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SUMMARY

On 2008 May 29 an earthquake doublet shook the southwestern part of Iceland. The first main
shock originated beneath Mt Ingo6lfsfjall, located near the western margin of the South Iceland
Seismic Zone (SISZ) approximately 40 km east of the capital Reykjavik. Immediate aftershock
activity was recorded by the SIL seismic network, operated by the Icelandic Meteorological
Office (IMO), with both N-S and E-W structures illuminated over a broad area. A continuous
GPS (CGPS) network, also operated by the IMO, recorded coseismic offsets with up to 200 mm
of horizontal motion at the closest stations. We estimate the coseismic surface deformation ob-
served by campaign and continuous GPS and satellite radar data (InSAR). We invert the geo-
detic data to find the optimal geometry, location and slip on the main faults, accounting for
variation in the elastic parameters of the crust with depth. Our models indicate that most of the
slip occurred on two N-S structures spaced ~5 km apart. From a joint inversion of GPS and In-
SAR data for variable slip models we find that most of the slip for the first (Ing6lfsfjall) event
was concentrated at 2-4 km depth with a maximum of 1.9 m, whereas the slip on the second
(Kross) fault was located deeper, at 3-6 km depth with up to 1.4 m of motion. The models give
similar geodetic moments for the two main events, equivalent to a moment magnitude of
M,,5.8 and M,,5.9 for the first and second event, respectively. Our estimated composite mo-
ment therefore equals a M,,6.1 for the doublet, smaller than the M,,6.3 estimated from tele-
seismic data (e.g. NEIC and Harvard).

The geodetic data support rupture on two main faults and analysis of high-rate (1 Hz)
CGPS data suggests that slip on the second fault initiated within 3 s of the first main shock.
Static Coulomb failure stress calculations indicate that the first event caused a stress increase in
the area of the main asperity (i.e. at the location of the largest slip patch) on the second fault.
However, we cannot rule out dynamic stress triggering due to the short time between the two
main events. The 2008 May 29 earthquake doublet appears to be a continuation of the earth-
quake sequence that started in 2000 June, when two M,,,6.5 events struck the eastern and cen-
tral part of the South Iceland Seismic Zone, in the span of 81 hr. The 2000 June-2008 May se-
quence has released about half of the moment accumulated by plate motion since the previous
earthquake sequence in 1896-1912. Therefore, continued earthquake activity with moderate
size events rupturing N-S faults in the SISZ in the coming decades is likely.

Key words: Satellite geodesy; Space geodetic surveys; Earthquake source observations; Seis-
micity and tectonics.

1. INTRODUCTION tion of relative plate motion deviates by ~30° from the

trend of the plate boundary axis. The Hengill triple junc-

Iceland is the largest subaerial part of the Mid-Atlantic
Ridge, the boundary between the North American and
Eurasian plates. The rate of plate divergence across Ice-
land is ~19 mm yr' causing major seismic and volcanic
activity in the island. The Reykjanes Peninsula is the
onshore extension of the Reykjanes Ridge in southwest
Iceland, characterized by oblique spreading as the direc-
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tion marks the intersection of the Reykjanes Peninsula
(RP), the Western Volcanic Zone (WVZ) extending to the
north, and the South Iceland Seismic Zone (SISZ)
(Fig. 1). The SISZ is an approximately 80-km-long E-W
transform zone accommodating left-lateral shear, due to
the plate spreading in South Iceland. The eastern end of
the SISZ joins the Eastern Volcanic Zone (EVZ), where
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Figure 1. The main tectonic features in the study area: the Reykjanes Peninsula (RP), the Hengill triple junction (He), the Western and Eastern Vol-
canic Zones (WVZ and EVZ, respectively) and the South Iceland Seismic Zone (SISZ). Individual fissure swarm are shown in light grey. The stars
indicate the epicentres of M,, > 5 events in 2000 June (black) and the initial 2008 May 29 main shock (white). The focal mechanisms are from the
USGS. The white triangles denote GPS campaign sites and grey squares the continuous GPS stations. The right-hand inset shows the plate boundary
across Iceland and the location of the study area is indicated with a rectangle. The black arrows show the plate spreading according to the NUVEL-1A
plate motion model (DeMets et al. 1994). The inset to the left-hand side shows the epicentre of 2008 May 29 main shock (white star) and aftershocks
(grey circles) recorded by the SIL seismic network from 2008 June 2 to 2008 July 10. The circles are scaled to represent the local magnitude (M,).

most of the extension across south Iceland is currently
taking place.

The SISZ is characterized by arrays of N-S right lat-
eral strike-slip faults, spaced 2-5 km apart (Einarsson
1991; Clifton & Einarsson 2005). Each of the N-S faults
is composed of an array of left stepping en echelon sur-
face fractures, separated by push-up structures (e.g. Bjar-
nason etal. 1993b; Clifton & Einarsson 2005). Earth-
quake activity in south Iceland has been recorded by the
SIL seismic network (Stefansson et al. 1993) operated by
the IMO, since 1989. Micro-earthquakes (down to magni-
tude less than zero) have been used to map active fault
surfaces at depth (Hjaltadéttir 2009). Studies following
the 2000 June earthquake sequence indicate that the larger
faults are nearly vertical, planar features extending to
approximately 10 km depth, although complicated frac-
ture patterns have in some cases been mapped at the sur-
face (e.g. Clifton & Einarsson 2005; Hjaltadéttir 2009).

Global Positioning System (GPS) observations have
been used to document crustal deformation in Iceland since
1986 (Foulger etal. 1987). A network of continuous GPS
(CGPS) stations, operated by the Icelandic Meteorological
Office (IMO), has been expanding since 1999 (Geirsson
et al. 2006). Many previous geodetic studies in SW Iceland
address plate spreading (e.g. Hreinsdéttir et al. 2001; La-
Femina et al. 2005; Arnaddttir et al. 2006; Keiding et al.
2008), while others focus on earthquake deformation (e.g.
Arnadéttir et al. 2001; Pedersen et al. 2001, 2003; Jonsson
et al. 2003; Pagli et al. 2003; Arnadéttir et al. 2004; Jons-
son 2008; Sudhaus & Jonsson 2008). LaFemina etal.
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(2005) used GPS campaign measurements between 1992
and 2003 to infer latitudinal variation in the spreading rates
across the WVZ and the EVZ, the two main axes of spread-
ing in south Iceland. From 2-D modelling of these GPS
measurements LaFemina etal. (2005) suggested a rate
decrease along the WVZ, from 7.0 mm yrr" in the south to
2.6 mm yrr' in the northern part of the zone, and an in-
crease in rates along the EVZ from 11 mm yrr”' in the south
to 19 mm yrr’' in the north. LaFemina et al. (2005) also
concluded that the sum of the extension rates across the
WVZ and the EVZ is 18-20 mm yr”, in the direction of
plate motion (N102°E), which is consistent with plate mo-
tion model predictions (Sella et al. 2002). The crustal de-
formation due to relative plate motion in southwest Iceland
has been estimated from GPS measurements between 1992
and 2004 by Arnadottir etal. (2006). In this study, the
2000 pre-June GPS station velocities in SW Iceland were
modelled assuming that the plate boundary can be ap-
proximated with several vertical dislocations. The study
estimated a locking depth of ~15 km and a deep slip rate of
around 19 mm yrr' for the SISZ.

