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Abstract
Krýsuvík is a geothermal area located on the Reykjanes Peninsula in southwest
Iceland. The Reykjanes Peninsula is an oblique plate spreading boundary under
heavy inuence of a mantle plume located beneath southeast Iceland. Intense seismic swarms occured in the area during alternating periods of uplift and subsidence
in 2009 and 2011. A dense seismic network located in the area from May till October 2009 together with the regional seismic network of the Icelandic Meteorological
Oce recorded over ten thousand earthquakes. The activity was characterized by
short, intense swarms in between longer, quieter periods. A detailed analysis was
performed on the focal mechanisms of 1,063 events, including a stress tensor inversion for several swarms in the Krýsuvík and Fagradalsfjall areas. Interestingly,
earthquakes of dierent faulting types characterize individual swarms, with normal,
reverse, and strike-slip events taking place in the same swarms. Stress tensor inversion reveals a NW-SE trending minimum horizontal stress, in good agreement with
previous studies in the area. No direct indication of magmatic involvement during
the deformation sequence is observed.

Útdráttur
Á Krýsuvíkursvæðinu hefur bæði landris og landsig átt sér stað undanförnum árum.
Tvær lotur þar sem landsig hefur fylgt landrisi hafa komið fram á árunum 2009-2012.
Í bæði skiptin hefur orðið vart aukinnar skjálftavirkni á svæðinu í kjölfarið. Í maí
2009, á þeim tíma þegar landris var í gangi, var sett upp net 32 jarðskjálftamæla á
Krýsuvíkursvæðinu. Mælingar stóðu yr til október 2009. Auk þess fengust gögn
úr mælum SIL-kers Veðurstofu Íslands. Í heildina voru skráðir yr tíu þúsund
jarðskjálftar. Virknin einkenndist af stuttum, áköfum hrinum inn á milli lengri,
rólegri tímabila. Brotlausnir um eitt þúsund skjálfta voru rannsakaðar. Meðal annars var spennusviðið reiknað út frá brotlausnum nokkurra hrina á Krýsuvíkurog Fagradalssvæðinu. Það vekur athygli að brotlausnir innan hverrar hrinu eru
mjög breytilegar. Þannig nnast samgengis-, sniðgengis- og siggengisskjálftar í
sömu hrinum. Útreikningar á spennusviðinu leiða í ljós að í estum tilfellum stefnir
minnsta lárétta spennan NV-SA. Þetta er í samræmi við niðurstöður annarra rannsókna
á svæðinu. Ekkert bendir til þess að jarðskjálftarnir tengist kvikuumbrotum undir
Krýsuvíkursvæðinu.
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1 Theory

1.1 Source characteristics
1.1.1 Focal mechanism solutions

Focal mechanisms are used to describe the spatial characteristics of earthquakes,
i.e. the direction of slip and the orientation of the fault. The mechanisms are often
visually represented by so called beach balls. The beach balls are constructed from
the radiation pattern of rst P-wave arrivals. The P-waves are assumed to originate
from a common source point. Their position on an imagined sphere around the
source, called the focal sphere, is determined by two parameters: The azimuth from
the source, φs , and the take-o angle, ih . Depending on the orientation of the fault
and slip, compressional and dilatational P-waves should systematically appear on
dierent quadrants of the sphere. By marking compressional and dilatational Pwaves dierently on stereographic projection of the focal sphere a pattern should
emerge (see Fig. 1.1). We should be able to split up this pattern with two lines
signifying orthogonal planes which divide the focal sphere into quadrants. One of
those planes is the fault plane of the earthquake. Due to an ambiguity inheritied in
double-couple force system used to emulate the seismic soure other methods must be

1

1 Theory
used to conrm which is the correct fault plane. An example of a focal mechanism
solution for an event in Krýsuvík recorded during a period of uplift in the area is
shown in Fig. 1.2. The seismicity recorded during the uplift is the subject of the
accompanying paper.

Figure 1.1: Lower-hemisphere stereographic projections of the focal sphere.
Left: First P-wave arrivals marked as compressional (lled circle), dilatational
(open circle), or ambigious (plus). Middle: Orthogonal planes drawn as intersecting lines splitting the focal sphere into quadrants. P marks the pressure
axis, T marks the tensional axis and N lies on the intersection of the two planes,
orthogonal to both P and T. Right: Beachball plot with quadrants colored according to P-wave motion, black=compressional and uncolored=dilatational.
On seimograms the P-wave presents itself as either going up or down, where up
signals compressional motion and down dilatational motion. However, we must
bear in mind that the stress condition in the compressional quadrant is dilatational
at the source prior to the earthquake and vica versa the stress condition in the
dilatational quadrant is compressional at the source. Therefore, a pressure axis (P)
is dened in the dilatational quadrant and a tensional axis (T) in the compressional
quadrant. These axes are orthogonal to each other and oriented 45◦ from the nodal
planes. A third axis, the B-axis (N in Fig. 1.1), lies on the intersection of the two
planes and is orthogonal to both the P and T axes. If we imagine that we cut the top
of the focal sphere and look inside the bowl from above, we see the lower hemisphere
projection of the focal mechanism. Compressional sections are traditionally colored

2

Figure 1.2: Example of focal mechanism solutions as plotted by FPFIT for an event recorded by instruments deployed
in Krýsuvík from May till October 2009. The larger plot shows the lower-hemisphere projection with dilatational motion
marked as open circles and compressional as plus signs. The letters P and T mark the location of the P- and T-axes,
respectively. The smaller plot shows the distribution of possible orientations of P- and T-axes which are consistent with the
data, allowing for uncertainty. The event took place on July 26, 2009 at 4:27:36.26 and has a reverse faulting mechanism,
with a strike-slip component.

1.1 Source characteristics
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1 Theory

Figure 1.3: Example of a beach ball plot for a strike-slip event. The left
plot shows the P-wave motion for the slip event and the right plot shows the
associated beach ball. The P-wave motion plot and beach ball are identical for
a right-lateral slip on a E-W trending vertical fault and a left-lateral slip on a
N-S trending fault.
black and the dilatational sections left uncolored. Fig. 1.3 shows an example of the
beach ball representation of a focal mechanism solution of a strike-slip event, and
the associated P-wave motion.

