-100

-200

-300

o 100 200 300 400 500 600

Figure 54: The orientations of the principal horizontal stress axes for the uncompensated
model - with the full volcanic load. The area and the scaling are as in Figure 53.
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Figure 55: The orientations of the principal horizontal stress axes for the 75% compensated
mode! - with 25% of the volcanic load. The area and the scaling are as in Figure 53.

105



Chapter 3: Methods and results

3.7.2.8 Meetings and conferences

Meetings between Maurizio Bonafede and co-workers with Frank Roth took place in May
in The Hague and in September in Reykjavik. Report on first results were given in papers
presentecl at the XXI EGS General Assembly, The Hague, May 6-10, 1996, the XXV ESC
General Assembly, Reykjavik, September 9-14,1996, and on a PRENLAB workshop in Paris,
October 24-25, 1997.
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