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Thóra Árnadóttir,1 Sigurjón Jónsson,2 Rikke Pedersen,1 and Gunnar B. Gudmundsson3

Received 22 October 2002; revised 23 December 2002; accepted 3 February 2003; published 5 March 2003.

[1] The South Iceland Seismic Zone experienced the
largest earthquakes for 88 years in June 2000, with a MS =
6.6 event on June 17, followed by another MS = 6.6
earthquake on June 21. These events occurred on two
parallel N-S striking, right-lateral strike slip faults, separated
by about 17 km. We calculate the static Coulomb stress
change for the June 17 and 21 earthquakes using a
distributed slip model derived from joint inversion of
InSAR and GPS data. We find that the static stress change
caused by the June 17 event is about 0.1 MPa at the location
of the June 21 hypocenter, promoting failure on the second
fault. Locations of aftershocks agree well with areas of
increased Coulomb failure stress. Our calculations indicate
that positive stress changes due to the two earthquakes make
the area west of the June 21 rupture the most likely site of the
next large earthquake in South Iceland. INDEX TERMS:
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Seismology: Earthquake dynamics and mechanics; 7215
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Res. Lett., 30(5), 1205, doi:10.1029/2002GL016495, 2003.

1. Introduction

[2] Iceland is located on the mid-Atlantic ridge, which
continues on land as the Reykjanes Peninsula (RP) oblique
rift zone. The plate spreading across south Iceland occurs in
two parallel rift zones, the Western Volcanic Zone (WVZ)
and the Eastern Volcanic Zone (EVZ). The two volcanic
zones are connected by a left-lateral E-W transform zone,
the South Iceland Seismic Zone (SISZ) (Figure 1). The
relative plate motion across the SISZ is accommodated by
right-lateral strike slip motion on many parallel N-S ori-
ented faults, rather than one E-W transform fault [Einarsson
and Eı́rksson, 1982; Einarsson et al., 1981].
[3] Many large (MS � 6) earthquakes have occurred in

the SISZ since Iceland was settled in the ninth century A.D.
Historical accounts describe sequences of large earthquakes
over a period of days to years, starting with an earthquake in
the eastern part of the SISZ and continuing with events of

equal or smaller magnitude further west. The time interval
between large earthquake sequences in the SISZ ranges
between 45 and 112 years [Einarsson et al., 1981]. Such
series of earthquakes occurred for example in 1630–1633,
1732–1734, 1784, 1896 and 2000. The largest historical
earthquake, with estimated MS = 7.1, occurred on August
14, 1784, and was followed two days later by a second
event of MS = 6.7, approximately 30 km to the west. From
August 26 to September 6, 1896, five MS = 6.0–6.9
earthquakes swept through the SISZ, causing widespread
damage. Several large historical earthquakes in the SISZ
have, however, occurred as single events. The events in
1726, 1829, and 1912 are examples of single earthquakes
that occurred in the eastern part of the SISZ. The 1912 event
(MS = 7.0) was the first SISZ earthquake to be instrumen-
tally recorded [Bjarnason et al., 1993]. Following the 1912
earthquake, the SISZ was seismically relatively quiet until
June 2000.
[4] The June 2000 sequence started with an earthquake of

MS = 6.6 at 15:40:41 UTC on June 17, 2000 (NEIC). The
hypocenter was located at 63.975�N, 20.370�W and 6.3 km
depth. Seismicity increased over a large area in SW Iceland
following the June17 mainshock. The June 17 mainshock
probably triggered significant slip on three faults on the
Reykjanes Peninsula [Pagli et al., 2003]. A second large
event with MS = 6.6 occurred on June 21, 2000 (00:51:47
UTC), located about 17 km west of the June 17 rupture, at
63.977�N, 20.713�W and 5.1 km depth (Figure 1).
[5] Signals from the earthquakes were observed with

