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Abstract

We present the first detailed estimates of co-seismic slip distribution on faults in the South Iceland Seismic Zone
(SISZ), an area of bookshelf tectonics. We have estimated source parameters for two Mw6.5 earthquakes in the SISZ
on June 17 and 21, 2000 through a joint inversion of InSAR and GPS measurements. Our preferred model indicates
two simple 15 km long, near vertical faults extending from the surface to approximately 10 km depth. The geometry is
in good agreement with the aftershock distribution. The dislocations experienced pure right-lateral strike-slip,
reaching maxima of 2.6 m and 2.9 m for the June 17 and 21 events, respectively. We find that the distribution of slip
with depth may be correlated to crustal layering, with more than 80% of the total geometric moment release occurring
in the uppermost 6 km. According to the distributed slip model the middle and upper crust appears to be more apt to
generate large displacements than the lower crust. The geodetic estimates of seismic moments are 4.4X10'8 Nm
(Mw6.4) and 5.0 10'® Nm (Mw6.5). The total moment released by the two events equals that generated by several
decades of plate motion in the area, but is only a fraction of the moment accumulated in the area since the last major
earthquake in 1912.
© 2003 Elsevier B.V. All rights reserved.

Keywords: Iceland; earthquakes; deformation; remote sensing; geodynamics; geodesy

1. Introduction
1.1. Tectonic setting

The complex tectonic environment in Iceland is

governed by the interaction between the Icelandic
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the path of the ridge, which change with time.
The current manifestations of the ridge on land
are offset, oblique spreading segments. Two trans-
form zones, the South Iceland Seismic Zone
(SISZ) and the Tjornes fracture zone, connect
the volcanically active segments (Fig. 1A). In
this paper, we study deformation in the SISZ, an
E-W trending left-lateral transform zone, con-
necting the Eastern Volcanic Zone with the junc-
tion between the Western Volcanic Zone (WVZ)
and the Reykjanes Peninsula (Fig. 1A). The SISZ
extends about 70-80 km E-W and 10-15 km N-S
(e.g., [2,3]). In this zone an overall left-lateral E-W
motion is accommodated by right-lateral faulting
on an array of parallel, N-S striking planes (Fig.
1B), a tectonic phenomenon known as bookshelf
faulting (e.g., [4,5]). The presence of N-S striking,
right-lateral faults was confirmed 20 years ago
through field investigations carried out by Einars-
son and Eiriksson [6], who mapped a number of
en echelon ground ruptures striking from NNE to
NE, arranged in N-S striking arrays.

1.2. Historic activity in the SISZ

Historical records going back 1100 years show
that earthquakes in the SISZ tend to cluster in
time. More than 30 destructive earthquakes in
the area have been documented since AD 1164,
either as single events, or more commonly as se-
quences of two or more magnitude 6-7 earth-
quakes over a period of days to a few years. These
earthquake sequences have recurred every 45-112
years [4]. Prior to June 2000, the previous earth-
quake sequence took place in 1896, when five
events with estimated magnitude 6-6.9 struck
the area in a period of only 2 weeks (e.g., [3,4]).
A single Mg =7 earthquake in 1912, the first SISZ
event with an instrumentally determined magni-
tude, occurred at the eastern border of the seismic
zone [7] (Fig. 1B). The magnitudes of historical
events have been evaluated through records of
structural damage, in comparison with damage
due to the 1912 event. The SISZ seismic sequences
have a distinct pattern, where the release of energy
progresses from east towards west, as observed in
the 2000 sequence described below. The awareness
of earthquake risk in the SISZ and consequent

need for seismic monitoring continues to increase,
as the population grows. As a result several proj-
ects have been initiated since the 1970s [4], e.g., a
network of volumetric strain meters was installed
in 1979 [§], a digital seismic network supplemented
an earlier analog network in 1990 [3], and geodetic
networks as described in Section 1.4.

1.3. The June 2000 events

On June 17, 2000 a Mw®6.5 earthquake occurred
in the SISZ at 15:40:51 GMT [9]. The hypocenter
was located at 63.97°N, 20.37°W at 6.3 km depth
[10]. Preliminary aftershock locations indicate
that the earthquake occurred on a 16 km long
fault, striking NO9°E and dipping 86° to the
east, extending from the surface to a depth of
10 km [10]. The best double-couple fault plane
solution from the Harvard CMT catalog [9] has
a strike of NO4°E, dip 87°, and rake 173°, with a
seismic moment (M) estimate of 7.1 X 10'® Nm
corresponding to a moment magnitude (Myw) of
6.5 assuming My = ((2/3) Xlog M()—6.03.