1.1.2 Stress

Stress is dened as force per unit area, ∆F/∆A. We dene the

stress vector

or

, T(n), as the value of the stress when the surface area goes to zero,

traction vector

∆F
= T1 x̂ + T2 ŷ + T3 ẑ.
∆A→0 ∆A

T(n) = lim

(1.1)

We follow the convention of setting compressive stress as positive. By imagining
an innitesimal cube surrounding a point in an elastic medium and considering the
stresses at work on each side, we can develop a way to completely describe the stress
at any point in the medium.
The stress vector T(n) acts on an arbitrary plane. Therefore, we can choose a plane
which is parallel to one of the sides of our imagnary cube, e.g. the yz plane. The

4
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y

σyy
σyx
σyz
σxy
x

σzy
σzx

σxz

σxx

σzz

z

Figure 1.4: Innitesimal cube in an elastic medium and the nine stress vectors
which form the stress tensor.
stress components acting on this plane are dened by

∆F1
∆A1
∆F2
= lim
∆A1 →0 ∆A1
∆F3
= lim
∆A1 →0 ∆A1

σxx = lim

∆A1 →0

σxy
σxz

(1.2)

where the rst subscript corresponds to the direction of the normal to the plane
being acted on by the force, and the second incex indicates the direction of the
force. We also have

∆F = ∆F1 x̂ + ∆F2 ŷ + ∆F3 ẑ.

(1.3)

Similarly for each of the two other sides of the cube parallel to the xy and xz plane

5
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we can dene the three stress components acting on each surface. σxx , σyy and σzz
are called

normal stresses

and σxy , σxz etc. are called

equilibrium the nine stress vectors form the



shear stresses

stress tensor

. In a state of

:



σxx σxy σxz 


σ

σ
σ
yx
yy
yz




σzx σzy σzz .

(1.4)

The angular momentum must be in equilibrium too, requiring σxy = σyx , σxz = σzx
and σyz = σzy . Accordingly, the stress tensor is symmetric, reducing the number
of independent components to six. At each point in a body, three mutually perpendicular planes exist on which no shear-stress components act (Lay and Wallace,
1995). This is called the principal coordinate system and is found by diagonalizing
the stress tensor. The normals to the three planes are called the

principal stress

. The principal stress magnitudes are called σ1 , σ2 and σ3 , where σ1 > σ2 > σ3 .

axes

Focal mechanisms can be used to estimate the stress eld in an area. Several methods have been developed to achieve this. They all assume a homogeneous stress eld
and that the fault slips in the direction of maximum resolved shear stress. Usually,
only the direction of the principal stress axes can be estimated and the relative size of
intermediate principal stress σ2 compared to the maximum and minimum principal
stress, σ1 and σ3 . R = (σ1 − σ2 )/(σ1 − σ3 ) is used to estimate the relative size of the
principal stresses. Gephart and Forsyth (1984) used a grid search method of stress
models to nd the one which required the smallest total rotation of all the fault
planes that was needed to match the observed and predicted slip directions. The
grid search method delivers a realistic error analysis and condence limits for the
preferred regional stresses. Angelier et al. (1982) employed a least squares method
to solve the inverse problem. Their method took into account not only the errors

6

1.1 Source characteristics
of the measured pitch of the slicken-slide, but also errors in the strike and dip of
the plane. Michael (1984) linearized the problem by assuming that the length of
the tangential traction vector on the fault plane is |τ | = 1. Lund and Slunga (1999)
based their work on the Gephart and Forsyth (1984) grid search method. Additionally, they used a range of focal mechanisms as input. This gives a measure of
the uncertainty in the focal mechanism determination and a range of well-tting
fault plane solutions to account for the uncertainty during the stress tensor inversion. They also calculate the direction of maximum and minimum horizontal stress
from the stress tensor (Lund and Townend, 2007). The stress tensor inversion from
earthquake focal mechanisms requires several dierent types of events taking place
on dierently oriented planes in order to resolve the stress eld. A drawback of using focal mechanisms to calculate the stress eld is the ambiguity of possible nodal
planes.
A Mohr diagram can be used to visualize the stress. In two dimensions, the expressions for the normal stress (σ ) and shear stress (τ ) acting on a plane oriented
at angle θ to the direction of σ1 in the principal coordinate systems look like this
(Jaeger et al., 2007):

σ=

(σ1 + σ2 ) (σ1 − σ2 )
+
cos 2θ
2
2
−(σ1 − σ2 )
τ=
sin 2θ.
2

(1.5)

These equation describe a circle in the σ, τ -plane with center at the point (σ =

(σ1 + σ2 )/2, τ = 0), and with radius (σ1 − σ2 ). Fig. 1.5 shows a Mohr diagram in
two dimensions. The Mohr diagram can tell us the orientation of σ1 in respect to

7
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τ
Failure envelope
P
r=

𝜎1 −𝜎2
2

2θ

φ

σ2

O

σ1

σ

Figure 1.5: Mohr's circle in two dimensions. The failure envelope represents
the magnitude of stress required for failure to occur. The radius of the Mohr
circle is r = (σ1 − σ2 )/2. The value of the angle from the σ -axis to line OP is
2θ, where θ is the angle which σ1 makes with the strike of the fracture.
the strike of the fault. The angle from the σ axis to line

OP

is 2θ where θ is the

angle between the direction of σ1 and the strike. (See further discussion in Jaeger
et al. (2007)). In three dimensions we can either visualize the stress tensor as circles
on a Mohr diagram or an ellipsoid. The components of the traction vector lie on an
ellipsoid with semi-axes σ1 , σ2 and σ3 (Lund, 2000)

t2y
t2z
t2x
+
+
=1
σ12 σ22 σ32

(1.6)

where −t = (σ1 n1 , σ2 n2 , σ3 n3 ) is the traction vector on a plane with normal n and

n21 + n22 + n23 = 1.