several local networks: the SIL digital seismic network, a
strong motion network, a volumetric strain meter network,
and the continuous GPS network in Iceland. The earth-
quakes caused significant pressure changes in geothermal
reservoirs in an extensive area, with local changes that are
consistent with the focal mechanisms of the two largest
events [Björnsson et al., 2001]. Surface ruptures were
observed for the events in the SISZ, and on Reykjanes
Peninsula, indicating rupture on N-S trending faults (A.
Clifton, personal communication, 2002). Crustal deforma-
tion caused by the June 17 and 21earthquakes was
measured with network GPS [Árnadóttir et al., 2001]
and Interferometric Synthetic Aperture Radar (InSAR)
[Pedersen et al., 2001], and the data used to estimate best
fit fault geometries assuming uniform or simple slip
models. In a more recent study the InSAR and GPS data
were combined to estimate the best fit fault geometries and
distributed slip models for the two earthquakes [Pedersen
et al., 2003].
[6] In this study we use the distributed slip models from

Pedersen et al. [2003] to calculate the static stress change
due to the June 17 mainshock to determine whether it was
likely to have promoted failure on the June 21 fault. We also
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examine the correlation between the aftershock locations
and the stress changes caused by the two main earthquakes.

2. Coulomb Failure Stress

[7] Many studies have shown that static stress changes as
small as 0.01 MPa (0.1 bar) caused by large earthquakes
affect aftershock locations and may trigger subsequent
events in a crust near to the critical state of failure [e.g.,
Harris, 1998, and references therein]. This has been dem-
onstrated using the Coulomb failure criterion, where failure
will occur on a plane when the applied stress increment,
defined as the change in Coulomb failure stress (�CFS)
[e.g., Harris, 1998]

�CFS ¼ �ts þ m �sn þ�pð Þ; ð1Þ

exceeds a threshold value, where �ts is the change in shear
stress resolved in the slip direction of a fault that may fail in
a subsequent earthquake, �sn is the change in normal stress
due to the first earthquake, perpendicular to the subsequent
earthquake fault plane (positive for extension), �p is the
change in pore pressure, and m is the coefficient of friction,
which ranges from 0.6 to 0.8 for most rocks [e.g., Harris,
1998, and references therein]. The change in pore pressure
due to a change in stress under undrained conditions (i.e.,
where there is no fluid flow) in a homogeneous isotropic
poroelastic medium is given by [Rice and Cleary, 1976]

�p ¼ �B

3
�skk ; ð2Þ

where skk = sxx + syy + szz is the volumetric stress, and B is
the Skempton coefficient of the rock-fluid mixture.
Theoretically, B ranges from 0 to 1.0 depending on the
level of fluid saturation, but experimental values range from
0.47 to 1.0 [e.g., Harris, 1998, and references therein].
Substituting Equation 2 into 1 gives the Coulomb failure
stress change for an isotropic fault zone model [Beeler et al.,
2000; Cocco and Rice, 2002]:

�CFS ¼ �ts þ m �sn �
B

3
�skk

� �
: ð3Þ

A positive �CFS implies an increase in Coulomb failure
stress, indicating that the first earthquake brought the
second fault closer to failure.
[8] We calculate the change in Coulomb failure stress

from Equation 3, for the June 17 and 21, 2000 earthquakes,
using a distributed slip fault model (Figure 2) obtained by
joint inversion of InSAR and GPS data [Pedersen et al.,
2003]. We calculate the �CFS in an elastic half-space for
vertical, N-S, right-lateral strike slip faults, representing the
fault geometry and slip direction estimated for the June 21
earthquake. We use a Poisson’s ratio of n = 0.28, a shear
modulus of 30 GPa, a coefficient of friction m = 0.75 and a
Skempton coefficient B = 0.5.
[9] The June 17 mainshock increased the Coulomb fail-

ure stress by about 0.1 MPa at the hypocenter location of
the June 21 shock, increasing the probabililty of the
occurrence of the second event [Toda et al., 1998] (Figure
3). Aftershock locations from June 17 to June 21, correlate
well with areas of increased CFS (Figure 3). Four M � 5
aftershocks occurred within 5 minutes of the June 17
mainshock (white stars in Figure 3). The largest aftershock
in the SISZ (located about 5 km SW of the mainshock
epicenter) occurred at 15:42:50 UTC, in an area where the
CFS increased by about 0.6 MPa. Three events were
triggered on Reykjanes Peninsula, progressively further
west of the June 17 mainshock (Figure 3). The first two
events occurred 26 and 30 seconds after the mainshock, but
the third event occurred about 5 minutes later. The timing of
the events suggest that the first two were triggered by the
surface waves from the mainshock, as was widely observed
following the 1992 Landers earthquake [e.g., Spudich et al.,
1995].
[10] A number of aftershocks occurred in the Hengill

volcanic area following the June 17 mainshock (Figure 3).