On June 21, 2000 at 00:51:55 GMT another
Mw6.5 event occurred [9] only about 17 km
west of the June 17 main shock, with a hypocen-
ter at 63.98°N, 20.71°W and 5.1 km depth [10].
The preliminary aftershock distribution indicate
that a vertical 18 km long fault ruptured, striking
NO02°W, extending from the surface to 8§ km depth
[10]. The Harvard CMT solution has a strike of
NO2°E, dip 85°, rake 173°, with a M, estimate of
5.4%10'® Nm, equivalent to Mw6.5 [9].

The two earthquakes caused major changes
over a considerable area. Surface fractures, in
left-stepping en echelon arrays, were abundant
within several kilometers north and south of the
epicenters [11]. Large strain changes were re-
corded in a network of volumetric strain meters,
run by the Icelandic Meteorological Office (K.
Agl’lstsson, personal communication). Geothermal
water reservoirs, extensively exploited in the area,
were strongly affected, with pressure changes lo-
cally in excess of 10 bar [12]. The patterns of the
pressure changes are in excellent agreement with
the focal mechanisms of the earthquakes, display-
ing a four-quadrant pattern after each event. Pres-
sure increased significantly in areas of compres-
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Fig. 1. (A) Map of Iceland showing the tectonic setting of the study area (modified from [I

]). The locations of the Tj6rnes Frac-

ture Zone (TFZ), the Northern Volcanic Zone (NVZ), the Eastern Volcanic Zone (EVZ), the Reykjanes Peninsula (RP), the
Western Volcanic Zone (WVZ) and the South Iceland Seismic Zone (SISZ) are shown. (B) A map of the SISZ (box in A). The
black box delineates the extent of subsequent figures. Mapped earthquake faults are shown as black lines with the 1912 fault
specified. The epicenter locations of the two June main shocks are marked with stars and aftershocks with dots.

sion (NW and SE quadrants), where some wells
became artesian, and pressure decreased in dilata-
tional areas (NE and SW quadrants) where some
wells dried up. The seismicity increased markedly
immediately following the June 17 event, as stress
transfer triggered numerous small to intermediate
earthquakes over a large area (Fig. 1B) [13]. The
seismic activity propagated westward across the
Reykjanes peninsula more than 80 km away,

where three Mg=35 earthquakes occurred, two
apparently in response to surface wave arrivals
from the June 17 main shock [14].

1.4. Previous geodetic studies of the SISZ
EDM measurements have been conducted since

1977 to study the mechanics of the SISZ. Results
from 1977 to 1995 show a rather complex pattern
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of strain changes in the area where the two faults
ruptured in 2000 [15,16]. The irregular strain pat-
tern has been interpreted as part of a pre-seismic
phase of the crustal deformation cycle [16].

Several GPS campaigns have measured defor-
mation in the SISZ. Interseismic deformation
studies based on GPS data collected between
1986 and 1992 conclude that left-lateral shear
strain is accumulating across the area. Strain is
concentrated in a 20-30 km wide zone where
most of the 1.9 cm/year plate motion is accom-
modated [5]. The rate of strain accumulation is
furthermore comparable to the rate of geometric
moment release in earthquakes, when averaged
over centuries [5].

Arnadottir et al. [17] estimated uniform-slip
fault models for the June 2000 events by inverting
GPS station displacements from 1995 to 2000.
Pedersen et al. [18] reported on simple slip models
based on forward modeling of deformation
mapped by interferometric analysis of synthetic
aperture radar images (InSAR). Best-fit fault pa-
rameters for the June 17 and 21 fault models pre-
viously published [17,18] result in similar moment

magnitudes and fault geometries (Table 1). Dis-
crepancies in the fault lengths and amount of slip
can be partly explained by different assumptions
used in the modeling. The GPS-based model as-
sumes that the events occurred on two distinct
uniform slip planes, while the InSAR-based mod-
el presents the two fault planes, each with three
superimposed slip patches of different sizes.

The purpose of this paper is to utilize the full
potential of the geodetic data sets, by combining
the GPS and InSAR measurements in a joint in-
version procedure (e.g., [19-21]). GPS measure-
ments are most precise for horizontal deforma-
tion, whereas the interferometric method is
highly sensitive to vertical displacements. Com-
bining these two complementary data sets helps
constrain both the fault geometry and co-seismic
slip distribution on the two faults better than in
previous studies. From the resultant distributed
slip model, we estimate the moment released dur-
ing the 2000 events, which we then compare to
the accumulated strain. The moment budget is
important in future hazard assessments of the
SISZ.