8
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1.1.3 Moment tensor solution

The focal mechanism solutions described in section 1.1.1 exclude all volumetric
change at the source. In order to reveal the volumetric change the full moment
tensor must be calculated. The full moment tensor is composed of nine force couples
for three-dimensional geometries (Lay and Wallace, 1995). Fig. 1.6 shows the nine
fource couples. The moment tensor can be written as

Mpq = µA(up vq + uq vp )

(1.7)

where µ is the shear modulus, A is the area and up is the average slip in the xp direction on a plane with normal vq in the xq direction and vice versa (Aki and Richards,
2002). The moment tensor depends on source strength and fault orientation, and
it characterizes all the information about the source that can be learned from observing waves whose wavelengths are much longer than the source dimensions. A
moment tensor in the coordinate system dened in Fig. 1.6 looks like this for a point
source of slip:





 0 0 M0 


.
M =
0
0
0




M0 0 0

(1.8)
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Figure 1.6: The nine couples composing the seismic moment tensor (United
States Geological Survey).
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1.2 Tomography and double-dierence earthquake
location
Seismic tomography is a method used to map, or image, the three-dimensional
velocity structure inside the Earth. It is based on the principle that a particular
seismic phase has a travel time, T , given by a path integral through the medium of

Z
T =
s

ds
=
v(s)

Z
u(s)ds,

(1.9)

s

where u(s) is the slowness [1/v(s)] along the path (Lay and Wallace, 1995). By subdividing the medium into blocks and nding the slowness perturbations for dierent
raypaths in each block, the velocity structure can be revealed. The best constrained
blocks are the once with the highest number of traversing rays. The earthquake
locations can either be xed or the velocity structure and source location can be
solved simultaneously. Earthquake tomography requires a dense receiver network
and the resulting problem is usually mixed determined. The generalized inverse
solution of the system is
m = [GT G]−1 GT d

(1.10)

where d = ∆Ti = Tobs − Tpred are the observed travel time residuals, G = lij is the
path lengt of the i-th ray in the j-th block, and m = ∆uj is the slowness perturbation
in the j-th block. By calculating a resolution matrix for the problem we can estimate
how well the model can be reconstructed if the data and model parameterization
are perfect. The velocity perturbation in blocks with few or none traversing rays
can not be determined adequately, and the resolution matrix helps identifying those
regions.

11

1 Theory
The tomography method relies on accurately estimated earthquake locations. Two
factors have the biggest eect on location uncertainty: errors in arrival time measurements and velocity model errors. An earthquake location can be absolute or relative. Relative earthquake location methods can improve the uncertainty estimates
by a few orders of magnitude (Husen and Hardebeck, 2010). Relative earthquake
location methods assume that the hypocentral distance between two earthquakes
is small compared to the event-station distance. Consequently the two rays travel
almost identical paths to the common receiver. The dierence in travel times originates from the small dierence in source location. The travel time dierence can be
accurately identied with waveform cross-correlation. The relative location between
earthquakes can be calculated with errors of a few meters to a few tens of meters
when using cross-correlation (Waldhauser and Ellsworth, 2000).
Waldhauser and Ellsworth (2000) developed the double-dierence method which
determines hypocenter locations of earthquakes over large distance with high resolution. It is based on comparing the observed and theoretical travel time dierences
of two events:

drkij = (tik − tjk )obs − (tik − tjk )cal .

(1.11)

Here drkij is the residual and tik and tjk are the travel times of events i and j at station

k . Observed travel times can either be absolute travel times from measured arrival
times or cross-correlation relative travel-time dierences. To reach this conclusion,
Waldhauser and Ellsworth (2000) start with:

Tki

i

Z

=τ +

k

uds,

(1.12)

i

where T is the arrival time for earthquake i to seismic station k , τ is the origin time
of event i, u is the slowness eld and ds is an element of path length. Usually, a
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Taylor series expansion is used to make this nonlinear problem linear. This gives us
a problem where the travel-time residuals, r, for an event i are linearly related to
perturbations, ∆m, to the four current hypocentral parameters for each observation

k:
∂tik
∆mi = rki ,
∂m

(1.13)

where rkj = (tobs − tcal )ik , tobs and tcal are the observed and theoretical travel time,
respectively, and ∆mi = (∆xi , ∆y i , ∆z i , ∆τ i ). To be able to use cross-correlation
travel-times, which measures dierences between events, (tik − tjk )obs , we have to take
the dierence between equation 1.13 for a pair of events (Fréchet (1985), as cited by
Waldhauser and Ellsworth (2000)):

∂tij
k
∆mij = drkij ,
∂m

(1.14)

where ∆mij = (∆dxij , ∆dy ij , ∆dz ij , ∆dτ ij ) is the change in the relative hypocentral
parameters between the two events, and the partial derivatives of t with respect to m
are the components of slowness vector of the ray connecting the source and receiver
measured at the source. The slowness vector is only constant for events that are
close together. Therefore, an adjustment has to be made to be able to include events
which are far apart. This can be done by using the appropriate slowness vector and
origin time term for each event when taking the dierence between equation 1.13:

∂tik
∂tjk
i
∆m −
∆mj = drkij .
∂m
∂m

(1.15)

Written out in full:

∂tik
∂tik i ∂tik i
∂tjk
∂tjk j ∂tjk j
i
i
j
∆x +
∆y +
∆z +∆τ −
∆x −
∆y −
∆z −∆τ j = drkij (1.16)
∂x
∂y
∂z
∂x
∂y
∂z
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The partial derivatives of the travel times, t, for events i and j , with respect to
their locations (x, y, z) and origin times (τ ), respectively, are calculated for the current hypocenters and the location of the station where the k -th phase was recorded.

∆x, ∆y, ∆z and ∆τ are the changes required in the hypocentral parameters to make
the model better t the data (Waldhauser and Ellsworth, 2000). This can be combined into a system of linear equation for all hypocentral pairs of a station, for all
stations:
(1.17)

WGm = Wd

where G denes a matrix of size M × 4N (M , number of double-dierence observations; N , number of events) containing the partial derivatives, d is the data vector
containing the double-dierences, m is a vector of length 4N , [∆x, ∆y, ∆z, ∆T ]T ,
containing the changes in hypocentral parameters that are to be determined, and
W is a diagonal matrix to weight each equation (Waldhauser and Ellsworth, 2000).