The accommodation of E-W shear at depth in the
SISZ by motion on a series of parallel N-S faults, causing
counter-clockwise rotation of blocks, has been termed
‘bookshelf faulting’ (Einarsson et al. 1981; Sigmundsson
et al. 1995). Sequences of earthquakes in the SISZ have
been documented in historical records, for example in
1732-1734, 1784 and 1896 (Einarsson etal. 1981; Ste-
fansson & Halldérsson 1988). During the 1896 sequence
at least five events larger than magnitude 6 were reported
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Figure 2. GPS station velocities (with 95 per cent confidence ellipses) in the SISZ and Reykjanes Peninsula calculated from campaign and continuous
observations form 2001 January 1 to 2008 May 28. The velocities are the average between the solutions for stable North America and stable Eurasia,
to depict motion relative to the plate boundary. The stars show the 2000 June main shocks (black) and the initial 2008 May 29 main shock (white).
The black bold lines are the surface projections of the variable slip models for the 2000 June events (Pedersen et al. 2003).

over a distance of 50 km within two weeks. The largest
instrumentally recorded earthquake was a Mg =7.0 event
which struck the eastern part of the SISZ in 1912 (Bjarna-
son etal. 1993a; Bellou et al. 2005). A new earthquake
sequence in the SISZ was initiated on 2000 June 17 with a
main shock of magnitude M,, =6.5 in the east-central
part, followed 81 hr later by another M,, =6.5 event,
located 17 km west of the June 17 main shock. The sur-
face deformation caused by the June 17 and 21 main
shocks was measured using both GPS and Interferometric
Synthetic Aperture Radar (InSAR). Modelling of the
geodetic data suggests up to 2.5 m of slip on two parallel
10 km long N-S faults (Arnadottir et al. 2001; Pedersen
etal. 2001, 2003). Three M,, > 5 events were triggered
along the plate boundary on the Reykjanes Peninsula, up
to 80 km from the June 17 main shock (Pagli et al. 2003;
Vogfjord 2003). One of these events caused a water level
drop of several metres of Lake Kleifarvatn (Clifton et al.
2003). Triggering of the secondary events has been stud-
ied using the slip models derived from geodetic data to
estimate the dynamic and static coseismic Coulomb stress
changes (Arnadottir etal. 2003, 2004; Antonioli et al.
2006). Observations of rapid postseismic deformation
have been explained by models of poro-elastic rebound
(Jonsson et al. 2003). Although the static stress changes
following the June 17 main shock promote failure on the
June 21 fault these models do not explain the 81 hr delay
between the two main events. Stress changes due to fluid
flow following the first main shock may explain the time
delay (Lindman 2009).

Here we study the surface deformation caused by the
May 29 earthquake doublet. We consider these events a
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continuation of the sequence that started in the SISZ in
2000 June. The 2008 May 29 sequence initiated with a
main shock beneath the Ingolfsfjall mountain (63.972°N,
21.072°W and ~5 km depth) at 15:45:58.9 UTC according
to the SIL seismic catalogue (IMO). Almost immediately,
aftershock activity started on a second fault (the Kross
fault), located approximately 5 km west of the initial main
shock. Increased earthquake activity was also observed
along an E-W zone, with several M;3 events (Fig. 1). The
teleseismic centroid-moment-tensor solutions indicate
rupture on a near vertical fault, with right lateral motion on
a N-S striking fault or left-lateral motion on an E-W ori-
ented structure, with a seismic moment of M,,6.3 (NEIC).
Coseismic offsets were observed by the CGPS network in
the area (Hreinsdottir et al. 2009), and campaign style GPS
measurements were started a few hours after the initial
main shock (Decriem etal. 2008). The earthquake se-
quence was also observed by the ICEARRAY strong mo-
tion network (Halldérsson & Sigbjdrnsson 2009).
Independent estimates of the coseismic offsets causing
the 2008 May 29 earthquakes at CGPS stations in SW
Iceland have been used to model the fault geometry and
slip by Hreinsdéttir etal. (2009). Here we extend the
work by Hreinsdéttir et al. (2009) by analysing campaign
and continuous GPS data as well as radar interferograms
(InSAR). The dense spatial sampling of InSAR data com-
bined with the 3-D GPS displacements improve the con-
straints on the model parameters from the previous study.
We invert the geodetic data to estimate dislocation source
geometries and locations, and distribution of slip on the
rupture surfaces using a layered half-space rheology to
account for heterogeneities of the elastic parameters in the
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Icelandic crust. From our extensive geodetic data set we
are able to resolve variations in the slip models on a 500
m gridded plane. The variation of the elastic parameters
with depth does not greatly affect the fault geometry, but
is important when estimating coseismic stress changes.
Our Coulomb failure stress calculations indicate an
agreement between areas of stress increase and locations
of aftershocks.

2. DATA
2.1 GPS data and analysis

Annual campaign style GPS measurements have been
conducted in the SISZ and on the Reykjanes Peninsula
since 2000 June (Arnadéttir etal. 2006; Keiding et al.
2008). During the campaign measurements each site is
normally occupied for at least one 24 hr session. We resur-
veyed 52 benchmarks in a GPS campaign between 2008
April 29 and May 19. Following the May 29 earthquakes,
all benchmarks within a radius of ~100 km that we had
previously occupied with GPS, were remeasured (Fig. 1).
In addition, we deployed a semi-continuous GPS network
where 21 benchmarks were occupied almost continuously
until July 21 and 12 stations until mid-August.

In order to estimate the inter and coseismic deforma-
tion in SW Iceland we include in our analysis all available
campaign and continuous GPS data from 2001 to 2008.

The GPS data analysis is performed in two steps.
First, we calculate daily solutions using the Bernese v5.0
software (Dach etal. 2007) with orbit information and
Earth rotation parameters from the International GPS
Service (IGS) in the International Terrestrial Reference
Frame (ITRF) 2005. For each 24 hr session we include
the GPS campaign data, CGPS data from stations in Ice-
land, and data from nine long-running CGPS stations

The May 2008 earthquake

outside of Iceland (ALBH, ALGO, ALRT, BRUS,
CAGL, DREJ, MADR, ONSA and WES2). The process-
ing includes (1) cycle slip correction from phase single
difference, (2) double-difference phase residuals screen-
ing and outlier rejection, (3) coordinates and troposphere
estimates using the Quasi Ionosphere Free (QIF) strategy
and (4) final coordinate estimation, zenith path delays and
horizontal tropospheric gradient based on the L3 linear
combination. In this last procedure the coordinates of the
nine fiducial sites outside of Iceland are tightly con-
strained by means of a three parameter Helmert transfor-
mation (the three translation components should be zero
and the residuals below 1 cm).

In the second step, we import SINEX files containing
the Bernese daily solutions into the GLOBK software
(Herring et al. 2006) to generate a solution using a re-
gional stabilization approach (McClusky et al. 2000). We
first combine our solutions with three IGS global network
solutions (IGS1, IGS3, and EURA) using the global sta-
tions in the origin definition. We then identify the most
stable fiducial sites as ALBH, ALGO, ALRT, MADR,
ONSA, BRUS, CAGL and DREJ (misfit less than 1.23
mm in position and less than 0.5 mm yrr™" in velocity) and
realize a reference frame approximately aligned with the
ITRF2005. Finally, we estimate annual positions and
velocities with respect to the reference frame (Fig. 2).