Table 1
Fault parameters for the June 2000 events estimated from different data sets

Length Width  Depth Dip  Strike Lon. Lat. Strike slip Dip slip Rake M, My,

(km) (km) (km) (°E) (N°E) (°) ) (m) (m) ) (X 10" Nm)
June 17
Uniform slip  10.6 7.9 0.0% 87* 1 —20347 63973 1.7 0 180 4.4 6.4
Distributed ~15 ~10 0.0 87* 2% —20.347 63973 0.0-2.6 0* 180* 4.5 6.4
slip
Arnadottir et 9.5 9.8 0.1 90* 3 —20.351 63970 2.0 0.2 174 5.6 6.5
al. [17]
Pedersen et 16.0 10.0* 0.0* 86* 5% —20.342 63979 0.3-2.4 0.0-0.2 175 54 6.5
al. [18]
NEIC [9] - - - 75 —1 —20.487  63.966 — - 173 43 6.4
Harvard - - - 87 —20.47 63.99 - - —164 7.1 6.5
CMT [33]
June 21
Uniform slip ~ 11.9 8.2 0.0* 90* 0 —20.705 63987 1.8 0 180 5.3 6.4
Distributed ~ ~15 ~10 0.0 90* 0* —20.705  63.987 0.0-2.9 0* 180* 5.0 6.5
slip
Arnadottir et 123 8.0 0.0* 90* 0.5 —20.691 63984 1.5 0 180 4.5 6.4
al. [17]
Pedersen et 15.0 9.0% 0.0% 90* 0* —20.703 63982 0.5-2.2 0 180 5.1 6.4
al. [18]
NEIC [9] - - - 79 —4  —20.758 63980 - - —-173 5.0 6.4
Harvard - - - 85 2 —20.85 63.98 - - —167 54 6.5
CMT [33]

Latitude and longitude are for the center of the fault plane at the upper edge.

*Parameter held fixed in the modeling.
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2. Data
2.1. Interferograms

The ERS-2 satellite acquired all images used in
this study in descending passes, with incidence
angles varying from 19 to 27° across each ~ 100
km wide scene. Images were also acquired during
ascending passes, but only post-seismic pairs
could be produced. Data from two descending
track frames were utilized in the modeling. Image
processing was done using the PRISME/DIAPA-
SON software [22] in the two-pass approach [23].
The digital elevation model, orbital modeling and
filtering have all been described previously [24].

Interferograms can be regarded as deformation
maps, where each fringe represents a change in
range between ground and satellite of 2.83 cm,
measured along the line of sight direction. A total
of 11 image pairs covering different parts of the
SISZ were analyzed, of which two co-seismic in-
terferograms spanning 35 days each were selected
for modeling (Fig. 2). These two interferograms
from ERS tracks 52 and 95 are referred to as
‘T52° and ‘T95".

Interferogram T52 (Fig. 2A) covers an area just
east of the fault that ruptured on June 17. T52
spans the time from June 16 until July 21, and
therefore records both of the large earthquakes.
Only a small fraction of the June 21 deformation
appears in T52, because of the distance between
the June 21 epicenter and the coherent area in the
interferogram. The fringes visible on the eastern
side of the fault show a simple pattern of at least
15 cm of range decrease in the southern lobe and
at least 12 cm of range increase in the northern
lobe. The absolute maximum range change how-
ever cannot be determined due to decorrelation in
the area close to the surface fault trace.

Interferogram T95 (Fig. 2B) covers a larger
part of the SISZ than T52, and spans both the
area affected by the June 21 event and the area of
the June 17 event. This interferogram also has a
time span of 35 days, from June 19 until July 24.
Thus it records co-seismic deformation from the
June 21 event alone, and may detect rapid post-
seismic deformation in the vicinity of the June 17
fault trace.

2.2. GPS

We use station displacements from a network
of 37 GPS stations, surveyed in 1995, 1999 and
2000 [17]. Data from five continuous GPS stations
were included in the analysis of 1999 and 2000
data. Data acquisitions were done using dual-fre-
quency GPS receivers, on stations occupied for
approximately 24 hours, collecting data every 15
seconds. The data were analyzed using the Ber-
nese V4.2 software package [25], and precise or-
bital information from the Center for Orbit De-
termination in Europe.

