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1 INTRODUCTION

The Icelandic microearthquake network has produced more than 150000 microearthquake
source mechanisms for microearthquakes larger than M;,=—0.5 since 1991. During June
2000 two major earthquakes occurred within the South Iceland lowland (SIL) with Mg >
6, the first on June 17 had Ms=6.6. In addition a Mg=5.8 earthquake occurred in June
1998 within the triple junction area west of SIL. This constitutes a valuable database for
research on the processes leading to major earthquakes.

From studies in other areas on crustal strike-slip earthquakes it has been found that
foreshock activity can often be seen from 5-30 days before the main shock and that this
foreshock activity is highest the last 24 hours before the main shock. The foreshock
activity is typically within a few kilometers of the mainshock epicenter.

Those studies also have indicated that all earthquakes do not have M;, > 2 foreshocks.
Instead there are several reports that seismic silence has preceded the earthquake.

In addition there are also several reports that the Gutenberg b—value decreases a few
months prior to large earthquakes in the area and also that there are indications of a
power law increase in seismic activity before large earthquakes.

All these reported observations indicate that the large earthquakes are not coming as
complete surprises, the processes leading to a large earthquake may reveal itself by af-
fecting different aspects of the microearthquake activity.

The rate— and state—dependent model of friction on crustal fractures is a new paradigm in
earthquake source theories. One of the interesting aspects is that there exists a minimum
fault radius for any given earthquake generating fracture and load system. Boatwright
and Cocco (1996) pointed out that different parts of the fractures with different mini-
mum fault radius for the earthquakes may be active at different stages of the accelerating
process leading to a large earthquake.

Based on these results a number of earthquake warning parameters earthquake warning
algorithm has been defined and was tested retrospectively on the SW—Iceland. A paper
will be submitted for publication. The following presentation and discussion is based on
that paper.

2 THE SOUTH ICELAND SEISMIC ZONE (SISZ)

The South Iceland seismic zone (SISZ) connects two parts of the mid—Atlantic spreading
ridges. All large earthquakes so far studied have been on N-S fractures. This was used
in defining the geometry of the areas used in computing statistical parameters based on
the microearthquake observations.

3 PARAMETER 1 — THE SLIP-WEIGHTED SEISMICITY CON-
CENTRATION (SWSC)

The estimate of seismicity rate (number of events within a given time and space) can
only increase at times of new microearthquakes and the increase will in general be largest
close to the new microearthquake. Thus a simplification which is reasonable is to com-
pute the seismicity rate only at times and places of the microearthquakes.

The seismicity concentration was defined as the number of microearthquakes (no mag-
nitude restriction and each weighted with the inverse of the distance from the new mi-



croearthquake) within a time period of 21 days (3 weeks) before the new microearthquake
and within a radius of 6 km around its position.

Now, as pointed out above there are several reports of foreshocks and foreshock activity
peaking the last 24 hours before the main event. This is the reason for defining the slip—
weighted seismicity concentration (SWSC), by multiplying the seismicity concentration
by the square root of the slip size of the new microearthquake. The slip size is measured
in millimeters. The reason for taking the square root is to reduce the influence of very
large slip sizes.

One can note that the idea of relying on the slip U of the last event is in agreement with
the view that the major earthquakes are preceded by a phase of accelerating crustal de-
formations which then is likely to generate microearthquakes with increasing slip sizes.

Note that it also reduces the possibilities for a typical small mainshock (M < 2-3.5)
followed by aftershocks to cause high SWSC values as the largest slip sizes normally are
in the beginning of such processes.

4 PARAMETER 2 - THE MODIFIED MEDIAN OF THE FAULT RA-
DIUS

As mentioned above the microearthquake fault radius may be a key parameter in monitor-
ing the crustal deformation (fault movements). The author defined the modified median
of the fault radius in the following way: For all microearthquakes within a specified area
and a specified time interval the 25%, 50%, and 75% values of the fault radius distribu-
tion were summed and divided by 3. This estimate of the modified median was again
only estimated for times and places of each microearthquake. A time period of 21 days
was again used but the areas were chosen as N-S strips with a width of +/-3 km (lon-
gitude from the microearthquake) and extending from 63.9°N to 64.1°N (22 km). If the
number of events exceeded 80 the time interval was shortened so only the 80 events just
before the microearthquake was included when computing the modified median.

The fault radius has statistically a positive correlation to magnitude. Thus an increase in
fault radius median is often related to an increase in magnitude median, that means to a
lowering of the b—value. However, this is not always so and as the fault radius is more
directly related to recent models of fault friction and its consequences we preferred to
use the fault radius instead of b—value in this study.

