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Chapter 1

Summary by coordinator

The PRENLADB project started in March 1996, A start-up workshop was held in The
Hague, May 7, 1996, coinciding with the XXT EGS (BEuropean Geophysical Society) General
Assembly there. The workshop was attended by all the contractors or their close cooperators,
with the exception of one. The first steps of the project were discussed and the work schedule
for the year was detailed. Tt was very successful to have the contraclior meeting coinciding
with the EGS meeting at this very slart, where the contractors presented their methods and
got them tested in the general discussion among the geophysicists of Europe.

The project had a good start. Some suhprojects started already March 1 and all got
started during 1996, well before the contractor meeting, which was coinciding with the XXV
ESC General Assembly {European Seismological Commission) in Revkjavik, 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 regularly, September 10 and 12.

Originally the support requested for this project from EC was 2.2 MECU, but only
500.000 ECU could 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, however, agreed that it was more worth to keep
the multidisciplinary character of the project, so all the main projects were kept in. It was
evident at the contractor meetings that this decision was correct. It showed to be possible
ta achieve funds from other sources, especially for building out the seismological system.
Among others, Icelandic communities and civil defence funds, the Icelandic Government and
the Teelandic Research Council could provide a significant contribution to extend the seismic
acquisition system, the SIL system. Most of the contractors succeeded to obtain guarantees
for being able to plan realistic projects falting within the objectives of the original application.

The subprojects have all shown progress close to what was planned. However, one task
of the project is significantly delayed from what was planned. This is the program for
reviving the radon program in South Iceland together with development of an improved
liquid scintiliation apparatus to measure the radon content of water. This is a minor part
of subproject 4: Borehole monitoring of fluid-rock interaction. The reason for the delay is
that additional funding which was counted on has not yet been provided. The total EC
contribution to this task is 20.000 ECU. Efforts are still going on 1¢ obtain the necessary
additional funding. Success is expected within short so it is still considered right to plan
this project. Meanwhile development work and research has been carrvied through that will
create a better basis for this task when it can get started.

It is of a great significance for the project how successfully the SIL acquisition system
has lbeen 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. This adds consider-
ably to the database which is available for the project. Another addition of a similar type is



Chapter 1: Summary by coordinator

that 29 broad-band seismic stations arve operated temporarily in Iceland during the period
of the PRENLAB project. This is a part of the Iceland Hotspot Project which is run in
cooperation between the University of Durham, in Princeton University, and the [celandic
Meteorological Office. The Holspot network was installed during summer 1996 and will be
operated until summer 1998. Geographically the Iceland Hotspot stations are complemen-
tary to the permanent SIL network, so it is of a great advance for the PRENLAB project to
have access to these data.

Among results of a great significance for earthquake prediction research, the following
can he mentioned:

» [{ has been demonstrated in several 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 surface
when these are exposed. The same is true for the inversion of stresses inferrved from
microcarthquakes that these coincide generally very well with what can be expected,
based on paleostress studies of the geologists in this project, and have a relevance to
the first results gained from the borehole experiment.

» Among significant new results that can be reported is thut changes of shear—wave
splitting at one of the SIL stations in the South Iceland seisrmic zone indicate stress
changes with time that most probably can he attribuled the intrusion of lava into the
crust in the preparatory stage of the Vatnajokull eruption that started on September
30, 1996. The seismic station is 160 km away from the fissure intrusion. This indicates
that it may be possible to predict increased probability {or triggering of earthquakes
based on monitoring of stress changes from outside the fault zone. It is also to be
pointed out that one of the main pillars for using Iceland as a test arca for earthguake
prediction was that it would be possible to monitor stress or strain changes caused
by measurable pulsations of the Iceland plume. These results have a consequence in
general for understanding how stresses are transmitted in the crust anywhere.

o A result of a great significance is that it has been shown that it is possible to usc
satellite radar interferometry for measuring stable plate motion during a period of a
couple of years in the favourable conditioas that prevail in lceland. This is of enormous
significance for constructing a dynamical model of stress build-up in an earthquake
area.

s [t has been demonstrated on two occasions by cbservations and modelling how Quid
intrusion may trigger earthquakes. In one casc 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 [requently reported before large earthquakes in
[celand.

The results already oblained within the PRENLAR 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
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Chapter 1; Summary by coordinator

conferences gave a good opportunity to demonstrate obtained results within the project and
to have them discussed among European geoscientists. Some parts of the project have also
becn demonstrated ut some other meetings and conferences. Papers, which are based on the
research within the project have already been published or submitted as can be seen in the
publications lists in Chapters 3 and 4.

All the subprojects of PRENLAB swere demonstrated at the ninth biennial EUG (BEuro-
pean Union of Geosciences) meeting in Strasbourg, March 23-27, 1997, especially in Union
Symposium 16, “Mitigating geological hazards (risks)”, where 10 oral presentations were di-
rectly linked to PRENLAB. A significant presentation of PRENLAB resulls iy also to be
expected at, the XXVII TASPET (Tuternational Association of Seismology and Physics of the
Earth’s Interior) General Assembly in Thessaloniki, August 18-28, 1997,

A PRENLAB contractor meeting was held on March 25 in Strashourg, coinciding with
the ninth biennial EUG meeting. In August there is planned a contractor meetiog coinciding
with the TASPET Assembly.

[shs]



Chapter 2

Main achievements as reported by the
responsible institutions

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

IMOR.DG coordinates the project and is vesponsible for subproject 1, "Real-time evalua-
tion of earthquake-related—processes and development of database”. The coordinator and
contractor is Ragnar Stefdnsson. IMOR.DG is responsible for a significant extension of the
seismic network available for the project and for operating it. It has done cextensive work
in refining and standardizing the earthquake databases as well as related databases on slow
changes, where continuous borehole strainmeter and gravimeter measurements are most sig-
nificant. It serves the other subprojects with data from these databases. Tt is also responsible
for projects in mapping of active faults, in studying seismicity patterns, in evhancing the
alert system in Iceland, for installing and testing new algorithms for data acquisition and
f[or enhanching the automatic evaluation processes. [t cooperates closely with all the other
subprojects, and through 1ts coordination ali the subprojects are well linked together.

Work hus been carried out on all the tasks according to the time schedule of the workpro-
gramme, although the needs of olher pariners for parts of a new and refined database are
ahcad of the intensive work going on with refining it.

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

UUPP.DGEOQ is responsible for subproject 2, "Development of methods using microsarth-
quakes for monitoring crustal instability”. The contractor is Reynir Bédvarsson. Task 1,
Methods for subcrustal mapping of faults, Task 3, Methods for monitoring the local rock
stress tensor and Task G, Development of methods for acquisition of continuous GPS data
through the SIL systern, have all beer in progress according to the planned time schedule.
Task 2, Methods for monitoring the crustal wave velocities, and Task 3, Methods for statisti-
cal analysis of the space/time distribution of microearthquakes and earthquakes, are delayed
by 2—4 months compared to the schedule. The main reason for this is that it was considered
right to wait for finishing the ongoing refinement of the SIL database before starting these
tasks. However, significant preparatory work has been carried out for Task 2, and more work
than scheduled has been concentrated on Task 4, Methods for monitoring stable/unstable
fault movements, which is a few months ahead of schedule of the workprogramme. Thus the
work on subproject 2 is as a whole satisfactorily on schedule.
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In all tasks the closest cooperator is IMOR.DG, except in Task § where the main coopera-
tor is NVI. A special cooperation is in preparation with UEDIN.DGG iu studying shear—wave
splitting in a borehole experiment in northern Iceland.

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

UEDIN.DGG is responsible for subproject 3: "Monitoring stress changes before earthquakes
using selsmic shear-wave splitting®.  The contractor is Stuart Crampin. UEDIN.DGG
cooperates closely with IMOR.DG. Other significant cooperators are UUPP.DGEQO and
GIFZ.DR.DBL which will contribute by providing daia {from borehele experiments.

The tasks are within the workprogramme schedule.

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

GFZ.DR.DBL is responsible for subproject 4 as a whole: "Borehcle monitorieg of fluid-rock
interaction®. Subproject 4 is divided into subpart A, managed by contractor Frank Roth of
GFZ.DR.DBL and subpart B, menaged by associated contractor Pdll Einarsson of UICE.DG
(see 2.8).

All the tasks of subpart A, Geophysical loggings, have been carried out within the sched-
uled time frame.

Subpart B, which is a minor part of subproject 4, is behind the time schedule. The
reason is that 1t has not been possible oblain additional funding as expecled and needed.
The EC funding for subpart B was planned to be used for Task 1 of the subpart, i.e. to build
an improved LSC apparatus to measure radon conlent of water and vas samples. This work
is at a final stage but has not been finalized yet as it has not been possible to get funds as
expected for carrying out Task 2 of the subpart, i.e. to revive the radon sampling program in
South Teeland. It is being worked on to obtain the necessary funds, and it can be expected
that Task 2 of this subpart will be 9 months delayed, i.e. that it will start in month 14
instead of month 5.

Other partners that cooperate closely with GFZ.DR.DBL are INMOR.DG and UBLG.DF.

2.5 CNRS.DTP: Centre National de la Recherche Scientifique,
UPR 0234 — Dynamique Terrestre et Planétaire

CNRS.DTP is responsible for sulbiproject 5 as a whale: "Active deformation determined from
GPS and SAR". The subproject is divided into two subparts, A and B.

Subpart A, SAR interferometry, is managed by contractor Kurt Feigl of CNRS.DTP in
close cooperation with Freysteinn Sigmundsson of NVI (see 2.6). It is on schedule.
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Subpart I3, GPS geodesy, is managed by associated contractor Freysteinn Sigmundsson
of NVT (see 2.6), cooperating with Reynir Bédvarsson of UUPP.DGEO (see 2.2). The work
has been on schedule, however, continuous monitoring is not vet operalive because of un-
solved techoical problems. This means that Task 2 of subpart B is partly delayed, i.e. a
part which relies on continuous GPS monitoring. However, other subtasks relying on other
deformation measurements were sturted in month 4 of the project and have been [linalized
with a publication.

2.6 NVI: Nordic Volcanological Institute

NVI is responsible for subproject 6: "Formation and development of seismogenic (aults and
fault populations®. Subproject 6 is divided into subpart A, Paleostresses, managed by asso-
ciated contractor [rancoise Bergerat of CNRS.TT (see 2.9) and subpart B, Field and theo-
retical studies of faults and fault populations, managed by contractor Agist Gudmundsson
of NVI. In carrying out the tasks NV also cooperates closely with UBLG.DT.

The nrogress of both subparts is on schedule.

2.7 UBLG.DF: University of Bologna, Department of Physics

UBLG.DF is responsible for subproject 7: "Theoretical analysis of faulting and earthquake
processes”. This subproject is divided in two subparts, A and B.

Subpart A, Crust-mantle rheology in Iceland and Mid-Atlantic Ridge from studies of
post-seismic rebound, is managed by contractor Maurizio Bonafede of UBLG.DF. Subpart
A is well within the time schedule of the workprogramme.

Subpart B, Modelling of the earthquake related space-time bebaviour of the stress field
in the fault system of southern Iceland, is managed by associated contractor Frank Roth of
GFZ.DR.DBL (see 2.4). UBLG.DF also works closely with NVT in carrying out the tasks.

All parts of subpart B started on schedule, i.e. in March 1996, except Task 4 which will
start in May 1997. The tasks have not been finalized on schedule due to problems in hiring
a co-worker. This problem was solved in January 1997, and work is progressing fast now
and will be finalized within the project period.

2.8 UICE.DG: University of Iceland, Science Institute

Associated contractor Péll Einarsson (see 2.4).

2.9 CNRS.TT: Université Pierre et Marie Curie, Département
de Géotectonique

Associated contractor Francoise Bergerat (see 2.6).

oo



Chapter 3

Summary of scientific achievements by
subprojects and tasks

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

Coordinator/contractor:
Ragnar Stefinsson
Department of Geophysics
[celandic Meteorological Office
Bustadavegnr 9
150 Reykjavik
Ieeland
Tel: +354-560-0600
Fax: +354-5562-8121
E-mail: ragnar@vedur.is

Reseachers:
Einar Kjartansson
E-mail: eik@vedur.is
Kristjdn Agiistsson
E-mail: kri@vedur.is
Guunnar B. Gudmundsson
E-mail: gg@vedur.is
Pall Halldérsson
E-mail: ph@vedur.is
Steinunn 5. Jakobsdottir
E-mail: ssj@vedur.is
Thorunn Skaftadattir
E-mail: thorunn@vedur.is
Sigurdur Th. Régnvaldsson
E-mail: sr@vedur.is
Bardi Thorkelsson
E-mail: bardi@vedur.is
All at Department of Geophysics
{celandic Meteorological Office
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Binar Kjartansson was especially hired as a researcher [or the project from March 1, 1996, and
has been working on il full time from the very beginning. The other researchers mentioned
are staff members of the Department of Geophysics. They have carried out 48 man months
of work for the project during the first vear, paid by IMOR.DG.

3.1.1 Task 1: Database, development and service

Start: March 1996 {month 1)
End: Tebruary 1998 (month 24)
Responsible partoer: 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 seismic
stations. In the original application to EC, 12 SIL type seismic stations were requested. The
cutting of the application did not permit any new stations according 10 cur own evaluation.
However, it showed Lo 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 of great significance for it. However, they do not
fully complement what was asked for in the original application as they are not all at sifes
most preferable for the project.

Anvhow, since the start of the PRENLAB project in March 199G, the number of SIL
stations in operation has increased {rom 18 to 33. The new staiions are funded by Ice-
landic communities, hydrothermal and hydroelectrical power companies, civil defence funds,
a private tunnel-digging company, the Teelandic Research Council, and indirectly by research
oroups carrying out tomographic studies, which can make use of the powerful STL acquisition
system. The largest supporter of this build-up project of the STL svstem is IMOR.DG/the
[celandic Government, which besides contributions to the initial costs guaraniees the opera-
tion cost of the system.

[rom summer 1996 to summer 1998, 29 extra digital broad-band stations are operated
continuously at remote places notl 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
Dhirham. Among other participants are Princeton University, with Jason Morgan and Guust
Nolet, and Bruce Julian of the U.5. Geological Survey, hesides I[NOR.DG. The waveform
information from these siations will be included into the SIL evaluation processes, especially
as concerns the local seismic activity. This is a very signilicant addition to the data that
we according to the original plan can approach for the PRENLAB project. As the Hotspot
Project stations are operated at sites where we have only 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. Figure 1 shows the locations of the seismic
stations operated in Iceland during the period of the later part of the PRENLAR project.