Zhang and Thurber (2003) developed a double-dierence tomography method which
simultaneously determines the relative and absolute event locations and the velocity structure. Their code
hypoDD

tomoDD

is based on the double-dierence location code

written by Waldhauser (2001).

tomoDD

was used to relocate all the events

in the Krýsuvík and Fagradalsfjall areas recorded by a dense network deployed in
the area from May till October, 2009 (Franco, 2013).
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2 Introduction

Iceland is a volcanic island straddling the Mid-Atlantic ridge in the North Atlantic
Ocean. It is shaped by the interaction of a mantle plume with an oceanic spreading
ridge. Due to the presence of the mantle plume the plate boundary in Iceland
is considerably oblique compared to the plate motion. The segment of the MidAtlantic ridge which connects with Iceland in the Southwest is called the Reykjanes
Ridge. It comes onshore in the southwestern part of the island, on the Reykjanes
Peninsula (RP). The volcanic zones in Iceland, the location of the RP and the
direction of plate motion are shown on the inset of Fig. 2.1. The RP plate boundary
is an oblique spreading rift, striking N80◦ E compared to the spreading direction of
N102.1±1.1◦ E (DeMets et al., 1994). The RP plate boundary splits into the South
Iceland Seismic Zone (SISZ) and the Western Volcanic Zone (WVZ) at the Hengill
Triple Junction. The SISZ is an E-W oriented transform zone where the left lateral
shear is accommodated by N-S striking right-lateral faults, while the rifting at the
WVZ is believed to be slowly dying out and the spreading motion is migrating to
the Eastern Volcanic Zone (EVZ) (LaFemina et al., 2005).
The main tectonic features on the Reykjanes Peninsula are NE-SW trending volcanic ssures, hyaloclastite ridges and normal faults and N-S trending right-lateral
strike-slip faults. Five dierent volcanic systems with associated ssure swarms are
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2 Introduction

Figure 2.1: Volcanic ssure swarms on the Reykjanes Peninsula as described by
Jakobsson et al. (1978) drawn with dark gray lines. The locations of stations
deployed during the measurement period are marked as black triangles. Stations from the SIL-network are marked as black diamonds. The box outlines
the area displayed in Fig. 3.2. The inset shows the volcanic zones in Iceland.
WVZ = Western Volcanic Zone, SISZ = South Iceland Seismic Zone, EVZ =
Eastern Volcanic Zone, NVZ = Northern Volcanic Zone and RP = Reykjanes
Peninsula. The two arrows show the direction of plate spreading according to
NUVEL-1A (DeMets et al., 1994).
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identied on the peninsula (Fig. 2.1): Reykjanes, Grindavík, Krýsuvík, Brennisteinsfjöll and Hengill (Jakobsson et al., 1978). Reykjanes and Grindavík are sometimes
grouped together as one volcanic system (Saemundsson, 1978). Each system consists
of increased volcanic production and a ssure swarm as well as a high temperature
geothermal eld. Here, ve geothermal elds are recognized: Reykjanes, EldvörpSvartsengi (part of the Grindavík system), Krýsuvík, Brennisteinsfjöll, and Hengill.
Three of them are currently being exploited: Reykjanes, Svartsengi, and Hengill.
Seismic and magmatic activity appears to be periodic, with seismicity increasing
every thirty-forty years and magmatic episodes every thousand years (Einarsson,
2008).
The Krýsuvík geothermal eld is the main focus of this paper. Results from a seismic
survey in the area in 2005 revealed a low P-wave velocity anomaly southwest of
Lake Kleifarvatn (Georoy and Dorbath, 2008). In light of this result and in hope
of enhancing the knowledge of the Krýsuvík geothermal system, a large project
involving scientists from the French Geoux project and the Iceland GeoSurvey was
launched. The project, called HYDRORIFT, was supported by the Geothermal
Research Fund (GEORG) and the energy company HS Orka, based in Iceland. A
dense seismic network was operated in the area from May to October 2009. The
location of the seismic stations can be viewed in Fig. 2.1. They are also listed in
Table 2.1 along with stations from the Iceland Meteorological Oce network (SIL)
supplementing the data. The network was deployed during an active deformation
period in Krýsuvík accompanied by high levels of seismicity. Consequently a large
data set was obtained. Our French coworkers produced detailed tomography of
the area, conrming the location of the low P-wave velocity anomaly southwest of
Lake Kleifarvatn (Franco, 2013). Additionally ISOR developed a 3D model of the
resistivity structure in the area from magnetotelluric (MT) data (Hersir et al., 2013).
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Table 2.1: Location and elevation (H) information of seismic stations used to
gather data for the research. Stations identied with three uppercase letters
are from the Iceland GeoSurvey, stations with names starting with capital G
belonge to Geoux and stations identied with three lowercase letters are from
the Icelandic Meteorological Oce network (SIL).
Stn.
KLN
KLV
KLE
NUP
HRU
HAM
NAT
ODD
VIG
DJU
FAD
SAN
FAF
G05
G06
G31
G36
G37
G48
G49
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Lat. [◦ ]
63.93815
63.91315
63.91050
63.89295
63.93146
63.86684
63.88062
63.92733
63.89026
63.92357
63.96118
63.88744
63.91552
63.92420
63.90500
63.89850
63.84430
63.89270
63.89270
63.92900

Lon. [◦ ]
-21.94053
-22.03261
-21.95963
-22.16410
-22.06257
-22.19215
-22.30049
-22.13328
-22.13764
-22.08989
-21.92524
-22.32909
-22.29039
-22.93720
-21.99300
-22.09680
-22.11230
-22.00130
-22.21020
-22.00030

H [m]
161.45
162.32
158.00
176.45
217.57
125.22
101.57
184.43
166.60
215.00
180.33
77.91
109.82
412.93
262.24
272.70
129.55
294.46
225.60
259.01

Stn.
G70
G72
G73
G74
G75
G76
G80
G87
G89
G90
G93
G95
kri
vog
grv
vos
nyl
kas
san
bja