5 PARAMETER 3 - THE "SANDWICH" SEISMICITY RATIO (Q)

The "sandwich" parameter expresses an effort to combine foreshock activity on a fault
with the silence around it due to stress reduction during the phase of accelerated slip
on the fault. We used the same N-S strips as above and computed at time and place
of each microearthquake the number of microearthquakes within 21 days (before the
microearthquake) and within such a strip. In addition we also computed the number of
events outside this strip but within 10 km west or east of the central line of the strip.
Thus the three parts make a "sandwich” pattern. Our "sandwich" seismicity ratio is then
the ratio of the number of events within the central strip divided by the number of events
within the whole extended strip. Note that the area outside the central strip is 2+7/6 =
2.3 times larger than the area of the central strip. If all events during the time interval are



within the central strip our ratio Q will equal 1.

6 THE LARGER EARTHQUAKES (M, > 4.9)

The following larger events have occurred within the SISZ during the 9 year period we
have studied, i.e. from July 1, 1991, to October 25, 2000.

Event M;, Mg Area
1997: August 24 495 — Hengill
1998: June 04 530 5.8 Hengill
1998: November 13  5.05 —  Hengill
1998: November 14 4.92 —  Hengill
2000: June 17 59 6.6 SIL
2000: June 21 57 64 SIL

7 EXAMPLES OF THE BEHAVIOUR OF OUR THREE PARAME-
TERS

The modified median of the fault radius, FRMM, was early found to be a good precursor
to the Hengill earthquakes. This is shown in Figures 1-5.

Figure 6 shows that this is not so before the largest of our earthquakes, the June 17, 2000,
event within the SIL area. However, Figures 6 and 7 show that there is a peak in FRMM
about 4 months before the two SIL earthquakes. Note that also before the largest Hengill
earthquake (Figure 1), there is a peak about 3—4 months before the event. Note also that
although the FRMM shows rather similar overall pattern the peaks 4 months ahead of
each of the three major earthquakes are rather dominating. Thus the FRMM highs seem
to be an intermediate precursor. Note that this is similar to the b—value lows in several
published studies.

From a statistical point of view the short—term behaviour of the FRMM in the Hengill
area before the three largest events is more convincing. The short—term behaviour gives,
however, support to the indicated intermediate—term prognostic value of the FRMM as it
obviously is linked to the earthquake generating processes as predicted by theory.

The third parameter is the "sandwich" seismicity ratio, Q. This is defined as the ratio
of the seismicity rate within a central strip and the sum of the seismicity rates within
the surrounding strips. This is illustrated in Figure 8 before the large SIL earthquake on
June 17. As can be seen there is both an increased activity within the central strip and a
silence in the surroundings.

Finally Figures 9—11 show the behaviour of SWSC before the three largest Hengill earth-
quakes. All these are preceded by an increased seismic activity in their epicentral areas
and with high SWSC values the last day before the earthquakes.

8 EARTHQUAKE WARNING ALGORITHM (EQWA) AND FALSE
ALARM RATES

Based on the previous examples two different EQWA were designed and tested, one for
the Hengill area and one for the SIL area. The following requirements were used:



e The FRMM value must exceed 150 m within a distance of 6 km and within a time
period of one day (Hengill) or 130 days (SIL area) before the time of the warning.

e The SWSC value must exceed 50.0 within a distance of 6 km and within one day
of the warning (Hengill).

o The "sandwich" ratio Q must exceed 0.65 within 6 km and within one day of the
warning, in addition the number of events in the central strip must exceed 12 (a
time window of 21 days) (SIL area).

Thus both in Hengill and SIL the FRMM is used, butin SIL area only as an intermediate—
term precursor while in Hengill it is used as a short—term precursor. One must remember
that the seismicity rate is almost two size orders higher in the Hengill area than in the
SIL area. More information can be collected within a short—time interval.

The requirements above have been chosen so that all the earthquakes with My, > 4.9 will
be preceded by correct warnings. A warning is defined to be correct if it is followed by
such an earthquake within 6 km and within 24 hours.

Figure 12 shows all warnings for the nine years 1991-2000. The 5 largest earthquakes
are also shown. A large number of the warnings especially within the SIL area are
caused by the high aftershock activity. This is natural as the "sandwich" Q—value is used
there. What is more interesting (and shown in the Figures 13—17) is that also most of the
warnings before the earthquakes are at places of future earthquakes. This is in agreement
with other precursor studies in other parts of the world.