10



Chapter 3: Summary of scientific achievements by subprojects and tasks

o
: or FiN
66°N N ol A A A v
B/ m i AAN}
o 5 """:, 7i 3 &
- 4 0B g e -y ] i
.._!ﬂ I .l'f&"j_.r " a2 .j# -“aﬁ & o ."F i
- e v J b 5
- y o W ;
f ot g 4 s
< T
é ‘_E-I -__,._!." . = v i . El] _‘_‘I‘: i '_b"-q-L [
5°N I~ y — = § il =
F . Sl 5] _9 W I w™
el o A b Pl
) * # ) e
Pap— . : T
! T E e M -E - - A e
ok . _ ‘® @ P > '“:"li.-, FaD
64 | &i.s e © 7z R
o T i
N ¥y A &ﬁ' Py @ T £ &r ot (':.’.;_r £ SIL selsmic network
P '&L"’jﬁ- A® o - i [ lceland Hotspot Project
R -&.L..j'-‘ Ly ~B =] selsmic statlions
. ..r--p‘_a:j, % {@ Borehole strainmeters
ﬁ g <>Gravimeters
249°w 22°W 20°wW 18°W 168°W 14°W

Figure 1: Seismic station networks, strainmeters and gravimeters in Iceland in 1997.

3.1.1.2 Task 1.2: The database access

A refined and easily accessible database for SIL data is under construction. Since 1991,
50.000 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. Seismogram
data is stored using packed binary format where only the number of bits that is required to
store sample to sample variation is stored.

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

In order to insure against loss of data, procedures and facilities have been developed to
back up all data onto 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 to a different site. As magnetic 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

11
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dala is always readily accessible.

The existing database bas shown to have faults which made it difficult to use by maoy
scientists which nceded evaluated data. [t is therefore necessary to reevaluate much of
the data before storing them in a new, refined database. The reevalualion is currently
being performed and now the reevaluated database is available since 1995, The work with
reevaluating the earlier years will be carvied out during the next four weeks.

In spite of the necessary reevaluation, data from the SIL database have been provided to
the various projects of PRENLAB as requested.

Work has heen carried out for a new, reevaluated and reflined catalogue of earthquakes in
Iceland since 1926. The catalogue [rom 1926-19G3 has been reevaluated and put on digital
form. The refinement of the more recent catalogues is in progress.

Spatial changes in seismicity have been studied in an area along the Reykjanes Peninsula,
the South Iceland Lowland and into the easiern volcanic zone.

Work has been carried out for refined estimation of magnitudes and locations of historcial
earthquakes.

Much work has been carried out in interpreting data from velumetric borehole strain-
meters. Premonitory and coseismic changes, volumelric strain, and foreshocks, of the mat-
nitude 5.8 earthquake at Vatnafjdll, near the eastern end of the South Iceland seismic zone,
have been studied with results that indicate fluid intrusion coinciding with forashocks and
the main shock.

A long-term overview (since 1979) of the 7 volumeiric strainmeters in Iceland is being
worked out. Methods have been developed for cleaning the strainmeter record of weather
influences.

The seismicity of Katla volcapo which is beneath the Myrdalsjékull glacier has been
studied. FEruptions in Katla pose o considerable danger because of enormous water- and
mudflows which accompany the eruptions. Tt is one of the objectives of the SIL. network to
help to warn for the eruptions.

The seismicity of the volcanic eruption in Vatnajokull, which started ai the end of Septem-
ler 1996, was studied as concerns hypocenters and mechanism of the earthquakes which were
linked to the eruption. Much effort was put in saving data oo this remarkable eruption from
the seismic networks, both earthquake data as well as data on volcanic tremot. Vatnajdkull
is directly above the Iceland mantle plume and changes of the plume activity greatly affect
the seismicity along all of the plaie boundary n Iceland.

Although the SIL system is a seismic data acquisition system, that is primarily designed
for automatic acquisition and evaluation of data from local microcarthguakes, it can also
be used for cellectizg teleseismic and regional data for deep structure studies. It broadens
the scientific use of the network and has made it easier to extend the network to a large
part of the plate boundary in Iceland. The SIL station software has now been modified
allowing for selection of waveform data additionally at 20 and 4 samples per second. This
makes it economically possible to save long—time periods of seismological data from the SIL
stations. We have developed an automatic procedure to select and store teleseismic data
in the SIL system based 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 determined, the so-called "E" type

12
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messages. A selection program reads the messages and selects events that {ulfill certuin
criteria of magnitude and epicentral distance. The program uses the iaspei9l model to
compube the first arrival time at each station. The teleseismic body wave data ave letched
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 ringhuffer of
the SIL site stations.

Work has been carried oul for studying and refining the alert thresholds for the SIL
related alert system in Iceland.

An alert detector monitoring large amplitudes, background naise (Lremor) and directivity
of the microseisms has been tuned for the 1 Hz sensors of the system, using Hekla tremor from
1991 as test set. Implementation and tuning of a bandpass filter is needed for hroad-band
SENSOUs.

A real-time filter has recently been introduced into the on-line process of the system,
to be tuned for detecting signals and harmonic tremor, which cannot be detected through
the automatic event detection of the SIL system. The continuous seismic signal at the SIL
site stations is bandpass filtered at 0.5-1 Hz, 1-2 Hz and 2-4 Hz and the 1 minute mean
amplitude is scanned and sent to the STL center, where the interpretation of characteristics
of the tremor is carried out and linked to the alert system. Visual presentation of this data
gives an useful indication of the multiplicity of activity in real-time.

The extension of the SIL system into the highlands of Tceland has lead to many problems
in the automatic detection and analysis. The SIL system was developed for use in the seismic
zones. Monitoring in the highlands reveals in many ways new problems. Much work has
heen carried oul te lower the detection threshold for earthquakes in the volcanic Cenlral
Iceland. The new real-time filter mentioned above will be used for this purpose together
with tuning of parameters.

Work has been carried out on recent high seismic activity near the Hengill triple junc-
tion in SW-Iceland, i.e. spatial and temporal varations of activity have been studied and
migration within the area. Fault plane solutions of more than 20.00C earthquakes have been
studied in the area. Work has been carried out on detailed mapping of seismically active
faults in the Tjérnes fracture zone, based on multievent hypocenter locations and on fault
plane solutions. This has been done in cooperation with the NV

Work hus been carried out to find 3-D crustal velocity structure in SW-Tceland from
local earthquake tomography in cooperation with UUTP. DGEO.

Work has started on a method to use cross—correlation of wavelorms to accurately and
automatically determine onsets and classify earthquakes, in cooperation with UUPP.DGEOQ.
There has been close cooperation with Uppsala in various other fields, such as stress tensor
inversion procedures and mapping of faulis.

3.1.2 Task 2: To map seismically active minifaults of the seismic fault
systems

Start: March 1996 (month 1)
End: February 1998 (month 24)
Responsible partner: TMOR.DG
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Cooperative partners: UUPP.DGEQ, NVI

Work has been going on in using all useful seismological data for mapping active carthquake
faults in the Tjornes fracture zone at the north coast of Teeland (Figure 2). The method
used is multievent method based on cross—correlating similar signals at the the same seis-
mic station. Provided the time accuracy of the seismic data of the SIL system, close to
1 miliisecond, active faults can be mapped with accuracy of the order of 10 meters. Tault
planc solutions based on spectral amplitudes of P and 5 waves are then used as a part of
the mapping to reveal the sense of the lault motion. Several special fault mapping efforts
have been carried out related to ongoing earthquake sequences in other parts of the country,
so gradually information on fault arrangement in different parts along the plate boundary is
being collected.

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

Start: June 1996 (mounth 4)

End: February 1998 (month 24)
Responsible partner: IMOR.DG
Cooperative partners: UUPP.DGEQ, NVI

Work has been carried out on recent high seismic activity near the Hengill triple junclion
in SW-Iceland, spatial and temporal varations of activity have been studied and migration
within the area. Fault plane solutions of more than 20.000 earthquakes have been studied
in the area (Iigure 3).

3.1.4 Task 4: Introduction of new algorithms into the alert system and
other evaluations of the SIL system

Start: June 1996 (month 4)

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

The basic option of the SIL seismic system techniques is to use microearthquakes Lo bring to
the surface information {rom the source areas of earthquakes. Based on detailed microsarth-
quake apalysis it is possible to monitor active faults and movements across these, as well as
stresses and stress changes in their surroundings. The smaller the earthquakes are which can
be used the closer we are to continuous monitoring of such features, and the more detailed
information we obtain of the spatial conditions. Therefore it is so significant to be able to
obtain automatically as detailed aud secure information as possible.

Work is going on for introducing ACIS into the automatic procedures of the SIL system.
ACIS is an acronym for "Reducing manual checking by Automatic Correlation of Tncoming
Signals®. As has been shown in the work on multicvent analysis for detailed mapping of faults
most seismic events correlate well with each other within some areas. Based on this a new
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approximation has been started for the automatic operation of the SIL network in Iceland.
A geographically indexed database is being created where different classes of earthquakes are
stored. As new earthquakes are recorded by the network, the system autornatically looks for
sirﬁilar waveforms in the database, and if found, takes the onset and the first motion direction
picks from there. If no existing entry in the database correlates with the new event, the event
is checked interactively by the network operators. This approach will improve the accuracy
of the automatic analysis and reduce the need of work for interactive checking of the data
without loss of useful signals.

Preliminary testing has demonstrated that the approach described here is possible. It
is expected that the first version of the algorithm will be ready for testing within the SIL
gystem in July 1997.

07°

66°§

65.5°

Figure 2: Maopped faults within the Tjornes fracture zone off the north coast of Iceland.
Black lines indicate faults mapped with conventional reflection seismic methods or by direct
observations on-land. Red lines are 35 active fault segments mapped using accurate relative
locations of microearthquakes recorded by the SIL network. Seismic stations are denoted by
triengles. Dark paitches are sites of recent volcanism. The depth contour interval is 100 m.
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Figure 3: 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, yellow circles are relocated earthquakes. The inset
rose diagram shows the orientation of the 28 faults mapped using accurate relative locations
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A new algorithm has been introduced into the alert procedure, which is a special noise
monitor. Noise is monitored by real-time filtering of the digital data from the seismic stations
in three specified frequency bands, i.e. (.5-1.0 He, 1.0-2.0 Hz and 2.0-4.0 Hz. During the
recent eruplion in Vatnajokull these frequencies showed to be useful in discriminaling noise
of different origin. The lower frequencies are typical for harmonic volcanic tremor, while the
highest frequency seems to be expressing noise created by very intensive activity of very small
earthquakes, although these are nol discriminated as such. Such an activity is more typical
in the approaching of an eruption and may possibly be of significance in the introductionary
phase of earthquakes. Much work remains to be done to analyze the noise and how it is
related to other activities of the crustal forces. This noise monitoring is already now used
to monitor volcanic acivity. The experience will also be a good basis for designing a new
detector in the SIL system which will be aimed at detecting and automatically evaluating
"slow earthquakes® {meaning small earthquakes with corner frequencies of the order of 1 Hz)
which are often ohserved in Iceland.

3.1.5 Meetings and conferences

Ragnar Stefinsson atlended the XXI EGS General Assembly in The Hague, May 6-10, 1996,
and the PRENLAB contractor meeting which was held there. He also altended the XXV
ESC General Assembly in Reykjavik, September 9-14, 1996 (president of the Local Organiz-
ing Committee), and one of the two PRENLAB contractor meetings held there. He was a
convenor of the special EC seismic risk workshop which was held there including coordinators
of other ongoing EC seismic risk projects. The following researchers at IMOR.IDG attended
the second contractor meeting in Reykjavik: Sigurdur Th. Rognvaldsson, Pall Halldérsson,
Kristjan Apistsson, Einar Kjartansson, Gunnar B. Gudmundsson and Steinunn S. Jakobs-
dattir.

3.1.6 Publications

|1| Angelier, J., S.Th. Régnvaldsson, F. Bergerat, A. Gudmundssou, S. Jakobsdottir & R.
Stefinsson 1996, Earthquake focal mechanisms and recent faulling: a seismotectonic analysis
in the Vordufell area, South Iceland seismic zone. In: B. Thorkelsson {editor), Seismology
in Europe. Papers presented at the XXV ESC General Assembly, September 9-14, 1996,
Reykjavik, Iceland. ISBN 9979-60-235-X, 199-204.

[2] Agistsson, K. 1996a. Continuous strain measurements in SW-Iceland with focus on the
1987 Vatnafjoll earthquake and the 1991 Hekla eruption. Thesis for Fillic. degree, Uppsala
University, 34 p.

|3] Agistsson, K. 199Gb. Pyngdarmelingar 4 Sudurlandi {gravity measurements in SW-Ice-
land). Rit Vedurstofu fslands. Research report VI-R96001-JA0L, Reykjavik, 37 p.

[4) Agastsson, K. 199Gc. Alvakino (testing and tuning of the seismic alert system). Greiner-
gerd Vedurstofu Islands. Report VI-G96031-TAC3, Reykjavik, 13 p. + figures.

[5) Amistsson, K., A. Linde & R. Stefdnsson 1996. The 1987 Vatnafjoll earthquake South
Teeland viewed by strainmeters: information on source processes from associated deforma-
tion. In: B. Thorkelsson {editor), Seismology in Europe. Papers presented at the XXV
ESC General Assembly, September 9-14, 1996, Reykjavik, Iceland. ISBN 9979-60-235-X,
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175-180.

[6] Agustsson, K. 1997. Overview of seismic activity in Iecland January 1995 - November
1996. Preliminary report on SIL data. Greinargerd Vedurstofu fslands. Report VI-GI7002--
JA02, Reykjavik, 7 p. + figures.

7] Bédvarsson, R., §.Th. Rognvaldsson & R. Slunga 1996. Wavelorm correlation as a tool for
automatic phase picking. In: Abstracts from the XXV ESC General Assembly, September
9-14, 1996, Reykjavik, Iceland. Tcelandic Meteoralogical Office, Ministry for the Environ-
ment, University of Iceland.

[8] Bodvarsson, R., S.Th. Rognvaldsson, 5. Jakobsdéttir, R. Slunga & R. Stefansson 1996.
The SIL data acquisition and monitoring system. Seism. Res. Letl. 67, 35-46.

|9] Crampin, S., H.J. Rowlands & R. Stefdnsson 199G6. Moritoring stress during magma
injection. Geophys. Res. Lell., submitted.

[10] Gudmundsson, G. 1996. Seismicity in the central volcanoes heneath Myrdals— and BEy-
jafjallajokull. Tn: Abstracts from the XXV ESC General Assembly, Seplember 9-14, 1996,
Reykjavik, Iceland. Icelandic Meteorological Office, Ministry for the Environment, Univer-
sity of Iceland.

[11] Gudmundsson, G., S. Jakobsdéttir & R. Bidvarsson 199¢. Automatic selection of teleseis-
mic data in the SIL system. Tn: Abstracts from the XXV ESC General Assembly, September
9-14, 1996, Reykjavik, Tcetand. Icelandic Meteorological Office, Ministry for the Environ-
ment, University of Iceland.

|12] Halldérsson, P. 189Ga. Estimations of magnitudes of historical earthquakes. In: Ab-
stracts from the XXV ESC General Assembly, Seplember 9-14, 1996, Reykjavik, Iceland.
Tcelandic Meteorological Office, Ministry for the Environment, University of Iceland.

|13] Halldérsson, P. 1996b. Spatial changes in seismicity on the Reykjanes Peninsula and
South Tceland Lowland. In: Abstracts from the XXV ESC General Assembly, September
9-14, 1996, Reykjavik, Iceland. Icelandic Meteorological Office, Ministry for the Environ-
ment, University of Iceland.