Lat. [◦ ]
63.92700
63.91270
63.96070
63.96350
63.94450
63.89600
63.85570
63.86530
63.93870
63.94470
63.87620
63.86330
63.87811
63.96967
63.85716
63.85279
63.97370
64.02290
64.05601
63.94622

Lon. [◦ ]
-22.22280
-22.20880
-21.97770
-22.01900
-22.00200
-22.02420
-21.94780
-22.10020
-22.01520
-22.08120
-22.16670
-22.24020
-22.07623
-22.39283
-22.45583
-21.70359
-22.73790
-21.85200
-21.87013
-21.30287

H [m]
250.60
238.37
257.87
173.46
325.36
263.10
150.33
192.81
323.73
268.03
211.00
174.55
130.00
12.00
52.00
12.00
11.00
108.00
260.00
58.00

3 Seismicity on the Reykjanes
Peninsula

The rst seismometer was installed in Iceland in 1909 (Einarsson and Björnsson,
1987). It was removed in 1914 (Tryggvason, 1973). The seismometer was reinstalled
in 1925 and seismicity in Iceland has been continuously recorded since then (Einarsson and Björnsson, 1987). The seismic activity on the Reykjanes Peninsula seems
periodic with episodes of high activity occurring approximately every thirty to forty
years. High seismicity was observed in 1929-1935, 1967-1973, and in 2000 (Einarsson, 2008). The seismicity delineates a zone that trends approximately N80◦ E along
most of the peninsula, bending towards southwest at the transition to the o-shore
Reykjanes Ridge (Keiding et al., 2008). Most earthquakes occur on the central RP
between 4-6 km depth, but reaching down to 7-8 km depth. Keiding et al. (2008)
and Einarsson (1991) observe a systematic change in the pattern of seismicity along
the Reykjanes Peninsula. The western part of the peninsula is characterized by
swarm activity and rare mainshock-aftershock sequences while in the eastern part
mainshock-aftershock sequences are more frequent. The central part of the peninsula, where Krýsuvík is located, acts as a transition between the two.
The largest instrumentally recorded event on the RP took place in 1929 on a 10
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km long N-S oriented strike-slip fault called the Hvalhnúkur fault (Erlendsson and
Einarsson, 1996). It is estimated to have been a MS = 6.2 earthquake (Tryggvason,
1973). The Hvalhnúkur fault is located east of lake Kleifarvatn and has been active
on several occasions since 1929 (Keiding et al., 2008). Other signicant events include three triggered events on three dierent faults following a MW = 6.5 event in
the SISZ on June 17th , 2000 (Pagli et al., 2003). The rst event occurred near the
northern end of the Hvalhnúkur fault, the second event near Lake Kleifarvatn, and
the last one was located near Núphlíðarháls. The rst two events were probably
dynamically triggered by surface waves from the June 17th main shock (Árnadóttir et al., 2004). Additionally a MW = 5.1 earthquake occurred on August 23rd ,
2003, rupturing a N-S oriented strike-slip fault beneath Sveiuháls, west of Lake
Kleifarvatn (Keiding et al., 2008; Pagli et al., 2003). An increase in activity was
also observed following an earthquake doublet in the SISZ in May 2008. The earthquake doublet had an estimated composite moment magnitude of MW = 6.1 − 6.2
(Decriem et al., 2010; Hreinsdóttir et al., 2009).

3.1 Seismicity and deformation
Early in 2009 a period of uplift started in the Krýsuvík geothermal area (Michalczewska et al., 2012). The uplift was observed at GPS stations in the area (Fig. 3.1).
The uplift continued until the fall of 2009 when the area started subsiding. Another
period of uplift started in April 2010 and lasted until the beginning of 2012 when
the area began to subside again. An increase in seismic activity was detected during
the uplift sequences. During the period of uplift in 2009 (from May to October)
a seismic network of 32 stations was in operation in the Krýsuvík and Kleifarvatn
area. The network recorded over 10,000 events during this time. The regional SIL-
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Figure 3.1: Displacement on GPS station
KRIV located south of Krýsuvík. Components are North, East and Up. Two
sequences of rapid displacement episodes
are observed, most noticable on the
North component. The two sequences
took place in 2009 and 2011. The total amount of uplift was ∼ 20 mm on
the North component. (Hreinsdóttir and
Michalczewska).
network operated by the Icelandic Meteorological Oce recorded a few swarms in
the area before the additional seismic network was fully deployed.

3.2 Seismicity in Krýsuvík, May - October 2009
Over 10,000 events were detected in the research area in the period from May till
October 2009. Of the 10,000 detected events 6,100 were manually picked and the
computer software tomoDD (Zhang and Thurber, 2003) used to relocate the events
and develop a 3D velocity model of the crust (Franco, 2013). Fig. 3.2 shows the
locations of the 2,800 best dened relocated events as well as an E-W depth prole
of the hypocenters. The main active areas were at Fagradalsfjall in the west and
at Krýsuvík in the east. Both areas have previously been active (Hjaltadóttir and
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Vogfjörð, 2006a; Keiding et al., 2009). The observed activity is characterized by
intense swarms in between quieter periods of scattered seismicity. From Fig. 3.3
three main swarms can be identied. The rst and most intensive swarm took
place in Fagradalsfjall on May 29th and 30th . The activity was scattered with a
small indication of N-S striking faults (Fig. 3.2). Twenty days later the activity
picked up to the southwest of Lake Kleifarvatn, migrating north and east. This
activity delineates at least three N-S striking faults. The last swarm occurred around
August 1st , delineating a N-S striking fault in northern Móhálsadalur. Other smaller
swarms also outline N-S striking faults. The hypocenter depth prole in Fig. 3.2
clearly shows that the delineated faults all have a dip close to 90◦ . The majority
of earthquakes are located at a depth between 1.5 km and 4 km (>70%). The
epicenters in the Fagradalsfjall area are at a greater depth compared to the Krýsuvík
area. In the Krýsuvík area, west of Lake Kleifarvatn, an updoming in the earthquake
hypocenter depth distribution is evident. The center of the dome correlates with
signs of geothermal activity on the surface. This concurs with the ndings of Keiding
et al. (2009), who found the shallowest earthquake activity of events taking place
from 1997-2006 to be in the central Krýsuvík area. Furthermore, this correlates with
the locations of a low P-wave velocity anomaly detected in the tomography results
(Franco, 2013) as well as a low resistivity anomaly observed in 3D interpretations
of magnetotelluric resistivity data (Hersir et al., 2013).
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Figure 3.2: Map and depth prole of 2,800 relocated events in Fagradalsfjall
and Krýsuvík May-October 2009. The activity delineates several N-S striking,
steeply dipping faults. The events are shallower in the Krýsuvík area and
show signs of an updoming which correlates with geothermal activity on the
surface, and may indicate a change in depth to the brittle-ductile boundary.
The orange line marks the location of cross sections presented in Fig. 3.4.
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Figure 3.3: Cumulative number of relocated earthquakes May-Oct. 2009.
Three main swarms are detected, on May 29-30 (julian day 150-151), June
19-21 (julian day 170-172) and August 1-2 (julian day 213-214).