9 CONCLUSIONS

The following conclusions are made:

e The foreshock and microearthquake activity before large earthquakes within SW—
Iceland do show variations in agreement with reports from other parts in the world.

e The foreshock activity can be used to indicate place and time of 500 times in-
creased earthquake probability.

e Most false alarms are at "correct” places but are just coming too early (days,
months, years).

e The results are in agreement with other studies of crustal strike—slip earthquakes
both in precursor times, in distances involved, in foreshock magnitudes and fre-
quencies, and in locations of false alarms.

e The monitoring of small microearthquakes (down to negative magnitudes) is es-
sential in this study, the 20-30 microearthquakes giving the "sandwich" Q-value
before the largest earthquake are mostly in the magnitude range 0.2 to 0.4 (Mp,).

e The modified median of the fault radii (FRMM) shows a number of remarkable
features and seems to be highly connected to the geodynamical processes (also
over great distances).



10 DISCUSSION

The purpose of this study was to investigate the value of foreshocks for an EQWA within
SW-Iceland. The basic idea behind the Icelandic seismometer network is to make full
use of all detected microearthquakes. Due to low urban noise and lack of thick sed-
iments a resonably dense network (spacing of 20 km in SW-Iceland) can detect and
analyze microearthquakes down to negative magnitudes. This means that this foreshock
activity study has better possibilities than studies where only fairly strong foreshocks
(magnitudes larger than 1 or often 2) are included.

As mentioned the increase in the probability to have an earthquake during an alarm is of
the order of a factor 500 compared to randomness. It is obvious that with knowledge of
such a high increase it would be irresponsible not to inform those possibly affected.

As most of the false alarms tend to be at the "right" places it is likely that the false alarms
also will increase the earthquake security in the area (less number of heavy items placed
high and not fixed, etc.) as probably many persons taking precautions will not undo them
after the 24 hours of warning.

This study is retrospective and does not show that the future earthquakes will be similar
to those studied here. A very interesting result of this study is that everything we have
observed is in excellent agreement with previous observations of other crustal strike~slip
earthquakes at other places in the world. The times involved, the distances involved, and
the earthquake sizes (main shocks and foreshocks) involved. This indicates that even
if we cannot be sure it is likely that most of the future earthquakes in SW-Iceland will
behave similar to those studied here.

As the precursor time is typically only a few hours it is necessary to rely on automatic
microearthquake analysis for the short—term warnings.

Finally one should point out that the false alarm rate within SIL increased after the first
large earthquake. In general one would expect that it may be more problematic to make
warnings after a large earthquake as the seismicity is so much changed by the first large
earthquake. Thus one probably has to make the algorithm adaptive to the changes in
the seismicity. One way is to relate the thresholds adaptively to the rate of false alarms,
another way may be to only point out the most likely place(s) if a new big earthquake
would occur.

The EQWA presented here just shows an a posteriori study which actually includes
parameters found to work for the earthquakes included. It shows, however, that there
are several precursory phenomena (FRMM highs and increases, Q highs, SWSC highs)
that can and probably should be included in more complete EQWA (earthquake warning
algorithms).
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Figure 1. The figure shows the FRMM in meters computed for times and places within' a N—