{14] Halldérsson, P., Th. Skaftadéttir & G. Gudmundsson 1996. A new catalogue of earth-
qriakes in Teeland 1926-1974. In: Abstracts from the XXV ESC General Assembly, Septem-
her 9-14, 1996, Reykjavik, Iceland. Teelandic Meteorological Office, Ministry for the Envi-
ronment, University of [celand.

|15] Jakobsddttir, S. 1996a. The SIL network: The need of automatic processing in seismi-
cally active areas. In: Abstracts from the XXV ESC General Assembly, September 9-14,
1996, Reykjavik, Iceland. Icelandic Meteorological Office, Ministry for the Euvironment,
University of Iceland.

[16] Jakobsdéttir, 5. 1996b. Alert-detector in the SIL network. In: Abstracts from the XXV
ESC General Assembly, September 9-14, 1996, Reykjavik, Iceland. Icelandic Meteorological
Office, Ministry for the Environment, University ol Tceland.

[17] Jakobsddttir, 5. & F. Scherbaum 199G. Effects of the acausal response of zero phase FIR
filiers on the onset time determination of P waves {or intermediate and big earthquakes. Tn:
Abstracts from the XXV ESC General Assembly, September 9-14, 1996, Reykjavik, [celand.
Ieelandic Meteorological Office, Ministry for the Environment, University of Tceland.

[18] Kjartansson, E. 1996. Database for SIL earthquake data. In: Abstracts from the XXV
ESC General Assembly, September 9-14, 1996, Reykjavik, Iceland. Icelandic Meteorological
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Office, Ministry for the Environmeunt, University of Iceland.

[19] Kjartansson, E., 5. Jakobsddttir, P. Erlendsson & G. Foulger 1997. Stafreen wrvinnsla
gosgréa (digital evaluation of volcanic noise). In: Abstracts from the symposium on the
eruption in Vatnajokull 1996. Geological Society of Teeland, February 22, 1997,

|20] Linde, A.T", I.S. Sacks, R. Stefansson, K. Agiistsson, O. Kamigaichi & K. Kanjo 1996.
Strain measurements and volcanic eruptions. In: Abstracts from the XXV ESC General As-
sembly, September 9-14, 1996, Reykjavik, Tceland. Tcelandic Meteorological Office, Ministry
for the BEuvironment, University of Iceland. |

[21] Mochizuki, M., H. Shiobara, H. Shimamura, R. Stefinsson & G. Gudmundsson 1996,
Crustal structure beneath Reykjanes Ridge obtained by OBS refraction study. Tn: Abstracts
from the XXV ESC General Assembly, September 9-14, 1996, Revkjavik, Jceland. Teelandic
Meteorological Office, Ministry for the Environment, University of Ieeland.

|22] Mochizuki, M., H. Shimamura, R. Stefinsson, H. Shiobara, G. Gudmundsson, & B.
Brandsdattic 1996. Microseismicity and crustal structure offshore norvth of Ieeland. [n: Ab-
stracts from the XXV ESC General Assembly, September 9-14, 1996, Revkjavik, Teeland.
Icelandic Meteorological Office, Ministry for the Environment, University of Ieeland.

|23] Régnvaldsson, S.Th., A. Gudmundsson & R. Slunga 1996: Seismicity and style of fault-
ing in the Tjbrnes fracture zone, North Iceland. In: Abstracis from the XXV ESC General
Assembly, Sceplember 9-14, 1996, Reykjavik, Iceland. Icelandic Meteorological Office, Min-
istry for the Environment, University of Iceland.

[24] Rbgovaldsson, 5.Th., G. Gudmundsson, K. Agustsson, S. Jakebsdéttir & R. Stefansson
1996G: Recent seismicity near the Hengill triple-junction, SW-Iceland. In: B. Thorkels-
son (editor), Seismology in Europe. Papers presented at the XXV ESC General Assembly,
September 9-14, 1996, Reykjavik, Iceland. ISBN 9979-60-235-X, 461-466.

|25| Régnvaldsson, $.Th., G. Gudmundsson, K. Agustsson, S. Jakobsdéttir, R. Slunga &
R. Stefinsson 1997. Seismicity in the Hengill volcanic area, SW-Iceland. Volecanology and
Seismology, submitted.

(26] Skimamura, H., R. Stefdnsson, M. Mochizuki, T. Watanabe, H. Shiobara, G. Gudmunds-
son & P. Einarsson 1996. Northern Reykjanes Ridge microseismicity revealed by dense OBS
arrays. In: Abstracts from the XXV ESC General Assembly, September 9-14, 1996, Reyk-
javik, Iceland. Icelandic Meteoralogical Office, Ministry for the Environment, University of
fceland.

[27| Stefinsson, R. 1996. Towards earthquake prediction in Tceland. In: B. Thorkelsson {edi-
tor), Sewsmology in Europe. Papers presented at the XXV ESC General Assembly, September
9-14, 1996, Reykjavik, Iceland. ISBN 9979-60-235-X, 3-8.

[28] Stefdnsson, R., R. Bddvarsson & G. Gudmundsson 1996. Iceland plume tectonics. Some
speculations and facts. In: B. Thorkelsson (editor), Seismology in Europe. Papers pre-
sented at the XXV ESC General Assembly, September 9-14, 1996, Reykjavik, Iceland. ISBN
9979-60-235-X, 505-511.

{29] Stefinsson, R., S. Crampin, G. Gudmurdsson, K. Agistsson, P. Halldérsson & S.Th.
Rogavaldsson 1997. JarOskjdlftar og spennubreytingar tengdar innskoti kviku og eldgosi i
Vatnajokli. (earthquakes and stress changes related to magma intrusion and eruption in
Vatnajokull). In: Abstracts from the symposium on the eruption in Vatnajokull 1996. Ge-
olocical Society of Iceland, February 22, 1997.
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[30] Stefansson, R., G. Pdlmason, II. Pdlsson, P. Einarsson, R. Sighjornsson, & P. Halldérs-
son 1996. Tillogur um adgerdiv il ad draga dr hetiu of véldum jurdskjdlfie (proposals for
actions for mitigating carthquake risk). Reykjavik, 63 p.

31| Tryggvason, A., S.Th. Rignvaldsson & O. Flévenz 1996. 3-D P- and S-wave velocity
structure beneath South—West Iceland derived from lacal carthgquake tomography. In: Ab-
stracts from the XXV ESC General Assembly, Septernber 9-14. 1996, Reykjavik, Teeland.
[celandic Meteorological Office, Ministry for the Environment, University ol Ieeland.
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3.2 Subproject 2: Development of methods using microearth-
quakes for monitoring crustal instability
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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 had previously been created. During the PRENLAB project,
this program has now been further developed and allows now the results from single event
location, from multievent location, from fault plane solution, and from rock stress tensor
inversion as input. The program can now be used for steering results from one analysis to
another, for example can the relative locations give constraint on the fault plane orientation
which can be used in the input for both fault plane solutions and rock stress tensor inversion.
The development of this iateractive software has also required modifications in all other
software to facilitale the information flow between the different algorithms.
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3.2.1 Task 1: Methods for subcrustal mapping of faults

Start: March 1996 {(month 1)

End: July 1996 (month 5)
Responsible partner: UUPP.DGEO
Coaoperative partner: IMOR.DG

The algorithm for absolute and relative location of microearthquales has been implemented
in the SIL system routine analysis. This sofiware has been applied in a search of crustal
faults both in the north (Tjdrnes fracture zone) and in the SIL arca. This work bas been
in cooperation with geologists and these [laults found from the microearthquakes show a
remarkable agreement with the fault information available from sea bottom and land surveys.
These studies also indicate the power of the multievent location technique for discriminating
the fault plane and the auxiliary plane. A paper will soou be submilted for publication. An
example of the resuits using this algorithm is shown in Figure 2.

3.2.2 Task 2: Methods for monitoring the crustal wave velocities

Start: July 1996 (month 5)

End: October 1997 {month 20}
Responsible partner: UUPP.DGEO
Cooperative partner: IMOR.DG

Work on methods for monitoring changes in wave velocities are somewhat delayed because
it is considered more effective to concentrate on this after the refined database has been
completed. Some preliminary work bas been carried out towards inversion for the 3-D
velocity structure in the SIL area. The first results show an interesting velocity anomaly at
the lower boundary of the brittle crust (Figure 4). This work is a basis for effective work on
finishing Task 2.

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

Start: March 1996 (month 1)

Estimated end: September 1997 {month 19)
Responsible partner: UUPP.DGEO
Cooperative partner: IMOR.DG

Software for rock stress tensor inversion based solely on microearthquake information is
under development. Stress tensor inversion based on only microearthquake informaiion bas
a crucial point in the choice of fault plane (eliminating the auxiliary plane). This new software
allows to base this choice on nol only the fit to the stress tensor for the slip direction but
also due to stability and {perhaps most promising) due to relative locations of closely spaced
similar microearthquakes. This allows a stress tensor inversion completely based on direct
information from the microearthquakes without adding restrictions based on surface geology.
The state of the work is that the software is developed and implemented in the SIL system
confext. Tests with synthetic data and with real data from the SIL area has been performed.
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6.5 .6 5.7 6.3 5.9

Figure 4: 3-D P wave velocity at 10 km depth in the crust beneath SW-Icelond estimated
from local earthquake tomography.

At present we are testing the algorithm and comparing the results with other algorithms.
Preliminary results are shown in Tligures 5 and 6.

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

Start: October 1996 (month 8)

Bstimated end: February 1998 {(month 24)
Respousible partner: UUPP.DGEO
Cooperative partner: IMOR.DG

This part of the project depends highly on the results from Task 1 and Task 3. This will
thus be the last task to be finalized within the project. However, a thorough testing of the
various algorithms used in the microearthquake analysis is being worked on. The first step
was to test the automatic algorithm for the fault plane solution. This has been done by
performing full waveform inversion for the moment tensors for a few selected earthquakes
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Central Crete

23 Sult measurements Angelier, 1979
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Figure 5: Siress tensor tnversion of microearthqueke faoult plane solutions is complicated by
the fact that two possible fault planes are presented by the seismological fault plane solution.
This problem does not exist for geological data. In order to investigate different ways of
handling this the geological deta presented by Angelier in 1979 was used to create a realistic
set of microearthquake data but with known true fault plane. The four circles are equal area
projections of the lower hemisphere. The left ones show the directions of mezimum and
minimum principal stresses (o) and o3) for the stress temsors. The right ones show the
orientetions of the assumed fault planes (the direction of their normals). Two different ways
of handling with the foult plane ambiguity of microearthquake data were tested. The upper
two circles show the results when the choice of fault plane was based on the fit to Bott’s
criterion (the one with smallest deviation was accepted). The lower circles show the results
when the plane with lowest stability (Mohr-Coulomb frictional model} was assumed to be the
fault plane. In this later case all assumed fault planes were correct while the upper purely
geometrical choice took the ausiliary plane for 20 of the 38 events. Although the stress temsor
directions are very similar the size of the intermediate principal stress differs. In addition it
is obvious that the purely geometrical approach gives very optimistic confidence regions. In
conclusion this dataset indicates the value of including stability considerations into the stress
tensor inversion in presence of auziliory planes.
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Holt, Iceland
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Figure 6: An example of applications of the two methods of Figure 5 to real microearthquake
data. Both methods gives two quite different optime with mazimum principal direction either
vertical or horizontel. The main difference is again in the uncertainty and in the choice of
fault planes. The purely geomelrical method chooses e large number of sub-horizontal planes
although the optimum stress tensor indicates strike—slip stress condifions.

in the SIL area. The results show a very good agreement with the automatic fault plane
solutions produced by the SIL system. This paper will be submitted for publication during
1996 or early 1997. Work on this task was started earlier than planned because Tasks 2 and
5 are delayed due to the delay of the refined SIL database. Further work on this task is
planned through out the project period.

3.2.5 Task 5: Methods for statistical analysis of the space/time distribu-
tion of microearthquakes and earthquakes

Start: May 1997 (mmonth 15)

End: February 1998 (month 24)
Responsible partner: UUPP.DGEQO
Cooperative partner: IMOR.DG

Work on this task will commence soon, i.e. when the refined SIL database is available.
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3.2.6 Task 6: Development of a method for acquisition of continuous GPS
data through the SIL system

Start: May 1996 (month 3}

Estimated end: May 1997 (month 15)
Responsible partners: UUPP.DGEQ, NVI
Cooperative partner: IMOR.DG

The software for transferring GPS data to the center in Reykjavik has been completed. We
have had difficulties in getting information about software and,or software protocols for the
Trimble 4000 GPS instruments. We have been trying to use DOS software from Trimble
running under & DOS emulator for Interactive Unix, which is the operating system used at
the stations. This has not succeeded as yet. So there is no continuous GPS data recording as
by now. The plan now is to install Solaris operating system on the computers at the selected
sites to be able to run the Trimble software. The SIL Utility Software has been compiled
for Solaris. As scon as the IMOR.DG can install Solaris on this sites the operation can be
started.

3.2.7 TPublications

|L] Bédvarsson, R., S.Th. Rognvaldsson, S. Jakebsddttir, R. Slunga & R. Stefdnsson 1996.
The SIL data acquisition and monitoring system. Seism. Res. Letl 67, 35-46.

|2] Bédvarsson, R., §.Th. Régnvaldsson & R. Slunga 1996. Waveform correlation as a tool for
aulomatic phase picking. In: Abstracts from the XXV ESC General Assembly, September
0-14, 1996, Reykjavfk, Iceland. Icelandic Meteorological Office, Ministry for the Environ-
ment, University of lceland.

|3] Gudmundsson, G., S. Jakobsdéttir & R. Bodvarsson 1996. Automatic selection of teleseis-
mic data in the SIL system. In: Abstracts from the XXV ESC General Assembly, September
9-14, 1996, Revkjavik, Iceland. Icelandic Meteorological Office. Ministry for the Environ-
ment, University of [celand.

[4] Régnvaldsson, S.Th., A. Gudmundsson & R. Slunga 1996. Seismicity and style of faulting
in the Tjérnes {racture zone, North Iceland. In: Abstracts from the XXV ESC General As-
sembly, September 9-14, 1996, Reykjavik, Iceland. Icelandic Meteorological Office, Ministry
for the Environment, University of Iceland.

|5 Stefansson, R., R. Bodvarsson, & G. Gudmundsson 1996. Tceland plume tectonics. Some
speculations and facts. In: B. Thorkelsson (editor), Seismology in Furope. Papers pre-
sented at the XXV ESC Geperal Assembly, September 9-14, 1996, Reyljavik, Tceland. ISBN
9979-60-235-X, 505-511.

|6] Tvyzgvason, A., S.Th. Régnvaldsson & O.G. Flévenz 1996. 3-D P- and S-wave velocity
structure beneath South-West Iceland derived from local earthquake tomography. In: Ab-
stracts [rom the XXV ESC General Assembly, September 9-14. 1996, Reykjavik, Iceland.
[celandic Meteorological Office, Ministry for the Environment, Urniversity of Iceland.

[7] Stunga, R. & B. Lund 1996. Stress tensor inversion based on microearthquake focal
mechanisms. Tn: Abstracts from the XXV ESC General Assembly, September 9-14, 1996,
Reykjavik, Iceland. Icelandic Meteorological Office, Ministry for the Environment, Univer-
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sity of Teeland.