We calculate the coseismic station displacements in
east, north, and vertical by combining the time-series
from 2001 January 1 to 2008 May 28 with the solution
from 2008 May 30 to June 10. Fig. 3 shows the time-
series from CGPS stations in the epicentral area. The
benchmarks HV08, VG13, VG15, VG20, VG22 and
VG24 had only been measured once with GPS, in 2007
November by the Iceland GeoSurvey (ISOR). In order to
calculate the coseismic displacements at these sites, we
need to estimate the interseismic velocities in order to
correct for the 6 months of plate motion between 2007
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Figure 3. Continuous GPS time-series at the closest stations to the Ingolfsfjall area corrected for plate motion and seasonal effects. The coseismic
displacements are seen as offsets on the time-series on 2008 May 29 (indicated with a vertical dashed line).
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Figure 4. Coseismic deformation in the Olfus area following the 2008 May 29 earthquake sequence. The observed horizontal GPS displacements are
shown with black arrows and 95 per cent confidence ellipses, whereas the white arrows are the predicted displacements for the preferred uniform slip
model (thick grey lines). The white star indicates the epicentre of the first main shock and black crosses show locations of aftershocks recorded by the

SIL seismic network from 2008 June 2 to July 10.

November and 2008 May. The interseismic deformation
is evaluated by interpolating the velocities at the closest
station (THRE, GEIT, HLID and HVER) using a Delau-
nay triangulation scheme. The coseismic deformation
observed by GPS is shown in Fig. 4 and the numerical
values are given in Table S1. The large uncertainties in
the coseismic estimates for the ISOR stations are due to
short observation sessions in 2007 (each station was only
observed for 2-6 hr) and the uncertainties in estimating
the interseismic deformation.

2.2 InSAR data analysis

Interferometric Synthetic Aperture Radar (InSAR) is a
satellite based method that can be used to measure surface
deformation. When two images have been acquired with
approximately the same observation geometry, it is possi-
ble to get a measurement of the surface displacement by
differencing the phases of two SAR images. The advantage
of InSAR is the dense spatial coverage associated with
remote sensing, but because of the observation geometry,
the surface deformation is only sampled along one direc-
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tion, that is, the line-of-sight (LOS) of the radar. Several
radar images acquired by ENVISAT and ALOS satellites
span the time of the 2008 May earthquakes both along
ascending and descending tracks (Table S2). The ASAR
instrument onboard the ENVISAT satellite operates in C-
band with a wavelength of 56.2 mm, whereas the PALSAR
instrument onboard the ALOS satellite operates in L-band
with a wavelength of 236.0 mm.

We use the Stanford Method for Persistent Scatterer
(StaMPS) (Hooper etal. 2007) to generate interferogram
time-series from 2007 to 2008 for three ENVISAT tracks,
two descending (T138, T367) and one ascending (T402) in
addition to an ascending ALOS track (T20). The mean
LOS unit vector, 7 = [East, North, Up], for each interfero-
gram is: fiap 05 = [-0.62 -0.12 0.77], fit135 = [0.33 -0.09
0.93], fitzg7 = [0.36 -0.11 0.92] and fit4q, = [-0.35 -0.10
0.92]. We use the time-series analysis to isolate the best
target pixels (those most coherent in time) as well as to
estimate the spatially correlated look angle errors (i.e. not
randomly distributed errors due to spatially correlated er-
rors in the DEM) and master atmosphere/orbit errors. The
unwrapped phase is calculated with a statistical cost flow
algorithm as described in Hooper (2009). From this analy-
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Figure 5. Wrapped phase interferograms spanning the 2008 May 29 earthquakes. Each colour cycle represents 28 mm of motion in the LOS between
the ground and the ENVISAT satellite and 120 mm for the ALOS. The yellow arrows show the surface projection of the mean LOS unit vectors.

sis we select four interferograms with different sensors and
observation geometries shown in Figs 5 and 6. The details
of the available interfograms are given in Table S2.

2.2.1 Error estimates for the INSAR data

Several error sources affect the InNSAR data, in the obser-
vation itself or due to the processing. The main sources of
errors are electronic noise from the instrument, atmos-
pheric disturbance along the radar wave paths, distribu-
tion of the scatterers for a given pixel, satellite orbit inac-
curacies and digital elevation model (DEM) errors. The
StaMPS method accounts for several error terms includ-
ing uncorrelated noise, spatially correlated look angle
errors (almost entirely due to DEM errors), and atmos-
pheric and orbit errors due to the master image (Hooper
etal. 2007). The remaining error terms in our data set
mainly depend on the state of the atmosphere and ground
surface conditions at acquisition time of the slave image.
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These errors are spatially correlated due to the smooth
variation of the atmospheric signal delays and are specific
for each interferogram. As the data interpretation and
modelling depend on the quality of the measurements, we
need to quantify the remaining error in the InSAR data.
We do this by statistically estimating the empirical co-
variance function of each interferogram, following (Sud-
haus & Jonsson 2008). We assume that the error statistics
are the same across the whole image. Therefore, we can
estimate the covariance function, cov(h), where h is the
pixel separation distance in the nondeforming part of the
interferogram and assume the same power and structure
for the deforming part.

To estimate the covariance we first form a discrete
semivariogram § by sampling our data in the following
manner:

N
1
P(he) = 530 ) [d(r) - d(s)I? M
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Journal compilation © 2010 RAS



J. Decriem et al.

B 5
64.1° I
64"
63.9°
01 00 o
§3.8° LOS Displacement [m)

-21.4° -21.2" 21"

ENVISAT T138/ Descending / 2008/05/01 - 2008/06/05

ENVISAT T402 / Ascending / 2008/05/19 - 2008/06/23
Ty - - T

1 [} i
LOS Displacamant {m)
-21.

TR

-0 0 01

s LOS Displagement (m)

63.8°

-20.8"
ENVISAT T387 / Descending / 2007/07/07 - 2008/06/21

2147 -21.2 217 T 208

214 2 21 208
ALOS T20 / Ascending / 2007/07/28 - 2008/09/14

0.1 0.0 [X]
LS Displacement {m)
-21.2

2147 -21" -20.8"

Figure 6. Unwrapped InSAR interferograms. The LOS displacements during the time interval given on each interferogram are shown by colour,
where blue indicates an increase in the LOS (motion away from the satellite, primarily subsidence) and red represents a LOS decrease (motion to-
wards the satellite). The coloured dots give the GPS station displacements projected onto the unit vector of the LOS for each interferogram.

where h, is a bin of distances, d(r;) and d(s;) are the
data values of the pixels located at r; and s;, and N is the
number of pixels satistifying the distance ||r; — s;|| = h,.
We use a bin width of h, = 150 m ranging from 0 km to
the half of the maximum separation possible and ran-
domly sample 500 000 pixel pairs in the non-deforming
part of our images to build (h.). We then fit the semi-
variogram with an appropriate empirical function, y(h),
given the shape of the variogram and the expected struc-
ture of the errors. Here, we assume that y(h) is an expo-

nential decay function, y(h) = o2 - exp (_Th), where a is
the correlation length and o2 are the data variance.

Finally, we obtain the empirical covariance function
from
cov(h) = cov(0) —y(h), ()

where cov(0) is the non-correlated error of each meas-
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urement, referred to as the semi-variogram zero crossing.
Using eq. (2) we can calculate the full data covariance
matrix for the interferograms given the separation dis-
tance between each pixel pair.