The 1995 and 2000 surveys were more extensive
than the 1999 survey. Only 14 stations were mea-
sured in all three surveys. The 37 co-seismic dis-
placement vectors (Fig. 2A) are calculated from
the 1995 and 2000 station coordinates, after sub-
tracting the interseismic motion during the 5-year
period [17]. The largest horizontal GPS displace-
ment of 0.55 m was observed near the northern
end of the June 17 main rupture. The GPS sta-
tions are fairly evenly distributed in the area (Fig.
2A), and give especially valuable information west
of the June 17 fault trace, where co-seismic In-
SAR coverage of the June 17 event is poor. The
uncertainty of the GPS displacements is high as a
result of the removal of the assumed interseismic
model. We use an estimated uncertainty of 11-16
mm for the horizontal co-seismic displacement
components and 30-40 mm for the vertical dis-
placement components.

2.3. Data reduction and weighting

Interferogram T52 was unwrapped using Mar-
kov random field regularization and a simulated
annealing optimization [26]. Interferogram T95
was unwrapped using the residue-cut unwrapping
algorithm [27]. These procedures yield a large
number of highly correlated data points, com-
pared to the 37X3 components of the GPS
data. We reduce the number of InSAR data by
quadtree partitioning, a two-dimensional quanti-
zation algorithm (e.g., [28]) to speed up model
computations. The algorithm divides the scene
into four quadrants, then calculates the mean of
each quadrant and subsequently evaluates the
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Fig. 2. Co-seismic interferograms and horizontal GPS displacements, showing ground deformation created by the June 17 and
June 21 earthquakes. The images have been corrected for orbital errors. One color fringe corresponds to 2.83 cm of range
change. Mapped ground ruptures are shown in white [11]. (A) Interferogram T52 spans the time from June 16 to July 21, 2000.

(B) Interferogram T95 spans from June 19 to July 24, 2000.

RMS scatter against a specified threshold. The
threshold was set to 10 mm for both interfero-
grams. If the misfit exceeds the threshold, the
quadrant is sub-divided into four new quadrants

recursively until convergence. We estimate the
standard deviation of each quadtree data point
to be 13 mm through post-fit % tests. The resul-
tant subset of the data, representing the statisti-
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cally significant part of the deformation signals, is
displayed in Fig. 3, with the number of data
points for each data set listed in Table 2.

All observations are treated as independent
with a diagonal covariance matrix. Weighting of
the different data sets is determined by their esti-
mated uncertainties, giving a relative weight of
30% and 58% for interferograms T52 and T95,
and 12% in total for all three GPS components.
The relatively low weight of the GPS data set
reflects its spatial sparseness as well as the high
uncertainty assigned to it.

3. Modeling

In the modeling, we assume that the Earth is a
homogeneous and isotropic, elastic half-space con-
taining rectangular dislocations [29]. We assume
Poisson’s ratio to be v=10.28 [30], a value appro-
priate for the undrained conditions (where there is
no fluid flow) in the fault zone immediately fol-
lowing the main shocks [12]. The inversion is exe-
cuted in two steps. First we perform an exhaustive
search for the best-fit fault parameters assuming
uniform slip. Then we divide the faults into sub-
faults and estimate the slip on each patch.

3.1. Fault geometry estimation

Freshly formed surface ruptures were mapped
in detail following the two earthquakes [11]. The
right-lateral surface ruptures follow an overall
N-S striking trend of en echelon left stepping frac-
tures. However, details in the surface ruptures
suggest complexities on the fault planes, especially
for the June 21 event, where left-lateral slip was
observed on a 500 m long central segment trend-
ing ENE [11]. The depth distribution of after-
shock locations nevertheless indicates faulting on
two relatively straight, near-vertical planes. We
therefore begin with simple models of uniform
slip on two rectangular faults.

To obtain maximum robustness in the optimal
fault geometry estimation we first apply a simulat-
ed annealing algorithm followed by a derivative-
based method, as recommended by Cervelli et al.
[31] and described more fully by Jonsson [32].

3.1.1. Problem description

The observed ground displacements d can be
written as a function g of the fault model param-
eters m:

d=g(m)+e (1)

where € are observational errors. The model vec-
tor m consists of 10 fault parameters for each
fault: seven describe the fault plane geometry
and three describe the relative displacement
(slip) across the fault plane. For each event, we
keep tensile opening and the upper edge fixed at
0, thereby reducing the number of free parameters
to eight. This constrains the modeled earthquakes
to both cut the surface and show a classic double-
couple focal mechanism.