18] Shomali, Z.H. & R. Slunga 1996. Determination of the mechanism and source parameters
of earthquakes by using moment tensor inversion of earthquakes in the South Icclund seismic
zone. In: Abstracts rom the XXV ESC General Assembly, September 9-14, 19906, Reykjavik.
Iceland. Tcelandic Meteorological Office, Ministry for the Environment, University of Teeland.

27



Chapter 3: Summary of scientific achievements by subprojects and tasks

3.3 Subproject 3: Monitoring stress changes before earthquakes
using seismic shear—wave splitting

Con.t'ractor:
Stuart Crampin
Department of Geology and Geophysics
University of Edinburgh
Grant Institute
Woest Mains Road
Edinburgh EH9 3JW
United Kingdom
Tel: -+44-131-650-4908
Fax: +44-131-668~3184
E-mail: scrampin@ed.ac.uk

Researcher:
Helen J. Rowlands (50% on this project)
Department of Geology and Geophysics
University of Edinburgh
Grant Institute
West Mains Road
Edinburgh EH9 3JW
United Kingdom
Tel: +44-131-650-8533
Fax: 4+44-131-668-3184
E-mail: hjr@glg.ed.ac.uk

[ June 1996 (month 4), Helen J. Rowlands, who had just completed her Ph.D. thesis on

shear—wave splitting above microearthquakes, was hired as a researcher to work pari-time
on PRENLAB subproject 3.

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

Work on this task began in June 1996 {month 4) with the appointment of a researcher. This
task i3 ongoing throughout this first year.

The World Wide Web is being used to access seismic data from the SIL seismic net-
work. Seismicity maps (Iigure 7) demonstrate that there are a number of stations sited over
sufficient seismicity for analysis of shear—wave splitting to be viable. Shear-wave splitting
is observed (Figure 8), but sometimes displays unusually large time-delays which may be
caused by high temperatures and/or high pore-fluid pressures both of which may well be
present in the upper crust in the Iceland.
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The remarkable observations are that the first 200 days of the first SIL seismic station
we examined SAU showed variations in shear—wave splitting similar to those observed before
and after earthquakes. Such behaviour can be interpreted (and numerically modelled) as the
effects of increasing stress on the stress—aligned intergranular microcracks present in almost
all rocks. These variations at SAU were reported al the internal PRENLAB meeting in
Reykjavik, September 10, 1996, but since this was the first data we had analyzed from SIL,
we were not too confident of the interpretation. Tn fact, SAU is about 160 km WSW of
the eruption on September 30, 1996, beneath the Vatnajokull ice cap (Figure 7). Figure
9 shows the different behaviour of shear-wave splitting between ray path directions 0°-15°
and 15°-45° to stress directions (the 15°-45° directions are sensitive to increasing stress). It
is suggested that the changes in shear—wave splitting at SAU were the result of increasing
pressure as magma was injected into the lower crust for some five months hefore the eventual
eruption. A paper for submission to Geophys. Res. Leit. (Crampin et al. 1997) is being
prepared.

The observed variations at SAU are a demonsiration that shear—wave splitting is a sensi-
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nents. The lower traces are horizontal components rotated Lo the faster (N225°F) and slower
(N315°E) shear-wave polarizations show time-delays beteen split shear-waves.

tive monitor of current stress changes, and does not depend on the complicated interactions
in earthquake preparation zones. It is very encouraging to see the effect of changes so early
in the project.
e They confirm that shear—wave splitting has the potential for monitoring the detailed
stress behaviour in Iceland.
» They confirm that Iceland is an active natural laboratory for research on earthquake
sotirce zones and voleanic manifestations.
s They suggest a number of new projects, to improve stress—monitoring of the crust
beneath Iceland.
References:
[1] Crampin, S., H.J. Rowlands & R. Stefdnsson 1996. Monitoring stress during magma
injection. Geophys. Res. Leit., submitted.
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to aspect—retio). Lines are least-squares fits before and efter the eruption. Dashed lines in
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3.3.2 Task 2: Station/EQ relationship

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

Turther rescarch inlo the precursory sequence we have observed at SAU and more thorough
investigations at other stations. '

3.3.3 Task 3: Developing routine techniques

Start: March 1997 {month 13)
End: February 1998 (month 24)
Responsible pariner: UEDIN.DGG

We will begin to develop routine techniques that can be used for real-time monitoring of
splitting parameters in Iceland.

3.3.4 Task 4: Identify optimum areas

Start: September 1997 (month 19)
End: February 1998 (month 24)
Responsible pariner: UEDIN.DGG

The work of Tasks 1, 2 and 3 will allow the identification of suitable areas for deployment of
more closely spaced SIL stations, for more effective studies of precursory changes.

3.3.5 Meetings and conferences

PRENLAB contractor meetings:
Reykjavik, September 10 and 12, 1996. Attended by Stuart Crampin.
Strasbourg, March 25, 1997, Attended by Stuart Crampin and Helen J. Rowlands.

Symposia with presentations with direct or indirect references to PRENLAB work:
XXV ESC General Assembly, Reykjavik, September 9-14, 1996, Stuart Crampin, 2
papers.
Barthquake Research in Ankara, September 30-October 5, 1996. Stuart Crampin,
2 papers.
Assessment of schemes for earthquake prediction, Geological Sociely, London, Novem-
ber 7-8, 1996. Stuart Crampin, 1 paper.
Ninth biennial EUG meeting, Strasbourg, March 23-27, 1996. Stuart Crampin 1
paper, Helen J. Rowlands 1 paper.
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3.3.6 Publications

[1] Crampin, S., H.J. Rowlands & R. Stefinsson 1996. Monitoring stress during magma
injection. Geophys. Res. Lett., submitted.

|2] Crampin, S. & 5.V. Zatsepin 1996a. Forecasting earthquakes with APE. In: B. Thorkels-
son (editor), Seismology in Europe. Papers presented al the XXV ESC General Assembly,
September 9-14, 1996, Reykjavik, Iceland. ISBN 9979-60-235-X, 318-323.

|3] Crampin, S. & S.V. Zalsepin 1996b. Rocks, dead or alive?: Theory prompts new under-
standing of {fluid-rock interaction and shear—wave splitting. £OS 77, 281 and 286.

[4] Crampin, S. 1997a. Going APE: monitoring and modelling rock deformation with
shear—-wave splitting. In: Seism. AMines, proceedings of the 4th International Symposium
on Rockhursts. Krakdw, in press.

[5] Crampin, 5. & S.V. Zatsepin 1997a. Changes of strain before earthquakes: the possibility
of routine monitoring of both long—term and shori—term precursors. J. Phys. Farth, in press.
|6| Crampin. S. & 5.V. Zatsepin 1997b. Modelling the compliance of crustal vock: Il - re-
sponsc to temporal changes before earthquakes. Geophys. J. Int. 129, in press.

|7] Crampin, S. 1997b. Earthquake forecasting: a viable alternative to prediction. Geophys.
J. Int., submitted.

[8] Liu, Y., 8. Crampin & I. Main 1997. Shear-wave anisotropy: spatial and temporal varia-
tions in time delays at Parkfield, Central Calilornia. Geophys. J. Inl., submitted.

[9) Crampin, S. 1996. Earthquake prediction and eartbquake forecasting. In: Absiracts from
Earthquake Research in Turkey: State of the Art, September 30-October 5, 1996, Ankara.
[10] Crampin, S. & S.V. Zatsepin 1996c. Opportunities for earthquake forecasting. In: Ab-
stracts from Earthquake Research in Turkey: State of the Art, September 30-October 5,
1996, Ankara.

[11] Crampin, 5. & S§.V. Zatsepin 1996d. Forecasting earthquakes with APE. In: Abstracts
from the XXV ESC General Assembly, September 9-14, 1996, Reykjavik, Iceland. Tcelandic
Meteorological Office, Ministry for the Environment, University of Teeland.

|12] Zatsepin, S.V. & S. Crampin 1996. Modelling rockmass deformation with APE: a mech-
anism for monitoring earthquake preparation zones with seismic shear—waves. In: Abstracts
from the XXV ESC General Assembly, September 9-14, 1996, Reykjavik, Iceland. Icelandic
Meteorological Office, Ministry for the Environmeni, University of Tceland.

|13| Crampiz, S. & S.V. Zatscpin 1997c. The possibility of forecasting earthquakes. In: Ab-
stracts from Assessment of schemes for earthquake prediction, Geological Society, November
7-8, 1996, London.

[14] Crampin, S. & 53.V. Zatsepin 1997d. Forecasting earthquakes. Tn: Abstracts from the
ninth biennial EUG meeting, March 23-27, 1997, Strasbourg.

[15} Rowlands, H.J., S. Crampin & R. Stefdnsson 1997. Forecasting eruptions. In: Abstracts
from the ninth biencial EUG meeting, March 23-27, 1997, Strasbourg.
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3.4 Subproject 4: Borehole monitoring of fluid-rock interac-
tion

Contractor:
' Frank Roth

Rock Mechanics and Stress Field of the Earth’s Crust
Geomechanics and Management of Drilling Projects
GeolforschungsZentrum Potsdam
Telegrafenberg A34
D-14473 Potsdam
Germany
Tel.: +49-331-288-1530
Fax: 4-49-331-288-1534
F-mail: roth@gfz-potsdarm.de

Associated contractor:
Pill Einarsson
Science Institute
University of Iceland
Dunhagi §
107 Reykjavik
Tel: +354-525-4816
Fax: +354-552-8801
E-mail: palli@raunvis.hi.is

Subcontractor:
Valgardur Stefdnsson
[celandic Energy Authority (Orkustofnun, OS)
Grensdsvegur 9
[5-108 Reykjavik
leeland
Tel: +354-569-6063
Fax: +354-568-8896
E-mail: vs@os.is

Subcontractor:
Pall Theoddrsson
Science Institute
University of Iceland
Dunhagi 5
107 Reyljavik
Tel: +354-525-4791
E-mail: pth@raunvis.hi.is
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3.4.1 Subproject 4A: Geophysical loggings

Cantractor:
Frank Roth

Subcontractor:
Valgardur Stefdnsson

In the framework of the EC project “Barthquake Prediction Research in a Natural Labora-
tory”, a pilot study has started to obtain a time series of logs in the South Iceland seismic zone
(SISZ). An 1100 m deep borehole (LI-03, “Nefsholt”) inside the zone (63.92°N, 20.41°W,
7 km south of the seismic station SAU) is used and provides the unigue opportunity to per-
form measurements much nearer to earthquake sources than usual — the hypocenter depths
al that location range between 6 and 9 km. Moreover, data can be obtained for a depth
interval of more than 1000 m, uninfluenced by the sedimentary cover and less disturbed hy
surface noise.

In the preparational phase of an earthquake, stress accumulation is expected to be con-
nected with the creation of borehole breakouts, changes in the number and size of cracks, o
possible variation of the stress direction, etc. Therefore, the following set of geoparameters
is monitored:

e P wave travel {ime.
e Electrical conductivity.
e Water content and porosity.
s Stress information from borehole breakouts {orientation and size).
¢ Crack density, crack opening.
This is achieved by repeated Jogging with tools as:
e Sonic log (BCS).
e Dual induction/latero log (DIL}.
s Neutron log.
s Four-arm-dipmeter (FED).
» Borchole televiewer (BHTV).

The neutron log is run with the logging equipment of OS, the rest with the Halliburton
logging truck of GFZ.DR.DBL.

Temporal changes visible in these logs will be correlated with data obtained by other
methods used in the whole project, as there are: seismicity, anisotiropy observed in S waves,
crustal deformation, gravity, etc.

During winter and spring 1996, the BCS, DIL and neutron tools were checked for az-
imuthal isotropy in their sensitivity, as it cannot be guaranteed that the tools follow the
same spiral path through the well in each Jog run.

3.4.1.1 Task 1: Check of borehole conditions

Start: April 1996 (month 2)
End: June 1996 (month 4)
Responsible partoer: GFZ.DR.DBL
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Between April and June, OS checked the condition of the borehole selected for repeated
logging — al first this was well NG-01 —, organized and supervised cleaning of the drillhole,
and also arranged the opportunity to log in other wells on Iceland.

The data of the selected borehole are:

Borehole: LL-03 at Nefsholt, South Teeland Lowland,
inside the South [celand seismic zone, provided from OS
Drilled: 1977
Position: 63.92°N, 20.41°W
Depth: 1108 m (originally drilled down 1o 1309 m)
‘Casing: 0-28 m, 12.5” diameter
Uncased: 25-1108 m, 8.5" iameter
Used section: 80-1108 m, i.c. 1028 m
with basaltic lava flows and interbedded hyloclast (tuff)
Mud density: L.0 kg/dm?® (water)
Max. temperature: 105°C

3.4.1.2 Task 2: Basic measurements, choise of future logging interval (300—600 m)

Start: July 1996 (month 5)
End: October 1996 (month 8)
Responsible partner: GFZ.DR.DBL

Two field campaigns took place in July 1996, a third in October 1996. Moreover, additional
logs could be run by us in July 1996 in 5 other boreholes on Iceland to add new information
to previous results on the regiovnal stress field. The [ollowing table and Figure 10 give an
overview on the logging activities:

Name: Location: Max. | Logged depth | Tools used:
depih: interval:
NG-01 Olafsvellir 1070 m | 180-1070 m | FED, GR, 3-arm-caliper,
(inside SISZ) 16"~ and 64"-resistivity,
SP
HS-36 Reykjavik 980 m 330-980 m BHTV, BCS, GR.
LPN-10 Laugaland 350 m 80-880 m BHTV, BCS, DIL, GR

near Akureyri,
North Iceland

LJ-08 Sydra Laugaland | 2740 m | 120-1890 m | FED, BCS, DIL, GR.
near Akureyri 120-1330 m | BHTV

TN-02 Yiri-Tjarnir 1370 m | 260-1370 m | BCS, GR
near Akureyri

LL-03 Nefshoit 1309 m | 80-1100 m | BHVT, BCS, DIL, GR,
(inside SISZ, neutron-neutron,
site of repeated X—Y-caliper, SP,
logging} 16"~ and 64"-rvesistivity
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Figure 10: Iceland, the Mid-Atlantic Ridge and the western and eastern volcanic zones. The
halched area denotes the South Iceland seismic zone, dots indicate earthquakes, crosses give
the position of the boreholes where logging was performed. Lefl and right of the figure, names
of the boreholes and mazimum logging depth are displayed.

Remarks: GR indicates gamma-—ray-log, SP stands for spontaneous potential. As borehole
NG-01 partly collapsed hetween log runs, the hole was abandoned and well LL-03 was chosen
for repeated logging. Tor technical reasons, no FED run was possible in LL-03, no BHTV
run was possible in LJ-08 below 1330 m depth. Due to the limited availability of a crane,
no BHTV or FED tun were possible in TN-02. The deepest parts of wells LJ-08 and LL-03

were not accessible anymore.

3.4.1.3 Task 3: Check for changes

Start: July 1996 (month 5}
End: October 1996 (month 8)
Responsible partner: GFZ.DR.DBL

See Task 2.