3.3 Seismicity and resistivity
Franco (2013) conrmed the location of a low P-wave velocity anomaly in the Krýsuvík area. The anomaly had been observed in tomography results from data collected
in 2005 (Georoy and Dorbath, 2008). A vertical section running E-W through Krýsuvík and the southern part of Lake Kleifarvatn and showing the P-wave velocity
calculated for the data collected in 2009 can be seen in Fig. 3.4. The P-wave anomaly
is seen at 5-8 km depth. Earthquake activity decreases dramatically in the low Pwave volume. The location of a low resistivity anomaly observed in the Krýsuvík
area in 3D modelling of magnetotelluric data correlates with the location of the low
P-wave velocity anomaly (Hersir et al., 2013). However, the resistivity anomaly is
shallower, mainly occupying depths of 1.5-5 km.
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Figure 3.4: Resistivity and velocity structure beneath Krýsuvík. The location of the cross sections can be seen in Fig. 3.2.
Top: Vertical cross-section from a 3D inversion of magnetotelluric data (Hersir et al., 2013). A low resistivity anomaly
can be seen at 1.5-5 km depth, approximately beneath the Krýsuvík geothermal area. Bottom: Vertical cross-section of
the P-wave velocity model based on data recorded from May till October 2009 (Franco, 2013). A low P-wave velocity
anomaly can be seen at around 5-8 km depth. Earthquake hypocenters 500 m to the south and north of the cross section
are marked as dots and network stations as red triangles.

3.3 Seismicity and resistivity
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3.4 The brittle-ductile boundary

①

②

③

④

Figure 3.5: Cumulative depth distribution for four dierent sectors in
Fagradalsfjall and Krýsuvík area. The division can be viewed in Fig. 3.6.
A distinct change or fall-o can be seen between the ratios of 0.9 and 1.0 in
all the graphs.
The cumulative depth distribution of earthquakes for four sectors of the data (divided by longitude) reveals a clear trend in depth distribution. Fig. 3.5 shows the
results for the four dierent sectors. A distinct change or fall-o can be seen between
the ratios of 0.9 and 1.0 in all the graphs. Specically, the depth in dierent sectors
is as follows: 1) 95% of events above 5.8 km; 2) 92% of events above 5.3 km; 3)
95% of events above 4.0 km; and 4) 98% above 5.9 km. In Fig. 3.6 the depth for
each sector is drawn as a thick black line with the earthquake hypocenters in the
background as black dots. Sector 3, where the most activity is located stands out.
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3.4 The brittle-ductile boundary
95% of the activity in this sector is above 4.0 km, while in the other areas it ranges
from 5.3-5.9 km. This suggests that the brittle-ductile boundary domes up in this
area which lies beneath the Krýsuvík geothermal eld.

①

②

③

④

Figure 3.6: Depth prole of hypocenters of relocated earthquakes in Fagradalsfjall and Krýsuvík with a thick black line indicating the depth above which the
majority of earthquakes are located. The depth varies between the four dened
sectors, ranging from 5.9 km to 4.0 km. The change in depth may indicate a
variation in depth to the brittle-ductile boundary.
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4 Focal mechanisms

4.1 Methods and results
Focal mechanisms were calculated for 1,643 events using the computer program
FPFIT (Reasenberg and Oppenheimer, 1985). The FPFIT program computes doublecouple fault-plane solutions from P-wave rst motion data using a grid search
method. For each double-couple source model obtained, FPFIT formally estimates
the uncertainty in the model parameters (strike, dip, and rake). Only events with
ten polarities or more were considered for calculations. Of these the best determined solutions (with uncertainty < 20◦ for strike, dip, and rake) were used for
further analysis, in total 1,063 events. 138 events are located in the Fagradalsfjall
area and 923 in the Krýsuvík area.
The focal mechanisms can be categorized into four dierent groups depending on
which of the P, B, or T axis is closest to vertical. When the P or B axis lies within 30◦
from vertical the event is classied as normal or strike-slip, respectively, and if the
T axis lies within 40◦ from vertical it is classied as a reverse faulting event. If none
of the axes are within the dened angular distance from vertical the event is either
classied as an oblique faulting event or a pure dip-slip on a vertical fault. In the
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total set of focal mechanisms 43% are oblique, 22% are strike-slip, 10% are normal,
and 22% are reverse faulting with only 3% representing dip-slip on vertical faults
(see Table 4.1). The ratio for the Krýsuvík subset resembles the results of the total
dataset, with 43% oblique faulting, 23% strike-slip, 11% normal, 20% reverse, and
3% dip-slip. The Fagradalsfjall subset diers signicantly. The oblique, strike-slip,
and dip-slip events have similar ratios: 40% oblique, 20% strike-slip, and 3% dip-slip
while the normal faulting events comprise 2% of the total subset and reverse faulting
35%. An evaluation of dip of the dierent focal mechanism solutions reveals that
a majority of oblique and strike-slip events take place on steep faults while normal
and reverse faulting events occur on shallower-dipping faults with dip ∼ 50◦ (see
Fig. 4.1). Keiding et al. (2009) found when analyzing earthquake data from the RP
from 1997-2006 that 50-60% of the mechanisms were oblique. In the Fagradalsfjall
area they determined that most events were strike-slip or normal faulting with only
5-6% reverse mechanisms (including oblique events with a plunge of the T-axis less
than 60◦ ). There is a striking dierence in the percentage of reverse mechanism in
Fagradalsfjall observed by Keiding et al. (2009) when compared to our results (5-6%
vs. 35%). In the Krýsuvík area however, Keiding et al. (2009) found the proportion
of reverse mechanism to be 21-26% (including oblique events), closer to our result of
20%. The Icelandic Meteorological Oce (IMO) generously provided us with data