S strip between 63.9°N and 64.1°N and with a width of 6 km centered at longitude
21.29°W. At the bottom the earthquakes with My, > 3 and within the strip are shown.
One can see a very non—random behaviour of the fault radius. The general level
is rather constant from July 1, 1991, up to October 1996 (the marks in the upper
part shows months and years) when it starts to rise and stays at a high level. It is
interesting that this coincides well with the huge eruption in the Vatnajokull volcano.
This indicates that this eruption is associated with stress change also in the Hengill
area far away from the volcano. This supports the theoretically based assumption that
the fault radius will reflect changes in the geodynamic loading. One can note that the
two highest values are close coinciding with the times of the two largest earthquakes
of the Hengill area. One can also note that a large double peak (exceeding 170 m)
occurs 3—4 months before the largest earthquake.
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Figure 2. This figure shows a part of Figure 1, the marks at the top show now days. Note the
increase of FRMM during the last day prior to the major June 4, 1998, earthquake,
the largest event mark at the bottom.
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Figure 3. This figure shows another part of Figure 1, now around the next largest earthquake
within the Hengill area (the largest earthquake mark at the bottom). The time marks
at the top show days and months. In this case the FRMM increases to a high value a
few days before the earthquake and remains so until the main event. In Figure 1 one
can see that after this earthquake the level drops dramatically to a very low level.
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Figure 4. This figure shows another part of Figure 1, now around the third largest earthquake
within the Hengill area (the largest mark at the bottom). The time marks show now
days. Again the increase of the FRMM starts during the last day prior to the earth-
quake and stays at a value over 150 m for a few days.
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Figure 5. This figure is similar to Figure 1 but now the strip is within the SIL area and centered
around the longitude of the large June 17, 2000, earthquake. This event is shown by
the largest event mark at the bottom. Now we see no large increase of the FRMM prior
or coincident with this earthquake indicating a quite different behaviour compared to
the Hengill area. Note, however, that the largest values (exceeding 150 m) occur about
4 months prior this earthquake. Note also that the Vatnajokull eruption is not evident
by the FRMM values. Note, however, that several of the features of the Hengill area
(Figure 1) are also evident within this area in SIL.
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Figure 6. This figure is similar to Figure 5 but now the strip is centered around the second large
earthquake (June 21, 2000) within the SIL area. The earthquake is marked by the
largest mark at the bottom. This time there is an increase of the FRMM the last days
before the earthquake but not to a very high level. Again we see the largest value about
4 months before the earthquake. In this figure the events at the bottom are all within
the strip. Note the sharp increase coinciding with the magnitude 4.5 earthquake.
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Figure 7. This figure illustrates the "sandwich" seismicity before the June 17, 2000, large SIL
earthquake. The time marks at the top show days and months. The thick black line
increasing about a week before the earthquake (the largest mark at the bottom) is the
seismicity within the central strip. The thick gray line decreasing before the earth-
quake is the seismicity within the surrounding strips. The thin black line is the ratio,
Q, of the two previous parameters. The thin line shows Q=0.75. The time window
used in computing these seismicity rates is 21 days. Thus the figure shows that the
silence in the surroundings is lasting for about one month. The increase within the
central strip is largest about a week before the event.
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Figure 8. This figure shows the behaviour of the Q prior to the June 17, 2000, earthquake com-
puted for microearthquakes close to the epicenter. Note that there are only a few
periods of high values.
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Figure 9. The figure shows the behaviour of the slipweighted seismicity concentration before the
largest Hengill earthquake. The time marks are days and the largest earthquake mark
at the bottom is the June 4, 1998, earthquake. Note the extreme foreshock activity
before this earthquake.




QUAKE-LOOK IlI

SWSC

I I [ I I T I I [ I I
6 km

Main event: 981113 5.05 ( 202.) 63.95 -21.35
981103 -981118

Ll

Figure 10. The same as Figure 9 but before the next largest earthquake within the Hengill area,

November 13, 1998.
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Figure 11. As previous two figures but for the third largest Hengill earthquake, August 24, 1997.
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Figure 12. The figure shows the warnings achieved by the EQWA as described in the text. The
horizontal line marks latitude 64°N and the vertical lines mark longitudes 22°W,
21°W, and 20°W. The distance between the longitudes is about 49 km. The warnings
are marked by pentagons. The warnings are scaled according to the time, all are
within the time period and they increase in size with time. The circles mark the 5
largest earthquakes. The border line between Hengill and SIL goes through 64°N
and 21°W with an azimuth of N45°E. The area of the map east of this line is the SIL
area where the two largest earthquakes took place. It is obvious that most of the
alarms are at correct places but at wrong times which is illustrated by the following

figures.
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910701 0000 - 970824 0308

Figure 13. The figure shows the 6 years before the earthquake on August 24, 1997. The warn-
ings are shown as pentagons or hexagons (if they are less than 24 hours before the
earthquake). We see that we have a number of too early warnings at correct or al-
most correct place plus a few warnings within SIL at the site of the future June 21,
2000, earthquake.
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Figure 14. The figure shows the warnings for the period after the August 24, 1997, event until
the largest earthquake within the Hengill area, the June 4, 1998, earthquake. The
warnings are scaled according to time, the very small marks are just in the beginning
of the interval and are caused by the aftershocks of the previous earthquake. All
warnings within this time interval are close to the coming earthquake.
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Figure 15. This figure shows the warnings after the June 4, 1998, earthquake until the November
13, 1998, earthquake. Again the very small marks pertain to the very beginning of
the time interval and are along the fault of the large earthquake. One of the two late
warnings is close to the previous epicenter while the correctly timed warning also is

at correct place.
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Figure 16. This figure shows the warnings before the largest earthquake, June 17, 2000. Note
that this time most of the warnings are within the SIL area. Of the three warnings in
the SIL area which are at wrong place one is at the fault of the June 17, 2000, event.
All the late warnings are at correct place.
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Figure 17. The figure shows the short interval between the two large SIL earthquakes. This pe-
riod had a very high activity, note however that all warnings at the correct place also
are within 24 hours of the coming earthquake (and therefore marked as hexagons).
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Figure 18. This figure shows the time period after the last large SIL earthquake. Note again
that there is no warning outside the SIL area and all warnings within SIL are along
the faults of the two large earthquakes. The reason that the warnings stop already in

July is due to lacking high FRMM values.
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