3.4.1.4 Task 4: Check for changes

Start: September 1997 (month 17)
End: September 1997 (month 17)
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Responsible partner: GFZ.DR.DBL
Task 4 are to follow in 1997.

3.4.1.5 Task 5: Evaluation of measuring results

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

The processing of the data has begun, especially since January, when K. Henneberg, a very
qualified scientist could be hired for the project. All logs add up to about 46 km logged
intervals. This is due to the number of holes, the number of tools used, the number of
repetitions of logs in LL-03 and the fact that in LL-03 several logs of the same kind were
performed immediately one after the ather. The latter is done to get information on the
scallering of data in short time periods during which no changes due to tectonic processes
are expected to have occurred.

The preprocessing of the data, especially merging of segments and depth matching, is
done for all data. Al BHTV data were converted and are being plotted.

Boreholes drilled vertically into isotropic rock — in a stress-regime with one principal
stress acting vertically — are expected to show breakouts in the direction of the least principal
horizontal stress, if the tangential compressional stress exceeds the strength of the rock. This
is due to the concentration of circumferential stress around the borehole at an azimuth of 90
degrees to the direction of the maximum horizontal compressive stress. The most important
of pur data to get information about the orientation of the axes of principal stresses are
those from televiewer logs. Televiewer logs run directly one alter the other show very little
scatiering ol data and thus a good repeatability.

Wellbore breakouts were found in LL-03 and LJ-08 at least. In NG-01, there are sections
with cavities, where the large diameter indicates a breakout, but the small diameter does
not have bitsize. This has to be checked more carefully to decide whether these cavities may
be considered as breakouts induced by anisotropy in tectonic stresses.

Data examples of the televiewer logs run in boreholes LL-03 and LJ-08 in July are shown
in Figure 11 and Figure 12. The left parts represent the amplitude of the signal reflected
from the borehole wall in arbitrary units ranging from low (dark blue) to high {red} values.
The right columns show travel times of the ultrasonic waves converted into the radius of the
borehaole in centimeters. Tn both presentations, the borehole wall is unwrapped from north
over east to porth.

In well LL-03 a series of breakouts occurs in the depth interval between 955 m and 985 m,
the main breakout directions being N40°E and 220°E (Figure 13). Some further breakouts
are observable between 780 m and 870 m depth as well as avound a depth of 1060 m. These
breakouts occurred in approximately the same direction as those shown in the data example.

In well LIJ-08 breakouts have been found at an azimuth of N110°E (complementary at
290°E) bui could only be observed over a depth interval of about 6 m.

Following the theory of breakout—inititation, the results imply an azimuth of the maxi-
mum borizontal compressive stress of aboui 130°E in the South Iceland seismic zone {LL-03)

38



Chapter 3: Summary of scieptific achievements by subprojects and tasks

BHTD - Iceland B87/96 -LJB8

Amplitude (arbitrary) Radius (cm)
1 81 B 2 1.8 93 7.3

=
-]

L g "'l"li :
1B

= "'ﬂf?-'q

1113.0

* W T T

1115.5

s

it
]
g -l
4
-
3
!
/
3
a4
:

1116.6
1116.5

1117.0

1175

Figure 11: Televiewer logs run in borehole LJ-08.

and an azimuth of about 200°E for the location of well LJ-08 (Tjarnir) in the northern part
of Ieeland west of the axial rift zone. Both breakout—-deduced orientations of the maximum
horizontal compressive stress seem to be in contrast to the stress field obtained from focal
mechanisms as well as to the gross tectonic setting of these areas. This requires a detailed
study of the complicated regional stress fields which are influenced by rifting and the fracture
zones connecting the ridge to the eastern volcanic zone.

An obvious change of breakout direction or shape between the logging campaigns per-
formed in July an October 1996 could not be observed so far. This might be due to the
short time interval between the campaigns as well as to the lack of a strong tectonic event in
this area within these three months. This emphasizes the necessity of further measurements
which are planned for this year.

Processing of other logging data (BCS, DIL, FED and neutron-log) are going on. It
should be finished by the end of July, after which further logging campaigns will take place.
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Figure 12: Televiewer logs run in borehole LL-03.

Besides Henneberg, the proposer and the subcontractor, the following scientists and
technicians have worked in the subproject, especially the field campaigns: G. Axelsson (0S),
C. Carnein (GFZ), E.T. Elfasson (0S), H.-J. Fischer (GFZ), G. Hermannsson (0S), S. Mielitz
(GFZ), J. Palmer (GFZ), H. Sigvaldason (08), O. Sigurdsson (0S), B. Steingrimsson (0S)
and M. Thoms (GFZ).

3.4.1.6 Publications

[1] Roth, F. 1997. Vorstellung des Projektes zu Wiederholungsmessungen in einer Bohrung
im Siidisldndischen Seismizitdtsgebiet. Special issue on borehole geophysics of Deutsche Geo-
physikalische Gesellschaft, submitted.
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Figure 13: Azimuths of the picked breakouts wn well LL-03.

3.4.1.7 Meetings

Meetings of Valgardur Stefdnsson with Trank Roth took place in April and September 1996
in Reykjavik, and in September 1996 in Potsdam.

Meetings of Pdll Einarsson with Valgardur Stefansson and Frank Roth took place in April
and September 1996 in Reykjavik.

3.4.2 Subproject 4B: Radon related to seismicity in the South Iceland
seismic zone

Associated contractor:
Pall Einarsson

Subcontractor:
I'jdlnemar h.{.
Skulatdn 6
105 Revkjavik
Iceland
Tel: +354-551--1244
Fax: +354-551-1273
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3.4.2.1 Task 1: Build an improved LSC apparatus to measure the radon content
of water and gas samples

Start: March 1996 (month 1)
End: April 1997 (month 14)
Responsible partner: UICE.DG

This task is at a final stage, and can be finalized within a month when funds have been
secured for using it, i.e. for Task 2. '

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

Start: April 1997 (month 14)
End: Februar 1998 (month 24)
Responsible partner: UICE.DG

The start of Task 2 has been delayed, it is hoped that it can get started in beginning of May,
i.e. 9 months later than planned.

Additional sources of funding were needed to reach these goals. However, conditions
changed afler the signalure of the contract, so the expected additional funds were not avail-
able. Attempts to obtain these additional funds are in a final stage and it is hoped that
reatization of Task 1 and Task 2 can start within a month. No EC funds have been spent
on Lhese tasks so far. Effort has been made, however, to strengthen the foundation of the
radon project. This work has concentrated on two issues:

s Tnvestigate further the different technical problems regarding the proposed Liquid Scin-
tillation Counting apparatus. This development has been reported at conferences and
in a recent book on weak radioactivity by Pdll Theoddrssou (1996b).

o Investigate the 17 years long radon time series from the South Iceland seismic zone.
The resuits have been reported af conferences by Pall Einarsson and Sigurjén Jénsson.

The main results are as follows:

o Of all anomalies that could be expected from the magpitude-distance selection criterion,
24% were actually detected.

s 35% of all measured anomalies are related in time to seismicity.

e 80% of ecarthquake related anomalies are positive.

» If a positive anomaly is detected, there is 38% probability of an earthquake following
it.

e Anomalies were detected before 30 evenis out of 98 possible events. There is thus
31% probability of a measured anomaly hefore an earthquake. that fulfills the magui-
tude-distance criterion.

+ For most of the events the associated radon anomaly was detected at one station only.
Five events were preceded by anomalies detected at two stations, one event at three
stations, and one event at five stations,

s The sampling sites are not equally sensitive. The sepsitivity is related {o the local
geological formalions. The statistics can be improved considerably by eliminating
stations with low sensitivity.



Chapter 3. Summary of scientific achievements by subprojects and tasks

» Radon anomalies were detected that seem to be related to eruptions of the neighbour-
ing Hekla volcano. Eighi anomalies were found, five of which occurred prior to the
eruptions.

3.4.2.3 Publications

(1] Jonsson, S. & P. Binarsson 199:4a. Radon anormalies and earthquakes in South Teeland.
In: Abstracts from the poster display at the annual conference of the Teelandic Geoscience
Society, Reykjavik, April 21, 1994, In Icelandic.

|2] Jénsson, 5. & P. Einarsson 1994b. Radon anomalies and earrhquakes in South Iceland.
In: Abstracts from the poster display at a public meeting in the South Iceland seismic zone,
Selfoss, April 30, 1994, Teelandic Civil Defence. In Icelandic.

[3] Jénsson, S. & P. Einarsson 1994c. Radon anomalies and earthquakes in South Iceland.
[n: Abstracts from the poster display at the European School of Climatology and Natural
Hazards, Mitigation of Volcanic Hazards, Vulcano, Ttaly, June 12-18, 1994.

|4] Jonsson, S. & P. Einarssen 1993, Radon anomalies and earthquakes in the South Iceland
scismic zone 1977-1993. In: Abstracts from the XXI TUGG General Assembly, Boulder,
Colorado, July 2-14, 1995.

|5] Jénsson, S. & P. Einarsson 1996. Radon anomalies and earthquakes in the South Ice-
land seismic zone 1977-1993. In: B. Thorkelsson (editor), Seismologqy in Europe. Papers
presented at the XXV ESC General Assembly, September 9-14, 1996, Revkjavik, Iceland.
ISBN 9979-60-235-X, Reykjavik, 247-252.

[6] Theoddrsson, P. 1996a. Improved automatic radon mositoring in ground water. In:
B. Thorkelsson (editor), Seismology in Europe. Papers presented at the XXV ESC Gen-
eral Assembly, September 9-14, 1996, Revkjavik, Iceland. ISBN 9979-G0-235-X, Reykjavik,
253-257.

|7| Theoddrsson, P. 1996b. Measurement of weak radioactivity. World Scientific Publishing
Co., Singapore, 333 p.
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3.5 Subproject 5: Active deformation determined from GPS
and SAR

Cor]:cractor:
Kurt L. Feigl
Centre National de la Recherche Scientifique
UPR. 0234 - Dynamique Terrestre et Planétaire
14 Avenue Edouard Belin
FR-31400 Toulouse
France
Tel: 4-33-5-6133-2940
Tax: +33-5-6125-3205
E-mail: feigl@medoc.cnes.fr

Associated contractor:
[reysteinn Sigmundsson
Nordic Volcanological Institute
Grensdsvegur 50
108 Reykjavik
I[celand
Tel: +354-525-4494
Fax: +354-562-9767
E-mail: {s@norvol.hi.is
Subcontractor:
Pall Einarsson
Science Institute
University of Tceland
Dunhagi 5
107 Reykjavilk
Teeland
Tel: -+354-525-4816
[Fax: +354-552-8801
E—mail: palli@raunvis.hi.is

Coaperator:
Reynir Bodvarsson
Department of Geophysics
Uppsala University
Villavigen 16
5-752 36 Uppsala
Sweden
Tel: +46-18-182378
Fax: +46-18-501110

E-mail: rh@geoflys.uu.se
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Researchers:
Helene Vadon
Centre National d'Btudes Spatiales (CNES)
18 Avenue Edouard Belin
F'R-31055 Toulouse
France
Tel: +33-5-6127-3167
Fax: +33-5-6128-2614
E-muil: Helene. Vadon@cenes.[r
Sigurjon Jonsson
Nordic Volcanological Institute
Grensdsvegur 50
10§ Reykjavik
[celand
Tel: +354-525-4494
[Fax: +354-562-9767

Sigurjén Jénsson is working 50% in the project from March 1, 1996 to May 1, 1997. Funded
by EC.

Subproject 5 is divided into two parts, A and B.

3.5.1 Subpart 5A: SAR interferometry
3.5.1.1 Task 1: Analysis of SAR images from the ERS-1 and ERS-2 satellites

Start: March 1996 (month 1)

End: September 1997 {month 19)
Responsible partner: CNRS. DTP
Cooperative partners: NVI, UICE.DG

Kurt L. Feigl, Siguzrjon Jénsson, PPdll Einarsson and Helene Vadon

We have used sateilite radar inferferometry to map the satellite-view component of a crustal
velocity field, as well as volcano deformation, at the Reykjanes Peninsula in SW-Iceland.
The area is the direct onland structural continuation of the submarine Mid-Atlantic Ridge.
Oblique spreading between the North American and Eurasian plates of 1.9 ¢cm/year oceurs
there, causing both shcaring and extension across the plate boundary. Using ERS-1 im-
ages from the 1992-1995 period we have formed interferograms, spanning up to 3.12 years.
Coherence is preserved, and {ime-progressive fringes caused by crustal deformation are ap-
parent. The most obvious deformation is time-progressive deflation of the Reykjanes central
volcano, averaging to 15 mm/year, probably caused by compaction of a geothermal reservoir
in response to its utilization by a power plant. The deflation we infer is in good agreement
with levelling data. This gives confidence in the interpretation of more subtle delormation
signal in the interferograms, fringes alignad in the direction of the plate boundary caused by
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plate houndary deformation. Relying partly on geologic evidence we assume the shape of the
horizontal and vertical crustal velocity field. We estimate best-fit model parameters by max-
imizing the global coherence of the residual interferograms, the difference between observed
an<t model interferograms. The data constrain the locking depth of the plale boundary to
be about 5 km. Below that level the plate movements are accoramodated by continuous
ductile deformation, not fully balanced by inflow of magma from depth, causing about 6.5
inm /year subsidence of the ptate boundary. Previous regional geodetic data agrees with this
interpretation.

3.5.2 Subpart 5B: GPS geodesy
3.5.2.1 Task 1: Installation

Start: March 1996 (month 1)

End: June 1997 (month 16)

Responsible partaer: NVI

Cooperative partners: UUPP.DGEQ, IMOR.DG

Freysteinn Sigmundsson and Reynir Bodvarsson

The GPS geodesy project is still in its first phase, the planned installation of 3 GPS receivers
in a semi-continuous modc in the Souih Iceland seismic zone has not been completed. Au-
tomatic GPS data collection with the 3 available Trimble 4000 SST instruments has been
tested, and work has been done to automate the data analysis. Although continuous GPS
has not been realized yet, an interpretation of older GPS measurments in the Hengill arca
has shed light on the 1994-1995 swarm of earthquakes there. A paper on the subject has
been submitted to JGR, and these new results were presented at the EGS General Assembly
in The Hague in May 1996.

The semi-continuous GPS measurements are still in its first phase, the planned instal-
lation of 3 GPS receivers in a semi-continuous mode in the South Iceland seismic zone has
not been completed. Automatic GPS data collection with the 3 available Trimble 4000 SST
instrumenis has been tested, and work has been done to automate the data analysis. We
plan to mitiate the measurements shortly.

3.5.2.2 Task 2: Deformation rates

Start: August 1996 (month 6)
End: February 1998 (month 24)

Responsible partne: NVI
Cooperative partners: UICE.DG, IMOR.DG

Freysteinn Sigmundsson and Pill Einarsson

Since July 1994 an unusually persistent swarm of earthquakes (M~ 4.0) has been in progress
at the Hengill triple junction, SW-Tceland. Activity is clustered arcund the center of the
Hréomundartindur voleanic system. Geodetic measurements indicate a few cm uplift and
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expansion of the area, consistent with a pressure source at 6.5 £ 3 km depth beneath the
center of the volcanic system. The system is within the stress field of the South Iceland
transform zone, and majority ol the recorded earthquakes rvepresent strike-siip laulting on
subyvertical planes. We show that the secondary effects of a pressure source, modelled as a
point source in an elastic halfspace, include horizontal shear that perturhs the regional stress.
Near the surface, shear stress is enhanced in quadrants around the direction of maximum
regional horizontal stress, and diminished 1n quadrants around the direction of minimumn
regional stress. The recorded earthquakes shiow spatial correlation with arcas of enhanced
shear. The maximum amount of shear pear the surface caused by the expanding pressure
source exceeds 1 millistrain, sufficient to trigger earthquakes if the crust in the area was
previpusty close to failure.