The surface displacements are a non-linear
function of the fault geometry but change linearly
with slip components for a fixed geometry. Ac-
cordingly, for one fault we can write Eq. 1 as:

d = sg'(m') + 1g'(m') + € 2)

where s and ¢ are constant amounts of strike-slip
and dip-slip respectively. The new model vector
m’ consists of the seven parameters describing
the fault geometry. This system of quasi-linear
equations can then be written as:

dT52
dT95 —
ders

(g g'(m7) g'(m?) g'(m?) 10

0 0 gs(ijI) gt(mﬂl) 0 1
Lgm'7) g'(m7) g(m?!) '(m?') 0 0
r il
A7
21
21
T52

a

aT95

+ & (3)

where vectors mi!” and m?! describe the geometry
of the two fault planes. Strike-slip and dip-slip
values for the two faults are §!7, 2! and #'7,
21 respectively. Ambiguities (™2 and a™) are
introduced to correct for an arbitrary additive
shift in the unwrapped data. Vectors d™? and
d™> represent the displacements from the two
independent interferograms and d® is a vector
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Fig. 3. Quadtree-partitioned InSAR data. The data from T52 are overlaid on T95 data. Horizontal GPS vectors are shown with
black arrows.

containing the GPS displacements. The zeros in In the inversion we aim to find the model vec-
the matrix (second row, columns 1 and 2) are tor m that minimizes the L2 norm of the misfit
due to the time span of interferogram T95, which function:

does not cover the June 17 event, and conse-

. > D = ||W[d—g(m)]l 4
quently has no influence on the June 17 fault pa- [d=g(m)]ll> “)
rameters. where W is the weight matrix from the inverse

South June 17 fault North  South June 21 fault North
2 " q
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Fig. 4. Right-lateral strike-slip distribution estimated for the June 17 and June 21 earthquakes. Hypocenters are shown with white
stars, and aftershocks in the immediate vicinity of the modeled fault planes as black dots. Smoothing factor x> =1.4 was used for
this solution. Tests using different x° values have been carried out showing that the choice of x> does not significantly affect the
estimated moment magnitude.
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data covariance matrix WTW =3~ (Cholesky de-
composition). We solve simultaneously for both
linear and non-linear parameters by first applying
simulated annealing, an effective method to find
the valley containing the global minimum in the
multidimensional misfit space. This Monte Carlo
algorithm initially samples the model parameter
space randomly [31], and progresses to search
more thoroughly near recognized minima, while
the randomness in the parameter search permits
the algorithm to escape local minima. We then
use the result as an input for a fast-converging
derivative-based algorithm, which finds the bot-
tom of the misfit valley [21]. Several separate
runs are performed to ensure that the true global
minimum has been located.

3.1.2. Optimal fault geometry

Initial constraints on the fault parameters in the
simulated annealing searching scheme were fairly
loose. However, we fixed the fault dips at 87° for
the June 17 and 90° for the June 21 dislocation to
match the aftershock distribution. Although dip-
slip was initially allowed, it proved insignificant
and was subsequently fixed to zero. Model pa-
rameters for the optimal dislocation planes esti-
mated assuming uniform slip are found in Table 1
together with solutions from Arnadottir et al. [17],
Pedersen et al. [18], NEIC [33] and Harvard CMT
[9]. We use shear modulus of 30 GPa to calculate
geodetic moments and moment magnitudes from
the fault slip solutions (Table 1). The simple sys-
tem of two straight faults with uniform slip results
in RMS misfit values of 8 mm for interferogram
T52, 10 mm for T95 and 31 mm, 30 mm and 35
mm for the east, north and vertical GPS compo-
nents respectively. The 729 observations in total
used to estimate the 14 free parameters (six for
each fault plus two additive constants) yield a %2
of 0.99. A %2 =1 indicates an optimal fit between
data and model, assuming that the prior uncer-
tainties are realistic. The location and strike of the
estimated faults resemble those of the aftershock
distribution, but the length and depth of the fault
planes seem to be underestimated. This discrep-
ancy decreases when we allow the slip to taper
toward the edges.

3.2. Slip distribution

Although uniform slip models can provide a
fair fit to the data, we know that homogeneous
slip on a sharply bounded fault plane is not physi-
cally reasonable. We obtain more realistic models
by discretizing the fault planes into sub-faults and
solve for slip on each patch, thereby allowing the
slip to taper to zero smoothly towards the edges
of the fault plane. Only strike-slip is estimated as
the amount of dip-slip proved to be insignificant
in the non-linear optimization.