Table 4.1: Classication of focal mechanisms for the Fagradalsfjall area, Krýsuvík area and the total set of fault plane solutions. Focal mechanisms are
categorized by which of the P, T or B axis is closest to vertical (see text).
Oblique
Strike-slip
Normal
Reverse
Dip-slip
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Fagradalsfjall

Krýsuvík

Whole dataset

40%
20%
2%
35%
3%

43%
23%
11%
20%
3%

43%
22%
10%
22%
3%

4.1 Methods and results

Figure 4.1:
Histograms
showing the distribution of
dip for dierent focal mechanism solutions. Oblique and
strike-slip events generally
take place on steep faults.
Normal and reverse faulting
events largely occur on
planes with less dip.
for events measured on their regional seismic network from 1994-2011 in Þeistareykir
and Bjarnaag geothermal areas in the Northern Volcanic Zone. In order to be able
to compare the areas we catagorized the focal mechanisms of these events by the
direction of P, B, and T axes in the same way as our data from Krýsuvík and
Fagradalsfjall. The results show diverse faulting events. In both Þeistareykir and
Bjarnaag more than half of the events are oblique (62% and 56%, respectively)
and around 20% are strike-slip events. However, the areas dier when it comes to
normal and reverse faulting events. In Þeistareykir 12% of the events were normal
faulting events, but only 5% of the Bjarnaag events register as normal faulting.
9% of the events in Þeistareykir were reverse but 18% of the events in Bjarnaag
were reverse. Bjarnaag resembles Krýsuvík in the ratio of reverse faulting events.
We must bear in mind, that the events in Þeistareykir and Bjarnaag were recorded
over a period of 18 years on stations of the regional seismic network of the Icelandic
Meteorological Oce.
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Fig. 4.2 shows the distribution of focal mechanisms for several subsets of the Krýsuvík dataset on ternary diagrams. The events were grouped together in subsets
depending on location in space and time, based on faults discerned in the relocated
dataset (see Fig. 3.2). One of these subsets, number 3, was further divided into three
smaller sets (3a-c). Subsets 3a-c are all a part of the same swarm taking place in
northern Núphlíð in a two day period. The events with calculated focal mechanisms
are not relocated. The ternary diagrams show focal mechanisms plotted on an equalarea projection of an octant (Lund, 2012). Strike-slip events fall in the top corner,
normal faulting events in the lower left corner and reverse faulting events in the lower
right corner. Oblique events are presented in the center of the diagram. Thin lines
show the 30◦ plunge angle for strike-slip and normal events and 40◦ plunge angle for
reverse faulting events. The ternary diagram in the top right corner of Fig. 4.2 shows
the distribution of focal mechanism solutions for all the events in the Krýsuvík area.
It reveals that the recorded events cover the whole spectrum of focal mechanisms
solutions. All of the subsets have varied focal mechanisms solutions. Subsets 2 and
10 display the most scattering of focal mechanism solutions, covering most of the
ternary diagram. Subsets 7, 3c and 6 are mostly oblique while subsets 1, 4 and 5
show a mixture of reverse and oblique faulting, with subset 1 moving into strike-slip
faulting. Subsets 3b and 8 have mechanisms classied as strike-slip, normal and
reverse faulting events with fewer oblique events. Subset 3a shows mostly normal
faulting and reverse faulting events while subset 9 features mainly strike-slip events
mixed with oblique events containing a strike-slip factor.
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Figure 4.2: Ternary diagrams of the twelve subsets of the Krýsuvík area events (numbered 1-10). Events are mapped as
beachballs, the visual representation of focal mechanism solutions. On the perimeter are ternary diagrams of the focal
mechanism distributions of the respective subsets. Strike-slip events fall in the top corner of the diagram, normal events
in the lower left corner and reverse events in the lower right corner. The top right ternary diagram (un-numbered) shows
the focal mechanism distribution for the whole data set. It shows clearly the diversity of calculated focal mechanisms.
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4.1 Methods and results
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4.2 Swarm in northern Núphlíð
The swarm in northern Núphlíð (3a-c in Fig. 4.2) occurred predominantly on 31.71.8, 2009. It clearly delineates a N-S trending fault with activity limited to depths
of 1-3 km. Focal mechanism solutions were calculated for 78 events in the swarm.
Fig. 4.3 shows the results as lower hemisphere projections. Fig. 4.3A shows all 78
mechanisms while B-E show mechanisms catagorised by which of the P, B or T
axis is closest to vertical (see further explanation in previous section). The division
reveals that 35% of the events are oblique (27% oblique, 8% dip-slip events; see
Fig. 4.3B), only 8% are strike-slip (Fig. 4.3C), 26% are normal (Fig. 4.3D) and 32%
are reverse (Fig. 4.3E). The oblique, normal and reverse groups have distinct yet
dierent strikes. Majority of the oblique events have strike between 40◦ − 50◦ while
most normal events have strike between 50◦ − 70◦ and reverse between 100◦ − 110◦ .