3.5.2.3 Publications

[1] Vadon, H. & I°. Sigmundsson 1997. Crustal deformation from 1992 to 1995 at the
Mid-Atlantic Ridge, SW-Iceland, mapped by satellite radar interferometry. Science 275,
193-197.

|2] Sigmundsson, F., P. Einarsson, 5.Th. Régnvaldsson, G.R. Foulger, K.M. Hodgkinson &
G. Thorbergsson 1996, 1994-1995 seismicity and deformation at the Hengill triple junction,
[celand: triggering of earthquakes by a small magma injection in a zone of horizontal shear
stress. J. Geophys. Res., in review.

3| Vadon, H. & T. Sigmundsson 1996. Plate movements and volcano deformation from
satellite radar interferometry: 1992-1993 crustal deformation at the Mid-Atlantic Ridge,
SW-Iceland. In: Abstracts from the AGU 1996 full meeting, San Francisco, December
15-19, 1996.

|4] Sigmundsson, I'. & H. Vadon 199G. Oblique spreading at the Mid-Atlantic Ridge,
SW-lceland: 3D crustal velocity field inferred from satellite radar interferometry and ge-
ologic evidence. In: Abstracts from the AGU 1996 fall meeling, San Francisco, December
15-19, 1996.

[5] Sigmundsson, . 1996. Inversion of geodetic data from Hengill triple junction, Iceland:
rft subsidence and volcano inflation. In: Annaeles Geophysicee. Abstracts from the XXI
EGS General Assembly, The Hague, May 6-10, 1996, Supplement 1 to vol. 14.

|6] Sigmundsson, F., P. Einarsson, S.Th. Régnvaldsson, G. Foulger & G. Thorbergsson 1996.
1994-1995 earthquake swarm at Hengill triple junction, Iceland: Triggering of earthquakes by
an inflating magma chamber in a zone of horizontal shear stress? In: Annales Geophysicae.
Abstracts from the XXI EGS General Assembly, The Hague, May 6-10, 1996, Supplement. [
ta vol, 14
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3.6 Subproject 6: Formation and development of seismogenic
faults and fault populations

Contractor:
Agiist Gudmundsson
Nordic Volcanoclogical Institute
University of Tceland
Grensasvegur 50
[S--108 Revkjavik
[celand
Tel: +354-525-4488
Fax: +354-552-9767
E-mail: agust@norvol.hiis

Associated contractor:
Frangoise Bergerat
Département de Géotectonicque, Boite 129
Université Pierre et Marie Curie
4, place Jussieu
FR-75252 Paris Cedex 05
France
Tel: 33-1-4427-3443
[Fax: 33-1-4427-5085
E-mail: bergerat@lgs.jussieu.fr

Subcontractor:
Jacques Angelier
Département de Géotectonique, Boite 129
Université Pierre et Marie Curie
4, place Jussieu
[Fr-75252 Paris Cedex 05
France
Tel: 33-1-4427-5857
Fax: 33-1-4427-5085
E-mail: ja@lgs.jussieu.fr

Gudmundsson has hired a scientific assistant to work for 2 years 50% on this project (50%
on volcanic risk). This assistant works on all aspects of the project: aerial photographs,
maps, manuscripts, illustrations, etc. Helgi Torfason is hired to carry oul specific tasks,
mainly very detailed maps of specific seismogenic faults in the South Iceland seismic zone
(5I57). Gudmundsson has also been starting a collaboration with Philip Meredith (University
College, London, who is in the new application); that collaboration has involved some travel
cost for Meredith.

Francoise Bergerat and Jacques Angelier have a student, Segolene Verrier, working on
the paleostress fields of the SISZ, but that student has not been paid from the project.
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Thierry Villemin also has student working on the project, but no salary [rom the project
has been paid to that student.
According to this overview, all the tasks are on schedule,

3.6.1 Subproject 6A: Paleostresses
3.6.1.1 Task 1: Determine the paleostress tensor

Start: July 1996 (month 5)

Expected end: September 1997 (month 19)
Responsible partner: CNRS.TT
Cooperative partners: NVI, INMOR.DG

[rancoise Bergerat and Jacques Angelier

The paleostress tensors for many localities in the South Iceland scismic zone have been
made, using fault-slip datasets. Preliminary studies of the paleostress field of the whole
SISZ have already started. Work on Tjérnes fracture zone (TTFZ} will be carried out mainly
next summer, but some paleostress tensors for this zone have already becn calculated. This
task is in collaboration with Agtist Gudmundsson and Sigurdur Th. Régnvaldsson and is on
schedule.

3.6.1.1.1 Focal mechenisms of earthquekes and recent faulling in the central
part of the SISZ (work carried out with Gudmundsson and Régnvaldsson)

A seismotectonic analysis was carried oul in the Vordufell mountain (64.05°-64.12° N and
20.5°-20.6° W). Good outcrops permit geological study of the recent faults which affect the
gquaternary lava pile, and focal mechanisms of shallow earthquakes are available. Among
the earthquakes recorded in southern Iceland by the SIL network with determinations of
earthquakes mechanisms, a dataset of 68 earthquakes, occurring in this area from 1991
to 1995, was used. 18 data corresponding to quarry blasts were rejected, and 50 focal
mechanisms of natural earthquakes were selccted.

The variety of these focal mechanisms of shallow earthquakes shows that the whole set
cannot be accounted for by a single tectonic stress state. Numerous mechanical analyses were
done, based either on geometrical considerations or on stress-slip consistency. Within the
range of acceptable misfits (defined as a lunction of both the assumptions about stress-slip
relationships and the uncertainties of dala), & separation of two main groups of data (and
related stress regimes) accounts for the whole dataset. First, using the P- and T-dihedra
method, the general consistency within each group is highlighted. The largest subset includes
30 strike-slip, 4 reverse and 4 normal mechanisms. [t is consistent with NW-SE compression
and NE-8W extension, in agreement with left-lateral shear along E-W trends and right lat-
eral strike-slip on N-5 trending faults. The smallest subset includes 8 sirike-slip, 1 reverse
and 3 normal mechanisms. Its indicates NE-SW extension and NW-SE compression, with
more dispersion than for the main group. Second, numerical inverse methods were used
in order to compute the average stress tensors which best fit the observed fault plane solu-
tions. Two main methods were used: the 4-D search {R4DT-R4DS), and the direct inversion
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method (INVD). Contrary to the P- and T-dihedra method, these methods require & choice
among nodal planes. Because of its arbitrary characler in geological terms, the choice of the
nodal plane which best fils an average stress tensor was not adopted as an unique criterion.
The geological study in the field and [rom acrial pholographs allowed identification of the
orientations of faulls, fractures and other zones of weakness al hoth the scale of outcrops and
that of the Vordufell mountain. A comparison belween fault plane solutions of earthquakes
and fault slip dala observed in outcrops was carried out. Combining these three criteria
resulled 1o the Anal selection. In terms of numerical estimators considered alone, one may
simply choose the best fitting fault plane solution for each earthquake. This was not done
because, dealing with shallow earthguakes, reasonable choices between nodal planes imply
consideration of the geological structure.

For cach subset, the ortentation of stress axes, the ratios of principal stress differences
and the misfit estimators depend relatively little on the method adopted. The resulis are
quite significant for the main subset. For the secondary 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 acceplable. The main difference befween the sub-
sets mainly results from a kind of permutation between extreme stress axes. The divection
of the maximum stress average NGO°L for the main subset and N120°E for the subsidiary
one, while the directions of the minimum stress average average N150°E and N40°[, respec-
tively, The main subsel reflects vegional tectonic mechanisms, whereas the secondary subset,
mechanically less consistent, principally reflects fault rebound and local accommodation.

Before examining carthquake data, a surprising result of geological studies of fault slip
data in the field was the identification of two opposite tectonic regimes, respectively charac-
terized by a NW-SE extension (the major one, principally including sirike-slip and normal
faults) and a NW-SE compression (the minor one, principally including strike-slip and few
reverse faulls). 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 bhoth these studies revealed permutation of
extremc stress axes for the remaining data.

We conclude that the Vordufell area is dominated by NW-SE extension, principally
accommodated by strike-slip and normal faulting, in agreement with the general behaviour
of the South Iceland scismic zone. Local stress permutations, however, play a major role,
resulting in subsets of conflicting mechanisms for both the present-day shallow earthqualkes
and the quaternary fault movements.

3.6.1.1.2 Preliminary studies in the whole SISZ (work carried out with Gud-
mundsson and Régnuvaldsson)

Field studies have been carried out in September 1996 in the SIS7 in aorder to collect fault
slip data measurements. The collection has been made in some selected sites in late Tertiary
and Pleistocene lavas and hyaloclastites and in posiglacial lavas. The areas investigated
were the Skardsfjall, Hestfjall and Bidrfell mountains, the Grimsnes area and the canyons
of Stéra Laxd and Stora Mistunga. The measurements are now being analyzed in terms
of stress tensors. The study will he completed in the next few monihs by analysis of focal
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mechanisms of earthquakes in the same areas.

3.6.1.1.3 Sitress tensor delermination from focal mechanisms: development of
new methodology

New methods, especially aiming at solving the problem of the choice between nodal planes
for each datum within a set of focal mechanisms ol earthquakes, are in preparation. Such
a methodology will be of particular interest in the SISZ, where large numbers of data are
available, as well as accurate relocations of earthquakes by INOR.DG.

The techniques being presently prepared give more weight to analyvtical resolution ol the
system of equations involved in the inverse problem, relative to the numerical procedures. As
2 preliminary case study, the Vordufell analysis mentioned above provides a good example
for methodological evaluation, in addition to its intrinsic seismotectomc interest.

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

Start: July 1996 (month 5)

Expected end: 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 has
so far focussed on deformation pattern, morphology and tension-shear deformation in the
Krafla fissure swarm. This work is on schedule.

3.6.1.2.1 Deformation puttern and morphology in the Krafla fissure swarm: the
Mecéfell area {work carried out with Dauteuil and Villernin)

Tn the northern part of the rift, the deformation affects an area 60 km wide. In this area most
of the active extensional deformation is localized into fissure swarms, 1 10 5 km wide. Major
volcanic centers are present along swarm axes. We analyzed the partitioning of extension
into a major fissure swarm: the Krafla fissurc swarm. The studied area was a 4.5 km?, near
the Mdfell mountain, north of the Krafla volcano and composed of basaltic lava ows younger
than 10,000 years.

We used two information sources lo estimate the spatial distribution of strain in this
arca. The first dataset was obtained from detailed mapping structures combining field mea-
surements, SPOT satellite images and aerial photographs. Most faults and fissures trend
N010°-030°. The fissures width ranges from 10 to 200 em. The faults have a maximum
vertical throw of 20 m. The second dataset used is a network of more than 450 geodetic
potnts providing an accurate record of topography within the fissure swarm. This allows
us Lo determine exactly the amount of tilt blocks (less than 2 ees), in an area with a weak
extensive rate since 10,600 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
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N030° and N100°. The tilt of the blocks was used to estimate the streiching accommodated
by the block rotations.

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

3.6.1.2.2 Tension—shear deformation in the Krafla fissure swarm: the Leir—
hnjikur area (work carried out with Dauteuwil 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 analyzed in detail. Based on geodetic analysis of
the present-day topography at the top of Holocene basaltic lava flows which fill the axial vift
zone, the deformation of this initially horizontal surface can be reconstructed. Esxtensional
deformation is localized at all scales and block tilting, albeit present, remains minor.

Using simple models of the surface expression of normal faults, the geometrical charac-
teristics of the topographic features related to active deformation during lectonic-volcanic
events are quantitatively analyzed. AL crustal depths of about one kin, normal faults ave
present and have an average 70° dip. Comparison with the dip distribution of older normal
faults observed in the uplifted and ercded shoulders of the rift zone, at paleodepths of 1-2
km, indicates that this dip determination is valid. Comparisons between the Jocal case study
and structural analyses of active {issure swarms on a larger scale suggest that normal fault-
ing plays a major role 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 several hundred meters
of the crusi, resulting in the development of fissurc swarms. Bffective tension plays an im-
porlant role at a deeper level (2-5 km}, because of the presence of magmatic fluid pressure
fromm magma chambers which feed dyke injections. At crustal depths of about 1 km, normal
shear prevails along fault planes which dip 60°-75°. 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 controlled by both the lithostatic pressure and the effective tension induced by the
presence of magmatic {luid pressure.

3.6.1.3 Future prospects

In 1997, the selected areas of the SISZ will be studied in detail both in the field and for focal
mechanisms of carthquakes. Some preliminary studies in the Tjdrnes fracture zone will also
be carried out (paleostress analyses, focal mechanisms of earthquakes).

3.6.1.4 Publications

|1] Bergeral F., J. Angelier, O. Dauteuil & T. Villemin 1996. Morphologic et déformation
dans un rift océanique émergé: exemple du champ de fissures du Krafla (Nord-Est Islande).
16&2me Réun. Sc. Terre, Orléans, April 10-12, 1996, résumsés.

|2] Bergerat F., J. Angelier, O. Dauteuil & T. Villemin 1996. Present-day tension-shear
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deformation and morphology in Lhe Krafla fissure swarm, axial rifi zone of northeastern
Iceland. In: Abstracts from the XXV ESC General Assembly, September 9-14, 1996, Reyk-
javik, Iceland. Icelandic Meteorological Office, Ministry for the Enviroument, Universily of
Iceland.

|3] Angelier, J., 8.Th. Rdgnvaldsson, F. Bergerat, A. Gudmundsson, S. Jakobsddttir & R.
Stefdnsson 1996. Earthquake focal mechanisms and recent faulting: a scismotectonic analysis
in the Vordufell area, South Iceland seismic zone. In: B. Thorkeisson (editor), Seismology
m Furope. Papers presented at the NXV ESC General Assembly, Seplember 9-14, 19906,
Reykjavik, Tceland. ISBN 9979-60-235--X, 199-204.

[4| Angelier I., F. Bergerat, O. Dauteuil & T. Villemin 199G. Tension-shear relationships
i extensional fissure swarms, axial rift of northeastern Iceland: morphological evidences. J.
Struct. Geology, in press.

5| Angelier J., S.Th. Rignvaldsson, F. Bergerat & A. Gudmundsson 1997. Earthquake focal
mechanisms and regional stress: the seismotectonic behaviour of the South Iceland seismic
zone revealed by the Vordufell earthquake activity. In: Abstracts from the ninth biennial
BUG meeting, March 23-27, 1997, Strasbhours.