3.2.1. Problem description

Estimating the slip distribution on a fault plane
with fixed geometry is a linear problem. The op-
timal fault geometry obtained from the derivative-
based method is used, but the fault plane is ex-
tended in both length and depth to allow for slip
tapering. After discretizing the fault plane into
sub-faults measuring 1.5 km X 1.5 km, we solve
for the optimal slip on each patch. The problem
can be written as d=Gm+e¢, where G are the data
kernels relating the model parameters m to the
observed surface displacements d. The data re-
quire weighting as before and our weighted sys-
tem of equation becomes:

d =Gm (5)

where d’=Wd and G’'=WG. Without using an
appropriate amount of smoothing, we obtain a
solution with irregular slip values on adjacent
patches. This arbitrary slip model may give the
best fit to the data, but is unrealistic. To obtain
a non-oscillatory slip distribution, we apply a
smoothing constraint, which minimizes the sec-
ond-order spatial derivative (Laplacian) of the
fault slip (e.g., [34]). The smoothing is included
by solving the system of coupled equations:

s

where D is a discrete second-order finite difference
operator. The Lagrange multiplier x> determines
the weight of the smoothing. The full expression
of Eq. 6 for this problem becomes:

G/

D | ()
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where d'7>2 and d’'™ are the weighted data vec-
tors of the interferograms, and d'#P the weighted
GPS data vector. Subscripts n, m and ¢ indicate
the number of data points in each data set. The
model vector mT =[(s/')T, (s*HT, a2, a™] con-
sists of k slip values s/!'” for the June 17 fault
patches, and / slip values s*! for the June 21 fault
patches, as well as the ambiguities a™? and a™>.
We solve the above system of equations with non-
negative least squares [35], allowing only right-
lateral strike-slip.

3.2.2. Optimal slip distribution

The preferred solution is shown in Fig. 4. The
distributed slip model gives RMS misfit values of
8 mm for interferogram T52, 8§ mm for T95, and
26 mm, 25 mm and 35 mm for the east, north and
vertical GPS components respectively. Histo-
grams of the residuals are plotted in Fig. 5 for
model solution evaluation, with the normalized
residuals for the complete data set shown in the
lower right panel. The vertical GPS measurements
seem to be offset by about 2 cm, though this is

still within the bounds of the estimated uncertain-
ties.

For the June 17 fault, we estimate a rupture of
about 15 km in length. The slip tapers to zero at
about 10 km depth, in good agreement with the
aftershock locations (vertical accuracy better than
3 km; Steinunn Jakobsdottir, personal communi-
cation, 2002). The model shows a simple slip dis-
tribution with maximum slip reaching 2.6 m.
Most of the slip occurs at depths shallower than
4.5 km, just south of the hypocenter (Fig. 4). The
geodetic moment is 4.5X 10'® Nm, resulting in a
My of 6.4. The June 21 modeled fault has a
length of about 15 km with slip extending to
about 10 km depth. Again the modeled slip dis-
tribution is consistent with the distribution of
aftershock locations. The maximum slip of 2.9 m
occurs slightly north of the hypocenter between
1.5 and 4.5 km depth. A second high-slip area is
seen south of the hypocenter (Fig. 4). The geo-
detic moment is 5.0x 10'"® Nm, giving a Myw of
6.5. The depth to which slip extends is (in theory)
dependent on the Poisson ratio assumed in the
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Fig. 5. Histograms of residuals for the individual data sets calculated from the distributed slip solution. The lower right panel

shows the normalized residuals for the complete data set (n=729).

model [36]. Slip extends slightly deeper in a ma-
terial of low Poisson ratio. Due to a lower re-
sistance to shear strain more slip at depth is
then needed to reproduce the surface displace-
ments. The actual difference between models car-
ried out with v=0.25 and v=0.28 is minor in our
case.

Model interferograms and GPS predictions cal-
culated from the estimated slip distribution and

associated residuals are shown in Fig. 6. The re-
sidual of interferogram T52 is close to the noise
level. In the northern and southern parts of the
T52 image a long wavelength residual signal is
seen (Fig. 6C), most likely due to atmospheric
disturbances. Interferogram T95 also shows an
overall good model fit, with minor misfits in the
immediate vicinity of the June 21 surface rupture,
attributable to the complexities in the surface

Table 2

Number of data points, weights and RMS values of the distributed slip model

Data form Component Data points Weight RMS

(7o) (mm)

InSAR T52 215 30 7
T95 403 58 8

GPS East 37 5 26
North 37 5 25
Vertical 37 2 35

Joint All 729 100 14
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Fig. 6. Model predictions for the T52 and T95 interferograms (A,B) calculated from the distributed slip models (Fig. 4). One col-
or fringe corresponds to 2.83 cm of range change. Observed (yellow) and predicted (orange) GPS displacements are shown in A.
(C,D) Resulting residual interferograms, with residual GPS displacements in C. Note the different scales for GPS displacements
in A and C. Surface ruptures are shown with white lines. The upper edges of the uniform slip model fault planes are shown with

pink lines.

faulting [11] compared to our simple fault geom-
etry. Significant residual fringes are left in the
vicinity of the June 17 fault trace (Fig. 6D), show-
ing one month of post-seismic deformation.