2.2.2  Sub-sampling of the INSAR datasets

Due to the extensive spatial coverage, the InNSAR data sets
consist of several hundred thousand points. We therefore
need to resample our interferograms to a more manage-
able data set. We use an adaptive quadtree subsampling
scheme similar to Jénsson et al. (2002) in order to reduce
the number of data points without losing the benefits of
the high spatial resolution of the radar images. The quad-
tree algorithm recursively divides the image into squares
until the variance of the pixels contained in each square
does not exceed a given threshold. Therefore, an area with
a high variance will be subdivided whereas an area with a
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Figure 7. Quadtree subsampling of the LOS InSAR data.

low variance will be represented by larger squares. The
quadtree algorithm adapts the subsampling to both the
variance of the measurements and the spatial coverage in
case of data gaps. Since StaMPS works with a list of
persistent scatterer (PS) pixels rather than an array of
pixels we apply the quadtree algorithm to the geographic
coordinates (latitude and longitude) rather than the radar
coordinates (range and azimuth). We define our ‘squares’
(or polygons in this case) as the spatial envelope around a
group of PS pixels and the mean of all the geographic
coordinates as the focal point. This strategy implies that
our polygons can be irregularly aligned, depending on the
density of points in a particular area. As a benefit, we note
that using this approach reduces slightly the number of
subdivisions caused by data gaps, especially along the
edges of the image. We set the threshold values for the
quadtree algorithm to the variance values derived from
the error estimation in Section 2.2.1, and retain only poly-
gons containing more than five pixels. This leads to ~500
representative data points for each InSAR image (Table
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S2). The resulting quadtree images are shown in Fig. 7.
Once the interferograms have been resampled we use eq.
(2) to build the quadtree covariance matrix E according to
the interpolygons distances.

2.3 Coseismic deformation

The coseismic surface deformation we estimate from the
campaign and continuous GPS and InSAR observations is
shown in Figs 4-6. Most of the surface deformation is
concentrated within 10-15 km of the main area of after-
shocks, and the amplitudes decay rapidly suggesting that
most of the slip occurred above 10 km depth. The largest
horizontal coseismic GPS station displacement was re-
corded at VG22 (258 + 11 mm towards NW) while the
closest CGPS stations (HVER and SELF) moved by 199
+ 4 mm and 201 £ 3 mm towards NW and SE, respec-
tively. A maximum of 100 mm in the direction of LOS
was recorded by the ALOS satellite. Smaller displace-
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ments were recorded by ENVISAT, which can be ex-
plained by the different observation geometry as repre-
sented by the LOS unit vectors, where the ALOS satellite
is more sensitive to horizontal motion than the ENVISAT.

In the descending interferograms (Fig. 6) we observe a
range increase towards north and range decrease south-
ward, which correspond to motion away from the satellite
and motion towards the satellite, respectively. Due to the
difference in the horizontal component of the LOS unit
vectors, the pattern of deformation is reversed in the as-
cending interferograms. The magnitude of the LOS dis-
placements obtained from the InSAR are consistent with
the GPS measurements (Fig. 6).

There are two geodetic benchmarks on top of
Kogunarholl hill that have been observed previously with
GPS. The hill is located less than 100 m south of the epi-
central location of the Ingolfsfjall earthquake, along the
trace of the fault. Two parallel branches of tectonic fault-
ing have been identified here, one on each side of the
benchmarks. We observed both sites on Kdgunarholl hill
and found that the two points moved apart by 500 mm.
The hill sustained significant local deformation and sur-
face cracks were formed, most likely due to amplification
of seismic waves radiating from the initial rupture. We
therefore do not use GPS data from the Koégunarholl sta-
tions in our modelling.

3 MODELLING

In this section, we explain how we model the coseismic
surface deformation observed by campaign and continu-
ous GPS and InSAR. A tomographic study of the epicen-
tral area indicates a strong gradient in the seismic veloci-
ties, with the P-wave velocity varying from ~4 to ~6
kms"' and the S-wave velocity increasing from ~2.3 to
~3.8 km s, suggesting an increase in the shear modulus
from 12 to 30 GPa in the uppermost 2 km (Tryggvason
etal. 2002). Tryggvason etal. (2002) estimate that the
thickness of the brittle part of the crust (i.e. the depth
above which 90 per cent of the earthquakes occur) in-
creases from about 5 km on the Reykjanes Peninsula to
about 12 km in the eastern part of the SISZ.

In our modelling we account for the depth dependence
of the elastic parameters in the crust by using a layered
Earth rheology derived by Dubois et al. (2008), given in
Table 1. We use the software PSCMP/PSGRN (Wang
et al. 2006) to calculate the surface displacements and the
stresses due to slip on rectangular dislocations in a lay-

Table 1. Elastic parameters.

Depth Density Shear modulus Poissons’s ratio
(km) p (kg m*) 1 (GPA) v

0.0 2306 12.2 0.28

0.6 2512 19 0.28

1.2 2630 25.6 0.28

1.8 2706 30 0.28

2.4 2753 343 0.28

3.0 2830 41.3 0.25

8.0 2959 45 0.25

13.0 3322 60 0.30

Notes: Layered earth model for South Iceland initially derived by Dubois et al.
(2008) based on seismic tomography from Tryggvason et al. (2002). The depth is
to the top of the layer.
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ered half-space. The surface displacements are a non-
linear function of the location and geometry of the source,
whereas the slip has a linear dependence. We follow a
conventional approach of first estimating the dislocation
geometry and location assuming constant slip using non-
linear optimization. We then use a regularized linear in-
version algorithm to solve for variable slip given the op-
timal dislocation location and geometry estimated in the
first step.

3.1 Uniform slip models from non-linear optimization

Here we estimate the optimal fault locations and geome-
tries, assuming that the faults can be represented as rec-
tangular dislocations with constant slip. The surface dis-
placements have a non-linear relation to the dislocation
geometry and location. We use a probabilistic Bayesian
approach based on the Metropolis-Hastings algorithm
(Metropolis et al. 1953), to solve this non-linear problem.
Given that each of our model parameter can be expressed
by a proposal (or a priori) probability density function
(PDF), we can use Bayes’ theorem to update the proposal
density based on the observed data and the resulting (pos-
terior) PDF is the solution of the inverse problem.

Bayes’ theorem states the posterior PDF, p(m|d), of
the model parameters m given the data d as

_ p(m|d)p(m)

pmid) = =—"F 3

with p(m) the probability of the model parameters and
p(d) the probability of the data. The major advantages of
the Bayesian approach is that the posterior PDF contains
uncertainties as well as interparameter correlations, where
other methods only allow us to resolve for one single set
of optimal model parameters. In the case of non-linear
inversion problems the posterior PDF is difficult to derive
analytically, but it can be numerically estimated using a
Markov chain Monte Carlo (MCMC) algorithm. We use
the Metropolis-Hastings algorithm since it can draw sam-
ples from any probability distribution p(x), requiring only
that the density can be calculated at X. A popular adapta-
tion of the Metropolis-Hastings algorithm is the Simu-
lated Annealing algorithm which is designed to move
faster to the minimum energy state without drawing the
complete posterior PDF.

We first need to express the posterior PDF. We assume
a priori that the PDF’s for the model parameters, p(m), are
boxcar functions (i.e. one for a given interval and zero
elsewhere), and that the observation errors have a Gaussian
distribution with a mean of zero. We use the Bayesian
inversion formulation derived by Fukuda & Johnson
(2008) for the case of multiple data sets with unknown
relative weights. The relative weight terms are used to
adjust the relative weights of the GPS and InSAR data sets.
In our case these estimated terms were close to one indicat-
ing appropriate error estimates for the different data sets.
Assuming independent errors, the likelihood function we
minimize is the product of the likelihoods for each inde-
pendent data set
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Table 2. Uniform slip models.