[6} Bergerat ., J. Angelier, A. Gudmundsson & S.Th. Rognvaldsson 1997. Joint study of
recent faulting and earthquake focal mechanisms in the South Iceland seismic zone: the Vor-
dufelt area as a case example. In: Abstracts from the ninth biennial EUG meeting, March
23-27, 1997, Strasbourg.

|7} Dauteuil O., J. Angelier, F. Bergerat, V. Ferber, S. Verrier & T. Villemin 1997. Defor-
mation pattern and morpheology in the northern Teeland tift. In: Abstracts from the ninth
biennial EUG meeting, March 23-27, 1997, Strashourg.

[8] Gudmundsson A., F. Bergerat & J. Angelier 1997. Strike-slip faults in the central part of
the South Tceland seismic sone. In: Abstracts from the ninth biennial EUG meeting, March
23-27, 1997, Strasbourg.

3.6.2 Subproject 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)

Expected end: February 1998 (month 24)
Responsible partner: NVI

Ceoperative 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 already resulted in
detailed maps of the Leirubakki-Svinhagi fault; other faults are currently being mapped.
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.

Some maps of the TFZ have already been made. The most detaiied work, however, will
be made next summer {1997} in collaboration with Thierry Villemin {see Task 5). This task
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is on schedule.

3.6.2.1.1 The South Iceland seismic zone

The work has focussed on aerial inspection of the main fanlt systems. Some of the faults
have been selected for a detailed areal study for comparison with on-land field siudies. The
principal questions addressed ave: Why are the fault systems in the Holocene lava Hows 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 segments withio a zone that is 100-250
m wide. In the northern part of the zone, individual fractures sirike around N12°, around
N15° 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 ncarby ends of
the segments. These structures are associated with areas of transpression and transtension,
respectively, along the main strike-slip fault.

The Leirubakki-Svinhagi fracture is location in the 9000 years old Thjsrsirhraun lava
flow. The age of the fracture itself is, however, not known. It is obviously less than 9000
yeurs old, but may be only scveral hundred years old. At the southern end of the fracture,
near the farm Svinhagi, hot water (15-20°C) emits from the fracture. The presence of warm
water in the fracture indicates that it is not very old as otherwise it would have been sealed
up with silica.

There are at least three main trends of fractures associated with the Leirubakki-Svinhagi
fault: NNE, ENE and WNW. Most of these cracks are presumably strike-stip 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 WINW trend of segments
associated with the Leirubakki-Svinhagi fault is unusually clear and conspicuous and must
be explained by any model that attempts to account for the fracture patiern associated with
the SISZ.

Work on the SISZ is in close collaboration with Jacques Angelier, Francoise Bergerat,
Sigurdur Th. Rogovaldsson and Helgi Torfason. A manuscript on the origin and tectonic
evolution of the South Teeland seismic zone is near to being completed.

3.6.2.1.2 The Tydrnes fracture zone

Work is in progress on combining field and numerical studies with seismic studies from
the extension of the SIL network in this area. A manuscript is in preparation, entitled:
Seismotectonic analysis of the Tjornes fracture zone, an active transform fault in North
[celand. The purpose of this paper is to combine a detailed seismic analysis by Sigurdur
Th. Régnvaldsson and Ragnar Slunga with on-land feld studies of the {aults in the Tjdrnes
fracture zone. Our conclusion is that many of the strike—slip faults in the Grimsey fault,
as well as those associated with the Dalvik "lineament™ are northetly trending sinistral
faults rather than westerly trending dextral faults. We are working on numerical (boundary
element) models with a view of explaining the current stress field in this area.
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3.6.2.1.3 Effects of fluid pressure on fault development
Pore-fluid pressure greatly affects the probability of failure and reactivation of the faults,
both in the South Iceland seismic zone and in the Tjdrnes fracture zone. A detailed study
has been made of the mineral veins (old channels of geothermal water) on the fault planes
in the Pleistocene rocks of the South Iceland seismic zone and in the Pleistocene-Tertiary
rocks in the Tjérnes fracture zone. One of the principal questions addressed in this study is:
how rapidly do seismogenic faults in these zone heal and how do changes in fluid pressure
in one region {e.g. in association with major earthquakes or volcanic eruptions) affect slip
on faults in other regions. [ is likely thai changes in fluid pressure can be transmitted
over considerable distances and thus trigger earthquakes in areas relatively far away from
the source of the initial pressure change. Fluid pressure also affects friction on fault planes,
hence the probability of fault slip.

This research is particularly important in view of the major seothermal activity associated
with earthquake fractures in South Iceland and elsewhere. The work on earthquake fracture
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 1)

Expected end: September 1997 (month 19}
Responsible partner: NVI

Cooperative partner: UBLG . DF

This work has alredy started and is carried out in collaboration with Maurizio Bonafede and
Maria Elina Belardinelli, who use analytical methods. So lar the work has focussed on the
well-defined faults in the Holocene part of the SISZ. The work is on schedule.

3.6.2.2.1  Analyticel end numerical studies on foult populations

Fault populations develop in space and time. Both analylical and numerical studies are
important in order to be able to predict the evolution of fault populations, in particular
those in the South Iceland seismic zone and in the Tjornes fracture zone. Part of this work
uses data from other fault areas in Iceland, such as the Borgarfjordur arca where strike-slip
faults are common. This work is made in collaboration with Maurizio Bonafede and Maria
Elina Belardinelli.

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

Start: March 199G (month 1)

Expected end: September 1997 (month 19)
Responsible partner: NVI

Cooperative pariners: CNRS.TT, IMOR.DG

General models have already been made and give very interesting results, particularly on the
migration of seismicity in these zones. This work is in colluboration with Olivier Dauteuil,
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Jacques Angelier, Irangoise Bergerat, Thierry Villemin and Sigurdur Th. Régnvaldsson. This
work is on schedule.

3.6_:2.4 Task 4: Make analog models of the SISZ and the TFZ

Start: March 1996 (month 1)

Expected 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 published
recently in JGR. Dauteuil is now applying these models to the SISZ and the TFZ. This task
is on schedule.

3.6.2,5 Task 5: Detailed tectonic map of the TFZ

Start: July 1996 (month 5)

Expected end: December 1997 (mounth 22)
Responsible partner: NVI

Cooperative partners: IMOR.DG, CNRS. TT

Detailed tectonic map of TFZ. This work has already started and the main part will be
made in the summer of 1997 in collaboration with Agust Gudmundsson and Freysleinn
Sigmundsson. This work is on schedule.

3.6.2.5.1 The Tjérnes fracture zone

Part of the work on the Tjornes {racture zone is made in collaboration with Thierry Villemin,
particularly on the on-land parts of the Hisavik-Flatey fault. A detailed GPS network, set
up by the NVIin 1994, was expanded in collaboration with Villemin in 1995. One objective
of this work is to correlate the seismicity on the Hasavik—-Flatey fault with the on-land slip
of the fault, as measured by the GPS network. A paper was presented at the ninth biepnial
EUG meeting in Strasbourg on some of the results of this work.

3.6.2.6 Publications

[1) Gudmundsson, A. 1996a. Geometry, displacements and driving stresses of seismogenic
faults in Teeland. TIn: B. Thorkelsson {editor), Seismology in Europe. TPapers presented
at the XXV ESC General Assembly, September 9-14, 1996, Reykjavik, Iceland. ISBN
9979-60-235-X. Reykjavik, 193-198.

[2] Gudmundsson, A 1996YH. Stress fields controlling strike—slip faulting in Iceland. Physics
and Chemistry of the Earth, in press.

|3| Gudmundsson, A. 1996¢c. Stress field controlling sirike—slip faulting in Iceland. In: An-
nales Geophysicae. Abstracts from the XXI EGS General Asserubly, The Hague, May 6-10,
1996, Supplement [ to vol. 14.

[4] Gudmundsson, A. 1996d. Formation and development of tension fractures in a lava pile.
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Tensile fracturing in the earth’s crust. Programme with abstracts. University College, Lon-
don, Department of Geological Sciences, September 1996.

|5| Gudmundsson, A., T. Bergerat, & J. Angelier 1997. Strike-slip faults in the central pact
of the South Iceland seismic zone. In: Abstracts from the pinth hiennial EUG meeting,
March 23-27, 1947, Strasbourg.

[6] Gudmundsson, A. 1997. Origin and tectonic evolution of the South Ieeland seismic zone.
In preparation.

|7} Gudmundsson, A.1996e. Mid-ocean ridge processes in Iceland. In: Annales Geophysicae.
Abstracts from the XXT BEGS General Assembly, The Hague, May 6-10, 18996, Supplement T
to vol. 14.

|8] Régnvaldsson, S., A. Gudmundsson & R. Slunga, 1997. Seismotectonic analysis of the
Tjornes fracture zone, an active transform fault in North Ieeland. In preparation.

|9] Gudmundsson, A. 1996f. Formation and development of fractures, with application to
fluid flow in solid rocks. Lectures at the University of Bergen, October 1996.
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3.7 Subproject 7: Theoretical analysis of faulting and earth-
quake processes

Contractor:
' Maurizio Bonafede

Department of Physics
University of Bologna
Viale Berti--Pichat 8
40127 Bologna
[taly
Tel: +39-51-630-5001
Fax: +39-51-630-5058
E-mail: bonafede@ibogls.df.unibo.it

Associated contractor:
Frank Roth
Rock Mechanics and Stress Field of the Earth’s Crust
(Geomechanics and Management of Drilling Projects
GeoForschungsZentrum Potsdam
Telegrafenberg A34
D-14473 Potsdam
Germany
Tel: +49-331-288-1530
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 Antonicl

Department of Physics

University of Bologna

Viale Berti-Pichat 8

40127 Bologna

Italy

Tel: +39-51-G30-5013

Fax: +39-51-630-5058

F-mail: studenti27@ibogfs.df.unibo.it

Maria Elina Belardinelli
IN.G.

Via di Vigna Murata 605
00143 Rome

[laly
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Tel: +39-6--51860-352

Fax: +39-6-5041-181

E-mail: belardinelli@ingrm.it
Antonio Piersanti

ILN.G.

Via di Vigna Murata 605

(0143 Rome

Ttaly

Fax: 4+39-6-5041-181

E-mail: piersanti@ing750.ingrm.it
Giorgio Spada

Department of Physics
Untversity of Bologna

Viale Berti-Pichat 8

40127 Bologna

Ttaly

Tel: +39-51-630-5013

Fax: +39-51-630-5058

E-mail: giorgio@gea.df.unibo.it

Andrea Antonioli is supported with a fellowship under contract ENV4-CT96-0252. Start
date: October 1, 1996. He is working 100% of his time on the project.

Maria Elina Belardinelli is working 30% of her time in the project since March 1, 1996.
Maurizio Bonafede is working 20% of his time on the project since March 1, 1996.

Antonio Piersanti is working 30% of his time in the project since March 1, 1996.

Giorgio Spada is working 30% of his time in the project since March 1, 1996.

3.7.1.1 Task 1: Inferences on the regional stress field from the study of sec-
ondary earthquake fractures

Start: March 1996 (month 1)
End: November 1996 (month 9)
Responsible partner: UBLG.DFEF
Cooperative partner: NVI

Maurizio Bonafede, Maria Elina Belardinelli and Agiist Gudmundsson

The appearance of tension gashes at the earth surface, following an earthquake, can provide
constraints on the regional stress field which produced the earthquake. Such fissures can be
often observed when the seismic fault does not reach the surface and are called secondary
earthquake fractures. This study is applied fo the South ITceland seismic zone, located be-
tween the Reykjanes Ridge and the eastern volcanic zone, in South Iceland. This zone is
characterized by N and NE trending arrays of en-enchelon tension fractures which are the
most promineant surfuce features. The arrays are globally oriented in the direction of dextral
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Fault slip N

FFigure 14:

strike—slip faults, buried under Holocene lava flows, bul the orientations () of individual
fissures generally deviate 10°-20° from the strike direction (Figure 14).

In order to understand the relationships between fissure arrays and the stress field produc-
ing them, the earthquake—induced stress field is computed by means of a dislocation model
in & layered half-space and is superposed onto a regional stress field with principal axes o)
and oy (Figure 15a).

The angle between the seismic fault and individual fissures cannot be less than 22.5°, if
the latter open as pure tensile cracks, whatever the orieniation (8) of the regional stress field
{Figure 15b). TFissure angles less than 22.5° can be explained if the fissures break at depth
as shear cracks, with strike direction o dictated by the Coulomb-Navier criterion (Figure
15¢c), and open in mixed tensile mede from the surface down to a few tens of meters, where
the tensile stress produced by the earthquake overcomes the lithostatic pressure (Figure 16).
Accordingly, the presence of open fissures striking a few degrees away from the direciion
inferred for the fault strike can be employed to draw inferences on the frictional regime
prevailing in the britile seismogenic layer and on the orientation and intensity of the regional
stress field.

Compared to anticipated milestones in work program, the previous report is a coniribu-
tion to Task 1. A more detailed description of the stress induced by strike—slip earthquakes
in the near-field has been obtained employving crack models in which the stress drop on the
fault is assigoed instead of the slip vector. The inclusion of variable stress drop, compatible
with frictional laws, surface layering and tectonic loading will be obtained 1n the next few
months.

Preliminary results were presented at the Reykjavik meeting, further advancements have
been presented at the GNGTS meeting in Rome, and at the ninth biennial EUG meeting in
Strasbourg in March 1997. A paper is in preparation.
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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)
Expected end: February 1997 (month 12)
Responsible partuner: UBLG.DI

Maurizio 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 (Piersanti et al.
1997). This model, which allows to compute coseismic and postseismic displacements asso-
ciated to lithosperic earthquakes, is now employed to predict horizontal and vertical rates
of deformations in Iceland. The results are compared with geodetic data in order to better
constrain the rheological structure of the upper maotle beneath Tceland. Although motions
associated with rift dynamics and postglacial adjustment are expected to contribute in a
dominant way fo present-day velocifies in this area, new insights are expected from the
application of our postseismic rebound model to Iceland. The solutions and algorithms
developed under Task 2 are meant as working tools for finalizing Tasks 3 and 5.
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[1] Piersanti, A. G. Spada & R. Sabadini 1997. Global postseismic rebound of a viscoelastic
earth: theory for finite faulls and application to the 1964 Alaska carthquake. J. Geophys.
Res. 102, 477-492.

3.7.1.3 Task 3: Comparison between global earth models, including spherieity
and self-gravitation, and plane models

Start: March 1996 {month 1)
End: February 1997 {month 12)
Responsible partner: UBLG.DT

Andrea Antonioli, Maurizio Bonafede, Antonio Piersanii and Giorgio Spada

We have compared two different approaches to the study of posi-seismic deformations. In
the first one, we have considered a flat earth model forced by e vertical strike—slip fault
embedded in an clastic lithosphere (Nur and Mavko 1974). In ihe second one, we have
solved the same problem in spherical geometry, taking advantage of the results by Plersanti
et al. (1997) (see 3.7.1.2). In bath cases, we have computed the coseismic displacements
and the delayed post- seismic displacements associated with the viscoelastic relaxation of a
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Figure 17

uniform mantle.