3.2.3. Slip distribution resolution

The resolution of our distributed slip solutions
was examined through various checkerboard tests.
Simulated data sets with added noise were in-
verted for distributed slip, simultaneously on
both faults, as in the modeling. The results show
that slip is best resolved in the uppermost 5 km.
Slip details are better resolved on the June 21
fault than on the June 17 fault, due to a better
spatial coverage of the June 21 event. Below 5 km,
the inversion procedure smears high slip in the

synthetic distribution into large areas of low slip
that reach several kilometers too deep.

4. Discussion
4.1. Aftershocks and surface rupture

Approximately 3000 aftershock hypocenters lo-
cated by the South Iceland Lowland network, be-
tween June 16 and November 22, 2000 were used
to help constrain the fault dips, and subsequently
to evaluate the fault lengths, widths and strikes
estimated in the model. The distributions of after-
shock locations agree well with the extent of fault
slip on both of the modeled fault planes (Fig. 4).
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The fault plane modeled for the June 21 event
coincides with a plane fitted through the after-
shock locations, and a dense cluster of aftershocks
aligns with the southern extent of fault slip. The
estimated location of the June 17 fault model is
offset up to 400 m with respect to the best-fitting
plane through the aftershocks. The strike of the
plane estimated from the aftershock distribution
is N4°E, where our optimal fault model has a
strike of only NI°E. This difference is partly re-
sponsible for the offset location. The lower limits
of fault slip are in good agreement with after-
shock depths for both events. The simple planar
geometry of the fault model appears to oversim-
plify complexities observed in the surface rupture.
Of particular interest are the subsurface structures
in the complex area south of the June 21 epicen-
ter, where an approximately 500 m long, left-lat-
eral, ENE trending segment of up to 2.3 m wide
surface fissures was mapped [11]. In general, good
correlation exists between the most extensive and
continuous surface ruptures and areas of maxi-
mum slip in our distributed models (Amy Clifton,
personal communication, 2002).

4.2. Slip distribution and crustal layering

In our models, the areas with large amounts of
slip are confined to the uppermost 6 km (Fig. 4).
Although resolution is better at shallower depths,
checkerboard tests suggest that large slip at depth,
if it occurred, would lead to an overestimate of
the depth to the lower edge of the modeled fault
planes. As mentioned above, the extent of the
fault slip is well correlated with the distribution
of aftershock depths (Fig. 4), and thus does not
appear to be overestimated. If slip is focused
above 6 km depth it has important implications
for earthquakes in the SISZ.

Numerous studies of the thickness of the Ice-
landic crust have been performed over the years
(e.g., [37-41]). The recent 3-D study by Allen et
al. [41], using tomographic inversion of surface
waves, concludes that the total thickness of the
Icelandic crust ranges between 15 and 46 km,
but due to the frequency window used in the
study local details are not visible. A detailed study
of crustal structure in SW Iceland [39] describes a

three-layer structure, based on two-dimensional
tomographic inversion of P-wave travel times.
The crust east of the WVZ is comprised of an
upper crust between 2 and 3 km thick, a middle
crust 3 to 4.5 km thick and a 14-20 km thick
lower crust. The upper crust consists of subaeri-
ally extruded lavas, showing increased secondary
mineralization with depth. The middle crust is
characterized by the appearance of heavy second-
ary minerals, causing an increase in the P-wave
velocity. A sharp decrease in the velocity gradient
defines the interface between the middle and lower
crust, and prominent reflections at the bottom of
the lower crust are interpreted as representing the
Moho.

The areas of maximum slip in our models cor-
respond to the complete extent of the middle and
upper crust. On both the modeled faults more
than 80% of the total slip occurs above 6 km
depth. A layered crustal model may tend to yield
a distribution with more slip at depth (e.g., [42]).
The brittle part of the crust stops at the maximum
hypocentral depth of the micro-seismicity. It
varies smoothly across the SISZ, from 9-10 km
in the west to 12-14 km in the east [3]. Stefansson
et al. [3] argue that the brittle-ductile transition
zone may be shifted to greater depth during peri-
ods of large earthquakes. The June 2000 events,
however, did not break into the ductile part of the
crust. An important factor determining the max-
imum earthquake magnitude possible in the SISZ
may not only be the complete thickness of the
brittle regime, but also the total thickness of the
upper and middle crust, as this is the section most
apt to generate large displacements.