Length Width Depth Strike Longitude Latitude Strike-slip x2
(km) (km) (km) (deg) (deg W) (deg N) (m)

Kross
GPS 6.3%;3 4.9t$;§ 3.5tg;§ 3.5tg;§ 21.169t§;§§§ 63.95113:958 1.22t§;§l 4.6
InSAR 7.4%32 33413 z.st(l);1 z.stl;% 21.175tg;ggé 63.951f§;§§§ 0.94tg;19 6.9
Joint 8.0%13 5.0f§;§ O.Bfgj(}) 2.8412 21.172f8:88g 63.96113:953 0'75t3:‘%} 3.5
CGPS 8.5%1% 6.5%3% 0.6332 0.5%2% 21.175%33%%  63.982159523 0.55%335 3.0
Ingolfsfjall
GPS 10.1+19 3.9733 22752 0.6753 2107553999  63.987139% 1.25%2%, 4.6
InSAR 7.8 55739 13403 11433 21.071%39397  63.958%0:9%3 1.8%21 6.9
Joint 74718 2.0%%2 1.4%08 2.0712 2107053352 63.967+39%3 1.25%%8 35
CGPS 10.1+21 54783 0.5%3% 0.0%37 21.073%39%  63.980%3937 0.79%932, 3.0

Notes: Optimal dislocation model parameters and 1o confidence intervals assuming two dislocations. The length is measured along strike, and width
is the downdip dimension. The depth is measured vertically from the surface down to upper edge of the dislocation. The dip is fixed to 90° (vertical
dislocation). The longitude and latitude are the coordinates of the vertical surface projection of the dislocation centre point. The slip is right-lateral
strike-slip in metres. The model parameters are given for the three cases considered in this study, that is, using only GPS data, only InSAR data, and
from a joint inversion of InSAR and GPS data, as well as those estimated from continuous GPS data by Hreinsdéttir et al. (2009) (rows labelled
‘CGPS’). The uncertainties estimated on the CGPS models obtained in a different manner than in this study, they are 95 per cent bounds from boot-
strap calculations.

p(d,, d,, ..., dg|m, 62,62, ...,02) dom step according to p(m). m' is accepted as the new
K

state of the Markov chain only if it satisfies the Metropo-
= 1_[ {(Zna,f)"vk/zmkl‘l/z lis criterion
11 “4)
1 o \T R '
x exp |- — (d, — d,,) =z (d, — d ]} [, p(m) 5
[ 207 ( k k) k ( k k) min 1’p(m(f)) >u~U(0,1) (6)

where dj, are the N, data of the kth data set, m the model
parameters and d}, the corresponding predicted data, o7 is
an unknown scale factor for the data errors X; of the kth
data set. Reintroducing the likelihood function into
Bayes’ theorem we get the posterior PDF

with u a random number from a uniform distribution over
the interval [0, 1]. If the candidate model does not satisfy
the Metropolis criterion then the Markov chain remains at
the current state, m®. After a sufficiently large number
of steps, during which the Markov chain converges (also
called a ‘burn-in’ stage) the samples of the Markov chain
can be considered as a set of samples drawn from the
posterior PDF.

p(m,c?,062,..,02\m,d;,dy, ..., dg)

K K
- 1 1 - N
= 1_[(“13) " exp [_E — (di - i) "5 (dy - d)
k=1 =1 %k

)

Since we can calculate the posterior PDF from eq. (5)
for a given set of model parameters m, we can estimate
the full PDF with the Metropolis algorithm. The Metropo-
lis algorithm samples the model space using random walk
as follows: A candidate model, m’, is generated from the
previous step, m®, as m® + §(m;) with §(m;), a ran-

Largth (hm) Width (k) Death (km)

Stk (g

The aftershock locations suggest that more than one
fault ruptured in the May 29 sequence. We therefore in-
vestigated several different models, increasing the number
of dislocations to mimic the aftershock zones. Our analy-
ses indicate that the geodetic data do not require signifi-
cant slip on more than two main segments, as concluded
by Hreinsdottir et al. (2009).

As the data sets span different time intervals, we esti-
mate the optimal model parameters assuming two disloca-

Longituds (deg) Latitude [deg) Strikg Sip (m)

ngoltatjall

Kragg

21.18 =21.18
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Figure 8. Posterior probability distributions of the uniform slip model parameters using GPS data only (grey) or the joint inversion of GPS and In-

SAR data (blue). The black lines show the best-fitting model values for the joint inversion, and the dotted lines indicate the 1o confidence interval.

The red dashed lines show the optimal model values estimated by Hreinsdottir et al. (2009) using only the CGPS data.
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tion surfaces, first using only the GPS data, then the InSAR
data, and finally in a joint inversion using all the data. We
select the best model as the maximum likelihood solution
(i.e. the solution with the highest probability density). The
model parameters are summarized in Table 2 and the poste-
rior PDF’s for the parameters are shown in Fig. 8. We
found some differences in the estimated model parameters
for the three cases. In general, the solutions that include the
InSAR data have a narrower range of possible model pa-
rameters for the Kross fault, which indicates that the In-
SAR data provide important constraints on the deformation
in the area around the Kross fault. The GPS based inversion
suggest that the Ingo6lfsfjall fault plane extend close to the
surface whereas the InSAR data suggest that slip occurred
below 2 km depth. Our interpretation is that there is not
sufficient near field data to resolve the shallow part of the
Ingolfsfjall fault.

To assess how well the models fit the data we calcu-
late the weighted residual sum of squares, W RSS =
r’27r, where r is the difference between the observed
data and model prediction (i.e. the data residual vector)
and 271 is the inverse of the data covariance matrix. We
report the goodness of fit to the data using y2
W RSS/(N —m), where N is the number of data and m
is the number of model parameters that we estimate. For
the uniform slip models N = 2176 and m = 18. Our pre-

ferred model is based on the joint inversion of GPS and
InSAR data. This model has a lower misfit (x5 = 3.5) than
we find for the optimal models from inversion of only the
GPS data (y2 = 4.6) or the InSAR data (yZ = 6.9). We
suspect that some of the differences in the optimal models
are due to inadequate corrections for interseismic signals
or rapid post-seismic deformation. However, we argue
that these signals are small compared to the coseismic
displacements and hence we prefer the model from the
joint inversion, as this takes full advantage of the dense
spatial coverage of InSAR as well as the 3-D displace-
ment field from the GPS observations. Our best-fitting
uniform slip model (from the maximum likelihood esti-
mate) for the Ingdlfsfjall fault has 1.2 m of right-lateral
strike-slip on an 7.5 km long fault extending from 2 to
4 km. This suggests that most of the slip is concentrated
below 2 km. For the Kross fault we estimate a 8 km long
fault surface extending from 0.5 to about 5 km depth with
0.75 m of right-lateral strike-slip.