In Figure 17 we compare coseismic (left) and postseismic (right) horizontal displacements
computed according {0 the spherical model (dashed lines) with those predicted on the basis
of the flat one (solid lines). The two top panels refer to moderate source-observer distances
(i.e., 0<<d<120 km), whereas the far-field responses are portrayed in the bottom panels,
with 120<d<4000 km. In this case study we have employed a vertical strike—slip fault
source of width W=50 kim, which breaks the lithosphere-mantle boundary, located at a
depth of 100 km. As expected, there is a close agreement between the two models in the
coseismic regime for moderate source-observer distances (0<d<120 km, top left panel). In
the postseismic regime (top, right) the spherical model predicts a displacement which sensibly
differs from the one obtained by means of a flat model. Differences between spherical and
flat models are particularly large in the far field (bottom panels).

An analysis similar to that performed in Figure 17 has also been carried out on the stress
fields induced by a strike-slip earthquake. Significant corrections to both the time-evolution
and the spatial pattern of the stress field have been found even at distances from the ridge
much less than the radius of the earth. We have observed that siresses due Lo lithospheric
earthquakes in a spherical earth decay slowly with increasing distance from the fault, in
contrast with predictions based on flat models. We have also computed the time-evolution
of the stress field for earth models including a realistic viscosity profile. We have found that
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mantie relaxation acts to increase the amount of stress in the lithosphere associaled to a large
carthquake. The spatio-temporal pattern of postseismic stress diffusion has been found to
he strongly direction-dependent. The relaxation time which characterizes stress diffusion at
largé distances from the epicenter is mainly governed by the rheology of the asthenosphere.
The results of this study have been presented at the 1996 GNGTS meeting in Rome.
They are contained in the dissertation by A. Antonioli 1995: Delormazione post—sismica
globale: confronto fra modelli piani e sferici ed analisi del campo si sforzi gencrato da grandi
evenli sismici, Thesis, University of Bologna, 82 p. Further results on the stress field werc
presented al the ninth biennial EUG meeting in Strashourg (Auntonioli, A., A. Piersanti,
(. Spada & M. Bonafede 1997: Time-dependent stress field associated with riflt dynamics,
abstract). A paper eatitled “Post-seismic deformations: a comparison between spherical and
flat earth models and stress diffusion following large earthquakes” has been submitted to
Geophysical Journal International.
References:
[1] Nur, A. & G. Mavko 1974. Postseismic viscoelastic rebound. Science 183, 204-206.

3.7.1.4 Task 4: Modelling of a spreading ridge

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

Andrea Antonioli, Maurizio Bonafede, Antonio Piersanti and Giorgio Spada

By means of a viscoelastic model we have computed the deformations associated with the
dynamics of a spreading ridge in a spherical, rheologically stratified earth. The purpose is
to apply this model to a study of the tectonics of the Iceland Ridge. The method of solution
is based on a quasi—analytical spectral approach to the general equations which govern the
deformations of a spherical earth due to seismic sources.

Figures 18 and 19 illustrate the results obtained by means of the technique outlined
shove. In this case study, we have employed a simple earth model which includes a 100 km
thick elastic lithosphere, a uniform mantle with Maxwell rheology, and a fluid inviscid core.
The source of deformation consists of a 200 km long tensile fault huried at a depth of 50
km. The response of the earth to this finite fault has been retrieved by summation of the
effects of n=>51 point sources, cach characterized by a Burger’s vector b=15 m and by an
Heaviside time-history. The more realistic case of a slowly opening tensile fault can be dealt
in & simple way. Figure 18 portrays the coseismic surface displacement u (in ¢m) observed
at a given cistance from the fault along different azimuths @ (namely, 0°, 45° and 90° from
top to bottom). The surface displacement is decomposed along the spherical unit vectors r,
6, and ¢ (dash—dotted, solid, and dotted curves, respectively).

To appreciate the effects of mantle relaxation upon surface observables, we show in Figure
19 the long-ierm response of the earth to the same excitation source considered in Figure
18. The time-scales governing the transition from coseismic to postseismic displacements
depends essentially from the viscosity stratification of the mantle. For an upper mantle char-
acterized by a relatively low viscosity (such as the mantle beneath Iceland) these time-scales
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Figure 18:

arpount to a few years (Piersanti et al. 1997, see 3.7.1.2). A comparison between [Figures 18
and 19 indicates that relatively large amounts of relaxation may affect al! of the components
of the displacement ficld. In particular, we observe amplifications of a factor of 2 for the
f and r components of displacements along a=90° (bottom panels). Another interesting
feature of Figure 19 is the large spatial scale of the region experiencing horizontal motions
in the postseismic regime.

We have developed the capability to model a spreading ridge in a stratified earth with
Maxwell rheology. Our approach allows for a realistic description of the time-dependent sur-
face deformation associated with the opening of a 1ift according to an arbitrary time-history.
A particular attention is being devoted to the study of the stress field due to the rift dy-
namics and on its polential impact on earthquake triggering at any distance from the ridge
axis. Comparisons with available analytical solutions valid for a bomogeneous half-spacc
model have allowed to appreciate the effects of mantle layering on the induced displacement
field. In particular, we have found that the subsidence observed along the ridge axis during
episodes of magma upwelling can be accounted for.

Preliminary resuits on this topic have been presented at the 1996 GNGTS meeting in
Rome, final results were presented at the ninth beinnial EUG meeting in Strasbourg (An-
tonioli, A., A. Plersanti, (. Spada, and M. Bonafede 1997: Time-dependent stress field
associated with rift dynamics, abstract). A paper is in preparation.
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Figure 19:

3.7.1.5 Task 5: Modelling of accelerated plate tectonics on a ridge following a
major earthquake in a transform shear zone: inferences on the rheolog-
ical structure below Iceland

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

Andrea Antonioli, Maurizio Bonafede, Antonio Piersanti and Giorgio Spada

The episodic uprise of magma along the Iceland rift is expected o induce time-dependent
stress accumulation in the surrounding regions, which may be associated to seismic activity
along transform faults. In turn, seismic activity may affect significantly the evolution of
Mid-Atlantic Ridge. In order to model these complex interacting processes, we will employ
the earth model described above (Tasks 2 and 4), which allows to compute the deformation
and stress fields associated with major earthquakes and the time—dependent opening of the
[celand rift. As planned, Task 5 can not be finalized within the project, though preliminary
results will be obtained.

66



Chapter 3: Summary of scientific achievemenls by subprojects and tasks

3.7.1.6 Meetings and conferences

XXI EGS General Assembly, The Hague, The Netherlands, May 6-10. 1996.

XXV ESC General Assembly, Revkjavik, Iceland, September 9-14. 1996,

Institut de Physique du Giobe, Paris, September 30, 1996 {meeting of Maurizio Bonafede,
Agust Gudmundsson, Jacques Angelier and Trangoise Bergerat).

3.7.1.7 Publications

[1] Piersanti, A, G. Spada & R. Sabadini 1997. Global postseismic rebound of a viscoelastic
carth: theory for finite faults and application to the 1964 Alaska earthquake. J. Geophys.
Res. 102, 477-492,

|2} Belardinalli, M.E. & M. Bonafede 1997. Near-field stress cvolution after a strike—slip
earthquake in a layered viscoelastic halfspace. Phys. and Chem. of the Earth, in press.

[3| Antonioli, A., A. Piersanti & G. Spada 1997. Post-seismic deformations: a comparison
between sphberical and flat carth models and stress diffusion following large earthguakes.
Geophys. J. Ini., submitted.

[4| Bonafede, M. & S. Danesi 1997. Near-field modifications of stress induced by dyke injec-
tion at shallow depth. Geephys. J. Tnt., submitted.

|5] Belardinelli M.E. & M. Bonafede 1996a. Near-field stress evolution after a strike—slip
earthquake in a layered viscoelastic half space. In: Abstracts from the XXI[ EGS General
Assembly, The Hague, May 6-10, 1996.

|6] Bonafede, M., S. Danesi & M. Olivieri 1996. Modelling surface topography of rift zones
in terms of crack theory. In: Abstracts from the XXI EGS General Assembly, The Hague,
May 6-10, 1996.

|7] Belardinelli M.E. & M. Bonafede 1996b. Stress fields aund tensile fractures in a transform
domain. Tn: Abstracts from the XXV ESC General Assembly, September 9-14, 1996, Reyk-
javik, Iceland. Icelandic Meteorological Office, Ministry for the Environment, University of
Icetand.

|8] Bonafede, M. & S. Danesi 1996. Campo di sforzi ¢ meccanismi di fagliazione indotti dalla
intrusione di un dicco in prossimita’ della superficie. In: Abstracts from the 15th GNGTS
Annual NMeeting, Rome, November 11-13, 1996.

9] Belardinelli, M.E., M. Bonafede & A. Gudmundsson 1996. Orientamento delle fessure su-
perficiali create da un terremoto trascorrente. In: Abstracts from the 15th GNGTS Annual
Meeting, Rome, November 11-13, 1996.

|10] Antonioli, A., A. Piersanti, G. Spada & R. Sabadini 1996. Studio su scala globale del
campo di sforzi prodotto dai grandi terremoti. In: Abstracts from the 15th GNGTS Annual
Mecting, Rome, November 11-13, 1996.

[11] Piersanti, A., A. Antonioli, M. Cocco & C. Nostro 1996. Global post-seismic deforma-
tion: stvess field changes. In: Abstracts from ihe AGU 1996 fall meeting, San Francisco,
December 15-19, 1996,

|12] Antonioli, A., A. Piersanti, G. Spada & M. Bonafede 1997. Tune-dependent stress field
associated with rift dynamics. In: Abstracts from the ninth biennial EUG meeting, March
23-27, 1997, Strasbourg.

|13] Belardinelli, M.E., M. Bonafede & A. Gudmundsson 1997. Orientation of secondary
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earthquake fractures. Tn: Abstracts from the ninth biennial EUG meeting, March 23-27,
1997, Strashourg.

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

In the framework of the EC project “Earthquake Prediction Research in a Natural Labo-
ratory”, a model study was begun to obtain forward mocels of the stress feld and siress
changes in the South Ieceland seismic zone.
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 (o earthquakes and aselsmic movement in
the fault system of the South Iceland seismic zone.
e the formation and growth of faults and their interaction.
o the mutual influence between volecanic and earthquake acuivity, e.g. magmatic up-
welling 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 motions on the main faults

Start: March 1996 (month 1)

Expected end: October 1997 (month 20)
Responsible partner: GFS.DR.DBL
Cooperative partner: IMOR.DG

See Task 2.

3.7.2.2 Task 2: Comparison with the seismic moment release

Start: March 1996 {month 1)

Expected end: October 1997 (month 20)
Responsible partner: GFS.DR.DBL
Cooperative partner: IMOR.DG

As a first step in carrying out Task 1 and Task 2, the existing software was checked and
transferred into the wew Fortran-90 standard. Then the programs were tuned for faster
performance and extended to allow calculution 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 influence of several layers, ie.
their elastic constants and thickness, on surface deformation. Doing so, special atteation
was paid to the cffects of the physical properties of the source layer on amplification or
diminishing displacement at the surface. Results were reported at the 1996 XXI EGS and
XXV ESC General Assemblies.

Data are gathered on strong (historical) earthquakes on Iceland and its surroundings.
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3.7.2.3 Task 3: Stress build-up by these motions and stress release by the major
earthquakes

Start: March 1996 (month 1)
Expected end: October 1997 (month 20)
Respousible partner: GFZ.DR.DBC

At the moment, two models are prepared: {1) a scheme comprising the main ridge parts on
[celand and the North Atlantic Ridge to the North and to the South of the island and (2} a
model of the South Iceland seismic zone and the adjacent part of the castern valcanic zone,
including both faults and the load due to Katla and Hekla volcanoes. Due to the fact, that
tio co-worker could be hired up to now, work is behind schedule. This will change with a new
geophysicist who began work in January in subproject 4. Thus, the associated contractor -
the only one working in this subproject - will have more time to concentrate on this work.

3.7.2.4 Task 4: TForward modelling of the rheological parameters of the litho-
sphere/asthenosphere in southern Iceland using data of postseismic de-
formations

Expected start: May 1997 (month 15)
Expecled end: January 1998 (month 23)

3.7.2.5 Publications

[1] Roth, F. 1996a. Surface deformation due to a source below several soft sedimentary layers.
[n: Annales Geophysicee. Abstracts from the XXI EGS General Assembly, The Hague, May
6-10, 1996, Supplement 1 to vol. 14.

|2] Roth, F. 1996b. Deformation pattern of displacement source below several layers. In:
Abstracts from the XXV ESC General Assembly, September 9-14, 1996, Reykjavik, Tceland.
Teelandic Meteorological Office, Ministry for the Environment, University of Iceland.

3.7.2.6 Meetings and conferences

Meetings between Maurizio Bonafede and co-workers with rank Roth took place in May in
The Hague and in September in Reykjavik.

3.7.2.7 Methods

The database for the modelling are the seismicity, deformation, strain and stress data existing
already and being gathered in future in the measuring efforts of the proposers to this research
project. A long historical record of earthguakes larger than 6 is available for events since
1700 and instrumental data are available from 1926 on. Starting 1990, data from the SIL
seismic network complete down to magnitude 0 within the test site can be usced. Furthermore,
the model calculations will make use of data on crustal deformation, especially on distance
changes measured by geodimeters and GPS techniques. Moreover strain changes are recorded
by volumetric borehole strainmeters. In general, it is based on the current state of knowledge
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of seismotectonics of Iceland and the interpretations of crustal strain and movements in the
region.

The objectives of these investigations are:

o A better understanding of the distribution of seismicily in space and time, its clustering
and migration in Iceland.

e Toseek a detailed explanation for the relation between the left-lateral strike divection of
the South Iceland seismic zone and the fact that after historical earthguakes new cracks
were often created following the complementary N-S right-lateral strike direction.

s To make a contribution to the intermediate—term earthquake prediction in this popu-
lated and economically important region of Ieeland.

o To provide models for the joint interpretation of the data gathered in the common
research programme proposed heve.

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

On a wider scope, more insight in the relation of seismic and volcanic aclivity is envisaged
as well as into the possibilities of earthquake prediction. The situation on Teeland is very
favourable for both, as there are volcanoes and longer faults. Concerning scale, the Sl area
fills a gap between small experiments in the laboratory and investigations in mines on one
hand and the research on large areas as the North Anatolian fault or the San Andreas faull,
on the other. Thus, the transfer of results from one scale to another might get easier.

The forward modelling of stress fields will be done by applying static dislocation theory
to geodetic data and data obtained through seismic momeants from seismograms. It allows
io calculate displacements, strain and stresses due to double—couple and exiensicnal sources
in layered elastic and inelaslic earth structures. Besides the change in displacement during
the event, the changes caused by the movement of plates can be included.

3.7.2.8 Modelling tools

The associated contractor provides computer programs to calculate:
¢ Displacement, strain and stress in a homogeneous (in-)elastic half-space due o point
sources and extended sources of double—couple type, of explosion and crack opening
type.
s Surface and subsurface displacement, strain and stress due to a point source of variable
type in a layered half-space, including one inelastic layer.
s The superposition of stress {ields from fault segments with oflset and/or different strike
direction.
e Displacement and stress due to loads of various shapes on a spherical shell.
With the experience and tools given, the goals set above can be achieved.
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