The Ms7 earthquake in 1912 occurred further
east than the 2000 events, presumably in an area
with thicker upper and middle crustal layers,
hence a fault with a larger extent of the fault
plane in the zone capable of generating large dis-
placements. If this is a real feature of the SISZ,
detailed mapping of crustal layering will be im-
portant for evaluating areas of elevated seismic
hazard.

4.3. Triggering and energy release

Large earthquakes change the state of stress in
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the surrounding crust. Many studies have shown
that an increase in static Coulomb stress of as
little as 0.01 MPa (0.1 bar) affects aftershock lo-
cations and may trigger subsequent earthquakes if
the crust is close to failure (e.g., [43]). Arnadottir
et al. [13] calculated the Coulomb stress change
due to the June 17 earthquake using the distrib-
uted model obtained in this study. They found
that the June 17 earthquake increased the static
Coulomb stress on the hypocentral region of the
(future) June 21 event by about 0.1 MPa, promot-
ing failure on the second fault.

The historical seismicity in the SISZ has re-
leased geometric moment at the rate of 1.0-
2.5% 107 m3/yr over the last 1000 years [5]. Since
this interval includes more than 30 magnitude 6
or higher earthquakes, we assume that earth-
quakes release all of the strain accumulated from
plate motion over the long term. Hence, we can
use this same value as the rate of strain accumu-
lation. According to our preferred models the to-
tal geometric moment released by the two main
events in June 2000 is 3.1 X 10% m3, which is less
than half the 8.8-22x 103 m? accumulated in the
preceding 88-year interval since the last large
earthquake in 1912. From 1912 to 2000 activity
in the seismic zone was low. The main events in
the June 2000 sequence only released stress in the
seismic zone corresponding to 12-31 years of
plate motion, much less than the 88 years since
the occurrence of the 1912 earthquake. Further
large events are to be expected in the seismic
zone in the coming years or decades.

4.4. Post-seismic deformation

The residual signal left in Fig. 6D after removal
of the distributed slip model shows that rapid
post-seismic deformation took place in the vicin-
ity of the fault activated on June 17. The post-
seismic deformation field forms four quadrants,
with signs opposite to those observed for the co-
seismic signal. A similar pattern of post-seismic
deformation was observed near the June 21 fault
in an interferogram spanning June 24 to July 29,
2000 [44].

The post-seismic signal is consistent with a
poro-elastic rebound model of the crust caused

by pore fluid pressure changes after the earth-
quakes [44]. We prefer this explanation to the
‘back-slip” model initially proposed [18]. A strong
argument against ‘back-slip’ is that Coulomb fail-
ure calculations show that stress changes caused
by the June 21 earthquake do not favor ‘back-
slip’ on the June 17 fault. In addition, a consid-
erable dip-slip component is required to fit the
post-seismic InSAR signal with left-lateral ‘back-
slip’. Co-seismic and post-seismic water level
changes recorded in numerous boreholes also sup-
port poro-elastic rebound. A co-seismic water lev-
el change of more than 50 m was recorded on
June 17 in the immediate vicinity of the epicenter,
and a 0.5-m change occurred in a well located as
far away as 75 km from the epicenter [12]. The
water level recovered in most wells during the first
2 months after the earthquakes, consistent with
the duration of the observed post-seismic ground
movements. The poro-elastic response due to re-
adjustment of the hydrological systems in the area
has been modeled in an associated study [44].

5. Conclusions

We have estimated the fault geometry and slip
distribution for two June 2000 Mw6.5 South Ice-
land earthquakes through combined inversion of
InSAR and GPS data. Both earthquakes can be
approximated by simple planar faults. Good cor-
relation exists between our simplified fault plane
models, aftershock hypocenters and surface rup-
tures. Our results show that the two right-lateral
strike-slip earthquakes are very similar. The earth-
quakes ruptured two roughly N-S trending, near
vertical 15 km long fault planes located approx-
imately 17.5 km apart. This is consistent with the
interpretation of the SISZ as an area of bookshelf
tectonics, however the modeled faults are longer
than previously observed in the field. The geodetic
moments and slip distribution with depth are also
similar for the two events. Areas of large slip are
confined to the uppermost 6 km of the crust, with
more than 80% of the total geometric moment
release occurring above the transition from mid-
dle to lower crust. There is no geodetic evidence
that brittle fracturing during the Mw6.5 earth-
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quakes extends to considerably greater depth than
micro-earthquake activity in the previous years.

We estimate that the total moment released in
the two Mw6.5 earthquakes in June 2000 is
9.4 10'® Nm. This corresponds to only a fraction
of the accumulated moment in the interseismic
period since 1912, indicating that further large
events should be expected in the seismic zone in
the coming years or decades.
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