We examine the linear relationship between the model
parameters in our study by plotting the correlation matrix
(Fig. 9). The absolute value of the correlation coefficient
gives a measure of the linear relationship between the
model parameters, where a large value (i.e. an absolute
value close to one) indicates a strong tradeoff between the
parameters and a coefficient of 0 indicates that the vari-
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Figure 9. Correlation matrix of the marginal probability distribution of the uniform slip model parameters for the joint inversion. A value of 1 indi-

cates perfect correlation and -1 is perfect anticorrelation.
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ables are independent. A negative correlation coefficient
suggests an anti-correlation, whereas a positive coeffi-
cient represent a positive correlation. As the model pa-
rameters have a non-linear relationship to the surface
deformation any significant correlation between the re-
sulting model parameters indicates a trade-off that we are
not able to resolve with our data set. With a perfect data
set (i.e. with adequate spatial sampling and small data
errors) one should find all the PDF’s to be independent
(i.e. all the correlation coefficients are zero). We found a
strong correlation (0.87) between the north coordinate and
length of the Ingolfsfjall fault, showing that the northern
end of the fault is not well constraint. This can be ex-
plained by a general decrease of the coherence of the
InSAR data on the Ingo6lfsfjall mountain and the closest
GPS benchmark (BURF) is located about 5 km north of
the mountain. We also note possible significant anticorre-
lation between the depth, downdip width, and amount of
strike-slip motion, indicating that it is difficult to distin-
guish between a shallow source with high slip or a wide
source with low slip, given our data set. The Kross fault is
better resolved, with no correlation coefficient over 0.6.
The rather small absolute values of the correlation be-
tween the parameters of the two dislocations (maximum
value is 0.5) do not indicate substantial trade-off. In par-
ticular, the small value for the longitude (E-W location) of
the two faults is rather remarkable given the proximity of
the ruptures.

3.2 Non-uniform slip models

We estimate the slip distribution on each dislocation using
the geometry and locations of our preferred uniform slip
models obtained in the previous section. We increase the
area of the uniform slip dislocations, so that they extend
from the surface to 22 km depth and the length along
strike is 25 km. Each rectangular dislocation source is
then divided into square patches (0.5 x 0.5 km). In gen-
eral, the surface displacements are a linear function of the
slip. We minimize the weighted misfit (WRSS) between

The May 2008 earthquake

the observed and predicted surface deformation in a least-
square sense and assume right-lateral strike-slip only. To
regularize the problem, we impose a Laplacian smoothing
operator (finite difference L) weighted by a smoothing
parameter, k. Our inversion problem can thus be de-
scribed as

[dyps ] [GXs Glps 0 0 0 0] [ S¥]
drise| |Gfiss Griss 1 0 0 0] | S

(i P Gfse7 Grzey 0 1 0 0 x |13 (7)
(s P Gfaoz Graoz 0 0 1 0 Q7367

dry Grzo  Gro 0 0 0 1 Ara02

[ o 1 LkIX kl!' 0 0 0 0! Llagry!

where dgp, drisg, drser, draoz and dryo are the data
vectors, G is a matrix that contains Green’s functions for
the patches on the two dislocation surfaces representing
the Kross and the Ingolfsfjall fault, labelled by the super-
scripts K and I, respectively, S is a vector with the
amount of strike-slip on each patch, and a is an arbitrary
plane that is estimated to account for possible orbital
errors in each interferogram, as noted by the subscripts.
The equation system is solved using a fast non-negative
least square solver (Lawson & Hanson 1974).

The parameter K controls how well the model fits the
data versus the roughness of the solution. A model with
smoothly varying slip will not fit the data as well as a
model that has many localized slip patches but a model
with large differences in slip between adjacent patches
(i.e. rough slip distribution) is considered physically unre-
alistic. The usual approach to determine an appropriate
smoothing parameter (K) is from a trade-off curve, where
one tries to select a value that minimizes both the data
misfit and the roughness of the slip model. A more robust
approach (Matthews & Segall 1993) is to select K using
cross-validation sum of squares (CVSS). The CVSS is
calculated as the sum of the weighted residuals for a given
value of K, in the following manner. An inversion is first
performed on a data set omitting one data and the result-
ing model is then used to calculate the predicted data, for
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Figure 10. Evaluation of the optimal smoothing parameter (). Left-hand plot shows the trade-off curve between the weighted residual sum of
squares (WRSS) and the model roughness, given the values of k (text overlay). Right-hand plot shows the cross validation sum of squares (CVSS)

versus k. The dot indicates the preferred value of i = 0.8 on both graphs.
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Figure 11. Variable slip model for the Ingolfsfjall fault (top panel) and the Kross fault (bottom panel). The amount of right-lateral strike-slip is shown
with the colour scale (same for both figures). The black circles denote aftershocks recorded by the SIL network between 2008 June 2 and July 10. The
locations of the constant slip models are shown with a grey outline. The black boxes indicate locations of mapped surface fractures, and the black
lines show areas where the mapped fractures may be secondary features, rather than surface expressions of the 2008 May events.

the data that was not included in the inversion. The differ-
ence between the data and the model prediction weighted
by the data error is the weighted residual. This procedure
is repeated for each datapoint and a range of K and the
minimum CVSS indicates the optimal smoothing value,
given the data. We select a smoothing value of K = 0.8
which is optimal from both the trade-off curve and the
CVSS calculation (Fig. 10).

We calculate the resolution kernel of the inverse prob-
lem for the different data sets define by Tarantola (2005) as

R = GT(GG™)1G. (8)

The resolution (dimensionless) is 1 in the well-resolved
areas and 0 in unresolved areas. A plot of the resolution
kernel (Fig. S1) shows that we can resolve the slip distri-
bution down to ~8 km on the two fault planes for a joint
inversion of GPS and InSAR data. The resolution is
smoothly decreasing with depth indicating that we should
not get any artefacts in the slip distribution due to the
geometry of our observation network.
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The estimated slip distributions are shown in Fig. 11
and the data residuals in Fig. 12. Most of the slip on the
Kross fault is focused in an area that is approximately 5
km long and extends from 3 to 6 km depth with a maxi-
mum motion of 1.4 m. A second, smaller slip maximum is
located further north, above a cluster of aftershocks. The
slip model we obtain for the Ingodlfsfjall event suggests
smaller area of slip but a larger slip amplitude than on the
Kross fault. The slip is concentrated in a 4 X 2 km area
centred at approximately 3 km depth, and decreases
smoothly from a maximum of 1.9 m to less than 0.5 m
over a distance of 8 km towards north.

The geodetic moment release of our model for the
Kross fault is My = pAs = 8.65 x 10" Nm, where A is the
fault area, s is the slip, and p is given Table 1. This geo-
detic moment corresponds to a seismic moment magni-
tude of M,,5.9, using M,, = 2/3log,, My — 6.03. For the
Ingolfsfjall fault we estimate a geodetic moment of 5.97 x
10" Nm, corresponding to a moment magnitude of
M,,5.8. Our models therefore give a cumulative geodetic
moment for the doublet of My = 1.46 x 10'® Nm, equiva-
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Figure 12. InSAR residuals from the non-uniform slip model are shown with the colour scale and the GPS residuals with arrows. The slip models are

indicated by a bold line showing the maximum slip value at depth.

lent to a single event with a moment magnitude of M,,,6.1.

3.3 Coseismic static Coulomb failure stress change

We calculate the static Coulomb stress changes predicted
by our variable slip models using the layered Earth rheol-
ogy, to examine possible stress triggering of the second
event and how stress changes predicted from our model
agree with aftershock locations.