Figure 2. Right-lateral fault slip models for the June 17
and June 21 mainshocks derived from joint inversion of
InSAR and GPS data [Pedersen et al., 2003]. The stars
show the mainshock hypocenter locations.

Figure 1. Map of the main tectonic features of southwest
Iceland. The epicenters of the June 17 and June 21, 2000,
earthquakes are shown with large black stars and the four
largest aftershocks on June 17 are noted with small gray
stars. The locations of the June 17 and 21 fault models are
marked by bold gray lines, while mapped N-S faults caused
by historical events are shown with black lines [Einarsson
and Sæmundsson, 1987]. The locations of the South Iceland
Seismic Zone (SISZ), Western Volcanic Zone (WVZ), and
the Eastern Volcanic Zone (EVZ) are also shown. Light
shaded areas are individual spreading segments with
associated central volcanoes. Dashed box marks the area
covered in Figures 3 and 4. The inset shows the plate-
boundary across Iceland and the NUVEL-1A plate motion.
The location of Figure 1 is indicated by a box.
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This area experienced a period of increased seismic activity
from 1994–1998, which has been associated with uplift due
to magma accumulation [Sigmundsson et al., 1997; Feigl et
al., 2000]. The increase in seismicity at Hengill following
the June 2000 earthquakes may have been dynamically
triggered, as was observed at Long Valley Caldera following
the 1992 Landers earthquake [Hill et al., 1995]. Coseismic
offsets observed on June 17 and 21, 2000, at continuous
GPS stations located in the Hengill area can be explained by
faulting in the SISZ and on Reykjanes Peninsula. No slow
deformation signal suggesting resumed magmatic activity,
could be detected in the Hengill area following the June
2000 earthquakes. Increased seismicity was also observed in
the Geysir geothermal area (in a positive �CFS lobe in
Figure 3, located due north of the June 17 rupture) following
the June 17 mainshock.
[11] The calculated �CFS due to the June 17 mainshock,

in a N-S cross section along the June 21 rupture, shows that
the June 21 hypocenter is located where �CFS is positive
(Figure 3 inset). Many earthquakes occurred in the June 21
fault zone during the time between the two mainshocks. It is
arguable whether these earthquakes are June 17 aftershocks
or June 21 foreshocks. Most of them are located in the area
where �CFS is positive (Figure 3).

[12] The aftershock locations also correlate well with
areas of increased Coulomb failure stress after the June 21
earthquake, particularly in the area between the two faults
(Figure 4). The activity north of the two mainshocks
appears to have extended westward in response to the
increase in CFS following the June 21 earthquake. Less
activity appears to have been triggered in the Hengill area
(see Figure 4 inset) and on Reykjanes Peninsula following
the June 21 earthquake, although it occurred closer to these
areas than the June 17 event.

3. Discussion and Conclusions

[13] Calculations based on distributed slip models for the
June 17 mainshock indicate that the earthquake caused an
increase in the Coulomb failure stress in the June 21
hypocentral area of about 0.1 MPa, hence promoting failure
on the June 21 fault. We obtain similar results (�CFS
ranges from 0.09 to 0.13 MPa) using uniform slip models
from Árnadóttir et al. [2001], Pedersen et al. [2001], and
Pedersen et al. [2003], as well as for different values of m
ranging from 0.6 to 0.8, and B ranging from 0.2 to 1.0.
Aftershock locations correlate well with areas of increased
CFS following the two mainshocks. Increased seismicity in
areas where �CFS was less than 0.01 MPa, such as on
Reykjanes Peninsula and the Hengill volcanic area may
have been dynamically triggered. Faulting may also have
occurred on structures oriented more favorably to the stress
changes in those areas than the N-S, right-lateral strike slip