The change in the static Coulomb failure stress change
(ACFS) is estimated from (e.g. Harris 1998)

B
ACFS = Ats + s (Aan - EAakk), )

where At is the change in shear stress resolved in the slip
direction of a fault that may fail in a subsequent event,
Ag, is the change in normal stress on the receiver faults,
and Aoy is the change in volumetric stress. Here, pif is
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the coefficient of friction (we assume py = 0.75) and B is
Skempton’s coefficient (B = 0.5). The stress change de-
pends on the location and orientation of the receiver
faults. Here, the AC FS is calculated on N-S right-lateral
strike-slip faults at 5 km depth. A positive ACFS implies
an increase in the Coulomb failure stress, that may pro-
mote failure on secondary faults. Our models predict
positive static Coulomb stress changes following the
Ingolfsfjall event at the location of the maximum slip on
the Kross fault model (Fig. 13a). This suggests that the
coseismic stress changes caused by the Ingo6lfsfjall event
promoted failure on the Kross fault. Analysis of high-rate
(1 Hz) CGPS data indicate that slip on the second fault
initiated within 3 s of the initial main shock (Hreinsdéttir
etal. 2009). Therefore, we cannot preclude dynamic
stress triggering of the second event from the geodetic
data. The positive Coulomb stress changes associated
with the two main events correlate spatially with after-
shock locations recorded by the SIL seismic network after
the main shocks (Fig. 13b). Furthermore, our models
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Figure 13. Static Coulomb failure stress changes for N-S right-lateral strike-slip faults at 5 km depth. The contours are 0.1 MPa. The left-hand panel
shows the ACFS calculated from the variable slip model for the Ingélfsfjall event and the right-hand panel is the total ACFS predicted from the
Ingolfsfjall and Kross models. The thick lines represent the surface projections of the dislocation models, where the colour indicates the maximum
slip at depth. The black dots show the locations of aftershock recorded by the SIL network from 2008 June 2 to July 10.

indicate an increase in the Coulomb failure stress in the
area west of the Kross fault and east of the Ingdlfsfjall
fault. Very few aftershocks were located on the
Ingolfsfjall fault, while intense activity has continued on
the southern part of the Kross fault.

4 DISCUSSION
4.1 Fault models

Our modelling shows that the coseismic deformation
observed by GPS and InSAR can be explained by right-
lateral motion on two parallel N-S striking faults, spaced
about 5 km apart, in agreement with a previous study
using only CGPS data (Hreinsdéttir et al. 2009). We find
that the Kross fault is located slightly further west than in
the models by Hreinsdéttir et al. (2009), based on data
from two GPS stations located near the trace of the Kross
fault (AUDS and GLJU), as well as pixels in the descend-
ing InSAR image located in the area between the two
faults. We also note that the Ingo6lfsfjall rupture deter-
mined from the geodetic data lies to the west of where
most of the aftershocks are located (e.g. Fig. 4), in agree-
ment with field observations of surface ruptures in the
epicentral area. Preliminary results from a local seismic
network deployed after the May 29 earthquakes indicate
that the aftershock locations from the SIL network may be
~500 m too far east, due to variations in the seismic struc-
ture in the area that is not included in the SIL seismic
model (B. Brandsdottir 2009, personal communication).
Our best-fitting uniform slip model for the Ingolfsfjall
fault suggests that most of the slip there occurred below
2 km which is deeper than the uniform slip model esti-
mated by Hreinsdottir etal. (2009). In general, we find
higher slip over smaller fault surfaces, than Hreinsdottir
et al. (2009). Our variable slip models can explain 95 per
cent of the data variance. The geodetic models suggest
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that the slip on the Kross fault was concentrated in two
main patches, similar to the features found in the slip
models estimated from CGPS data by Hreinsdottir et al.
(2009). Our study shows that most of the slip occurred
north of the Olfusa river, which is consistent with loca-
tions of surface fractures (Fig.11). The variable slip
model we obtain for the Ingolfsfjall event has less slip
than on the Kross fault. The main patch in our model is
located further south than in the CGPS model by Hreins-
dottir et al. (2009). The reason for this is most likely that
there are only two continuous GPS stations located near
the southern end of the Ingolfsfjall fault, whereas our data
set includes several additional campaign GPS and InSAR
data in the near-field area (Fig. 4). In particular, the GPS
campaign stations LJOS, BURF, SELH and ONDV lo-
cated 5-8 km from the northern part of the Ingolfsfjall
fault show smaller coseismic displacements than the
CGPS station SELF (in Selfoss), indicating that there was
less slip on the northern part of the fault than on the
southern part. The decrease of coseismic displacement
eastward from the southern end of the Ingolfsfjall fault
(i.e. at SELF, ISMA, HAAL) also indicates that most of
the slip occurred at shallow depth on the southern part.
The main slip on the Kross fault is roughly at the same
location in both geodetic studies, confirming that the
differences between the slip on the Ingo6lfsfjall fault esti-
mated by Hreinsdottir et al. (2009) and in this study are
primarily due to an increase in the model resolution when
including the GPS campaign data and the InSAR images.
We also performed a joint inversion of the GPS and
InSAR data assuming a half-space rheology (with v =
0.28). From a comparison between this and our optimal
model, we conclude that the layered earth model produces
lower slip magnitudes (0.25-0.5 m) and shallower slip
(1-2 km) than the half-space model. Dubois et al. (2008),
however, found more slip at depth when using a layered
earth model to estimate the variable slip for the 2000 June
events. In general, the slip models depend on the available
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Table 3. Earthquakes in the SISZ.

The May 2008 earthquake

Date Lat. Lon. Magnitude District/location

1630/02/21 64.00 20.21 7 Land, Minnivellir

1633/~/— - - - Olfus

1706/04/20  63.90  21.20 6.0 Olfus, Hveragerdi
1732/09/07  64.00 20.04 6.7 Land, Leirubakki?
1734/03/21  63.90  20.83 6.8 F16i, Litlu-Reykir?
1766/09/09  63.90  21.16 6.0 Olfus, Gljafur Kross
1784/08/14  63.90 20.47 7.1 Holt - Gislholtsvatn
1784/08/16  63.90  20.95 6.7 Fl6i - Laugardeelir
1829/02/21  63.90 20.0 6.0 Rangarvellir - Hekla
1896/08/26  64.00  20.13 6.9 Skardsfjall - Fellsmuli
1896/08/27  64.00 20.26 6.7 Flagbjarnarh. -Lakjarbotnar
1896/09/05  63.90  21.04 6.0 Selfoss — Ingolfsfjall
1896/09/05  64.00 20.57 6.5 Skeid - Arakot -Borgarkot
1896/09/06  63.90  21.20 6.0 Olfus - Hveragerdi
1912/05/06  63.90 19.95 7.0 Selsund - Galtalekur
2000/06/17  63.973  20.367 6.6(6.5) Holt, Skammbeinsstadir
2000/06/21  63.972  20.711 6.5(6.4) F16i, Grimsnes, Hestvatn
2008/05/29  63.972  21.072  6.3(5.8,5.9)  Olfus doublet (Ingélfsfjall, Kross)

Notes: Moderate size (M > 6) earthquakes in SISZ since 1600. The magnitudes of
the events we report are Mg and the moment magnitudes for events in 2000 and
2008, estimated from geodetic studies are given in parenthesis.

data (which affects the model resolution), the earth model,
the choice of the smoothing imposed on the model and the
depth of the slip source.