Figure 3. Static coseismic Coulomb failure stress changes
(�CFS, in MPa) due to the June 17 fault slip (Figure 2),
calculated at 5 km depth for vertical N-S faults with right-
lateral strike slip motion. The contours surround areas
where the CFS increased by more than 0.01 MPa (0.1 bar).
The white diamond shows the location of the June 21
earthquake and white stars mark the largest aftershocks on
June 17; note the three earthquakes triggered on Reykjanes
Peninsula. Smaller aftershocks (location errors �2.5 km
horizontally and �5 km vertically) with M � 1.0, from June
17 to June 21, are shown with black crosses. The coastline
and the location of the June 17 fault model are shown with
white lines. The white squares mark the Geysir geothermal
area and the town of Selfoss. The inset shows the �CFS in
a N-S cross section along profile A-B. The extent of the
June 21 fault is shown by the white box. Aftershocks from
June 17 to June 21, located within 2.5 km east and west of
the profile are shown with black crosses.

Figure 4. Static coseismic Coulomb failure stress changes
(in MPa) due to both the June 17 and 21 earthquakes,
calculated at 5 km depth for vertical N-S faults with right-
lateral strike slip motion. The contours surround areas
where the CFS increased by more than 0.01 MPa (0.1 bar).
Aftershocks (M � 1.0) from June 21 to December 31, 2000,
are shown with crosses. The coastline and the location of
the fault models are shown with white lines. The inset
shows the cumulative number of earthquakes (M � 1.0) in
three areas, as a function of days after the June 17
mainshock. The locations of the areas are outlined with
color boxes and labeled.

ÁRNADÓTTIR ET AL.: COULOMB STRESS CHANGES IN SOUTH ICELAND 9 - 3



faults we asssume in our calculations. Focal mechanisms are
not yet available to test that hypothesis.
[14] The June 17 and 21 earthquakes caused extensive

surface ruptures [Clifton and Einarsson, 2000]. An E-W
left-lateral structure in the surface rupture of the June 21
earthquake suggests complexities of the fault geometry that
the geodetic data are unable to resolve [Angelier and
Bergerat, 2002]. Relative relocation of aftershocks may
provide information on details of the subsurface fault
geometry. It is unlikely, however, that details of the fault
geometry will change the basic conclusion of this study that
the June 17 earthquake promoted failure on the June 21
fault.
[15] The importance of fluid flow in the SISZ in the June

2000 sequence was demonstrated by large coseismic pres-
sure changes in water wells [Björnsson et al., 2001], and
rapid postseismic deformation due to poroelastic rebound
after the two earthquakes [Jónsson et al., 2002]. More
sophisticated models that account for the effect of fluid
flow may therefore be needed to explain the time delay of
3 1
2
days between the June 17 and 21 mainshocks.

[16] Figure 4 shows a large increase in CFS in an area
extending west of the southern end of the June 21 rupture
near the town of Selfoss, that correlates with a significant
increase in seismicity following the June 21 mainshock. The
last historical earthquakes in this area occurred in a
sequence in 1896, with a MS = 6.0 event on Sept. 5
(approximately 15 km west of the June 21 rupture), and
an event of equal magnitude a day later approximately 10
km further west [Stefánsson et al., 1993]. Our calculations
indicate that positive stress changes due to the June 17 and
21 earthquakes make this area the most likely site of the
next large SISZ earthquake.

[17] Acknowledgments. We thank two anonymous reviewers for
their comments and suggestions. This work was supported in part by EU
grant RETINA EVG1-CT-0044. Figure 1 was produced using the GMT
public domain software.
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Pedersen, R., S. Jónsson, T. Árnadóttir, F. Sigmundsson, and K. Feigl, Fault
slip distribution of two Ms = 6.6 earthquakes in South Iceland from joint
inversion of InSAR and GPS, Earth Planet. Sci. Lett., in press, 2003.

Rice, J. R., and M. P. Cleary, Some basic stress diffusion solutions for fluid
saturated elastic porous media with compressible constituents, Rev. Geo-
phys., 14, 227–241, 1976.

Sigmundsson, F., P. Einarsson, S. T. Rögnvaldsson, G. R. Foulger, K. M.
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