The geodetic moments estimated from the variable
slip models indicate that the initial event on the
Ingolfsfjall fault was slightly smaller than the triggered
rupture on the Kross fault. The magnitude and geodetic
moment estimates using the depth dependent rigidity are,
however, very similar to the half-space models (the dif-
ference in M,, is less than 0.02). Using a layered earth
model rather than an elastic half-space thus affects the
slip magnitude and depth in the variable slip model, but is
unlikely to cause a shift in the latitude of the slip esti-
mates. We note that aftershocks appear to cluster adjacent
to the regions of coseismic slip on both faults (Fig. 11). In
general, aftershocks are expected to occur in areas of
large stress changes on and off the ends of the fault sur-
face, as reported in many studies (e.g. Massonnet & Feigl
1993; Cohee & Beroza 1994; Pedersen et al. 2003; Jo-
hanson et al. 2006). The events in the 2008 May sequence
are smaller than the 2000 June, which ruptured 10-15 km
long faults with up to 2—-3 m of slip, located above 10 km
depth (Pedersen et al. 2003). The decrease in earthquake
size is consistent with thinning of the brittle part of the
crust from about 12 km in the east to ~5 km in the west
(e.g. Tryggvason et al. 2002; Arnadottir et al. 2006). As
for the 2000 June main shocks, we find a high ratio of slip
to fault length indicating high stress drop in these earth-
quakes. This has also been noted for earlier events in the
SISZ and interpreted as evidence for the SISZ being a
young and immature fault zone (Bjarnason et al. 1993a).

4.2 The 2000-2008 earthquake sequence
in a tectonic context

The SISZ accommodates 18-20 mm yr™ of relative plate
motion across an approximately 20 km wide N-S zone.
The strain accumulated during a century could therefore
be released as ~2 m of coseismic slip along the E-W
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length of the zone. The May 29 events follow the faulting
pattern observed in earlier events, which limits the seis-
mic hazard to magnitude 6-7 earthquakes rupturing 10-20
km long N-S faults instead of the ~80 km E-W transform
along the SISZ. To model the earthquake cycle in the
SISZ we assume that moment accumulated by deep shear
in the SISZ is released by brittle failure in the crust. Sig-
mundsson et al. (1995) showed that the moment release
by rupture of many closely spaced, short N-S faults is
equivalent to that released by a single E-W transform
fault for the SISZ. We therefore calculate the geodetic
moment built up by plate motion using an average con-
stant locking depth ranging between the estimates for the
eastern and western part of the SISZ (12 + 2 km) (e.g.
Tryggvason etal. 2002; Arnadéttir etal. 2006), and a
constant rate of slip (19 = 1 mm yr'") in an 80 km E-W
zone. We compare this moment accumulation to the mo-
ment released in moderate size (M > 6) earthquakes. A
list of significant earthquakes in the SISZ since 1600 AD
is given in Table 3. The magnitudes of events are after
Stefansson & Halldorsson (1988) and are based on the
size of destruction areas of the historical earthquakes as
published by Bjornsson & Einarsson (1981). The identifi-
cation of the source faults of these earthquakes is given by
Einarsson etal. (1981), Einarsson & Eiriksson (1982),
Bjarnason et al. (1993a) and Khodayar et al. (2007) and
is based on field mapping of surface ruptures and histori-
cal documents compiled by Thoroddsen (1899, 1925).
The geodetic moment accumulation and seismic mo-
ment release from this model is shown in Fig. 14. The start
of the loading history is arbitrarily adjusted so that the 1912
event produces a complete release of the accumulated mo-
ment. Fig. 14 shows that the model is consistent with an
almost complete release of the accumulated moment during
1732-1784, and in 1630. During a seismic cycle in the
SISZ the moment is built up by plate motion and com-
pletely released by earthquakes in the whole zone, whether
they occur in one or more earthquake sequences and single
events (Fig. 14). This indicates that the seismic cycle in the
SISZ is 130-150 yr, whereas the time between historical
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Figure 14. Model of the seismic cycle in the SISZ as a function of time since 1600. The interseismic periods are represented by the accumulation of
geodetic moment in the SISZ, as explained in the text. The seismic moment released in moderate size events in the SISZ (red circles) is calculated for
the events listed in Table 3. The grey area shows the range of possible values assuming a +0.05 uncertainty in the seismic magnitude estimates and

+2 km in the locking depth.

earthquake sequences in the SISZ varies between 45 and
112 yr with the individual earthquake sequences lasting up
to 2 yr (Einarsson et al. 1981). For example, the 1732 and
1734 earthquakes are considered to be an earthquake se-
quence, as are the two 1784 magnitude 7.1 and 6.7 events
that occurred in a span of 2 d, whereas the 1912 event is
often given as an example of a single event, not considered
part of the 1896 earthquake sequence (Einarsson etal.
1981). We see that it took 16 yr (1896-1912) to release the
moment accumulated by ~100 yr of plate motion, whereas
the accumulated moment was released over a much longer
time interval (1732-1784) in two main earthquake se-
quences during the preceding earthquake cycle. Whether
one considers the 2000 June and 2008 May events as the
same sequence or two separate sequences, it is clear from
Fig. 14 that the moment release in the 2000-2008 events is
less than in the 1896 sequence (after five Mg = 6-6.9
events). This indicates that there is still potential for a mo-
ment release equivalent to a M,, =7 event in South Iceland.
We note, however, that the accuracy of the seismic history
is critical for this analysis and a change of +0.05 in the
estimated magnitudes can lead to different scenarios. Fur-
thermore, this analysis does not identify what segment of
the SISZ will rupture in the next moderate size event(s).
The 2000-2008 June sequence has now reached the western
part of the SISZ and more detailed studies, including a
plate boundary model that accounts for the crustal thicken-
ing and stress changes due to post-seismic deformation is
needed to address whether the activity is likely continue
with similar size or larger events in the eastern part of the
SISZ or with moderate size earthquakes in the central
and/or western part of the region.

5 CONCLUSIONS

We present models of the faults that ruptured in the 2008
May 29 earthquake doublet in the South Iceland Seismic
Zone. We use a joint inversion of InSAR and GPS data to
estimate the geometry, location and distribution of the slip
on the fault planes. In our models we account for the
depth dependence of the elastic parameters in the Ice-
landic crust. We interpret the May 29 events as earth-
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quakes rupturing two vertical N-S right-lateral strike-slip
faults. The first rupture occurred along the Ingoélfsfjall
fault and our models indicate localized and shallow slip.
The second event was triggered on the Kross fault. The
depth extent of the ruptures are shallower than found in
models for the 2000 June events, which is consistent with
the brittle part of the crust thickening towards the east
along the SISZ. Aftershock locations correlate spatially
with both static Coulomb failure stress changes and the
areas of high coseismic slip is adjacent to concentrations
of aftershocks. Our models have geodetic moments of
8.65 x 10" and 5.97 x 10" Nm, corresponding to mo-
ment magnitudes of M, =5.9 and 5.8 for the Kross and
the Ingolfsfjall faults, respectively. The June 2000-2008
earthquake sequence has only released about half of the
moment accumulated by plate motion since the last major
earthquake sequence in the SISZ (1896-1912). It is there-
fore likely that the sequence will continue with moderate
size earthquakes in the SISZ in the coming years.
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of this article:

Figure S1. Resolution analysis for the non-uniform model for the
Ingolfsfjall (left-hand panel) and the Kross fault (right-hand panel),
using GPS data only (first row), InSAR data only (second row), and
GPS and InSAR (third row). Contours show the preferred slip distribu-
tion. The colour scale indicates the level of resolution, with one well-
resolved areas and zero unresolved areas. Both fault are reasonably well
resolved (>0.1) down to ~6 km depth, where most of the coseismic slip
is inferred.

Table S1. Coseismic GPS station offsets.

Table S2. Selected InSAR interferograms spanning the 2008 May 29
earthquakes.
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