Figure 4.3: Mapped focal mechanisms of events in a swarm in Núphlíð (3a-c in
Fig. 4.2). A: All focal mechanism solutions; B: Oblique events; C: Strike-slip
events; D: Normal events; E: Reverse events.
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5 Stress tensor

5.1 Stress tensor inversion theory
Earthquake focal mechanisms can give valuable information about the local stress
eld. To calculate stress tensor for events in the Krýsuvík and Fagradalsfjall area
we used the stress tensor inversion software STI (Lund and Slunga, 1999). It is
based on two fundamental assumptions: The state of stress in the space and time
of the earthquake activity is homogeneous, and the maximum shear traction on the
fault plane is parallel to the slip direction. The inversion provides four of the six
components of the stress tensor: the direction of the principal stresses σ1 , σ2 and

σ3 and the relative size of the intermediate stress, σ2 , with respect to σ1 and σ3 ,
R = (σ1 − σ2 )/(σ1 − σ3 ). Additionally, the direction of the maximum horizontal
stress SH can be computed (Lund and Townend, 2007).
The inversion method works by minimizing the angle α which lies in the fault plane
between the shear stress direction τ and the slip direction s, α = cos−1 (τ · s). The
algorithm performs a grid search over a half-space of principal stress directions by
xing the direction of σ1 and rotating σ2 and σ3 in the plane perpendicular to σ1 .
For each event a range of possible focal mechanisms is considered. Inherent in all
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double-couple focal solutions is an ambiguity between the two possible nodal planes.
The software chooses which nodal plane applies either based on which has the lowest
mist for each event or based on which plane is closer to failure according to the
Coulomb failure criterion. The mists from all of the events are then added into a
nal mist for the current stress tensor.

5.2 Stress tensor inversion results
Stress tensors inversions were performed seperately on focal mechanisms of events in
the Krýsuvík area and in the Fagradalsfjall area. The data in Krýsuvík was furthed
divided into 12 subsets, the same as in Chapter 4. The results are presented in Fig.
5.1-5.3 as lower hemisphere projections of the principal stress directions, with the
best t stress tensor represented by lled black symbols (a square for σ1 , diamond
for σ2 and triangle for σ3 ). The stress tensor for the Fagradalsfjall events (Fig.
5.1) shows a NW-SE trending σ3 dipping ∼ 50◦ . The maximum horizontal stress,

SH , lies in the NNE-SSW direction (histogram on the periphery). Fig. 5.2 shows
the results of the stress tensor inversions for the events in the Krýsuvík area. They
show that a majority of the stress states have a stable, close to horizontal σ3 trending
NW-SE. Some exceptions are noted. Subset 1 reveals a reverse stress state while
a majority of the stress tensor solutions with a horizontal σ3 are strike-slip stress
states. Subsets 3a-c are all part of the Núphlíð swarm which is the subject of section
4.2. In an eort to recover the relevant stress state the swarm was divided into three
groups, south, center and north. In each case none of the principal stress axes lies
close to vertical, which contradicts Anderson's theory of faulting (Anderson, 1951).
Anderson's theory states that the surface of the Earth acts as a free surface and
therefore two of the principal stresses lie parallel to the surface and the third is
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perpendicular. The mixed stress condition could be explained by faulting taking
place on non-optimally oriented faults. However, σ3 lies consistently in the NW-SE
direction. Subsets 4 and 5 share the same characteristics as 3a-c, with none of the
principal axes lying close to vertical and σ3 dipping ∼ 45◦ from horizontal. In the
stress tensor solution for subset 9, σ3 is horizontal while σ1 and σ2 plunge 45◦ from
horizontal, indicating an oblique stress state. All of the subsets except 3c show
a stable direction of maximum horizontal stress, SH , pointing in a NNE-SSW to
NE-SW direction (histogram on the periphery).

Figure 5.1: Stress tensor results for events in Fagradalsfjall. The left plot shows
the principal stress directions on a lower hemisphere projection, with the best
t stress tensor represented by lled black symbols (a square for σ1 , diamond
for σ2 and triangle for σ3 ). The condence regions for σ1 are shown in warm
colors and for σ3 in cold colors. On the periphery of the plot is a histogram
of the 95% condence level of the maximum horizontal stress, SH . In addition
it shows on the right a plot displaying the poles of the normals of the fault
planes selected during the inversion. The crosses indicate the poles and Kamb
contours surround them. In between the two plots is a box portraying the best
t R as a black rectangular with blue, red and green histograms as the 95%,
68% and 10% condence levels, respectively.
Fig. 5.3 shows the stress tensors for the twelve subsets of Krýsuvík as well as histograms of the value of R (box in the center) and plots depicting the poles of the
normals of the fault planes selected during the inversion (circles on the right). R is
generally high (>0.8) indicating that σ2 ≈ σ3 . Three exceptions are observed. In
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subsets 4, 8, and 9 the value is lower suggesting a high value of σ1 compared to the
other principal stress axes. The nodal planes selected during the inversion process
largely fall into three catagories: vertical N-S oriented planes, steep NE-SW planes,
and E-W oriented planes dipping towards north. Mapping of surface fractures on
the Reykjanes Peninsula shows that fractures striking NE-SW are the most abundant while N-S striking strike-slip faults are the longest (Clifton and Kattenhorn,
2006). Hardly any E-W oriented fractures were recorded on the surface. R = 0.8
in Fagradalsfjall indicates as well that σ2 ≈ σ3 (Fig. 5.1). The poles of the normals
of the fault planes are diverse indicating four dierent types of nodal planes: steep
and gently dipping N-S oriented planes, as well as steep and gently dipping NE-SW
oriented planes. Hjaltadóttir and Vogfjörð (2006a) found in a study of relocated
events in Fagradalsfjall that most of the faults in the area had a close to vertical
dip with a N-S and NE-SW strike. Despite the variety of focal mechanisms used
for the tensor inversions, the results are consistent and share certain characteristics
with results from events recorded in 1997-2006 (Keiding et al., 2008). They found
a stress eld with a stable horizontal σ3 , trending NW-SE. Their average direction
of the least compressive horizontal stress, Sh , was calculated as N(120 ± 6)◦ E. This
compares well with our average direction of N(120 ± 10)◦ E (1σ standard deviation)
for Sh and in accordance with their results for the average direction of the greatest
horizontal strain rate (˙Hmax ) N(121 ± 3)◦ E (1σ standard deviation of the circular
mean) (Keiding et al., 2008).
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Figure 5.2: Map of the Krýsuvík area showing the locations of events. Surrounding the map are lower hemisphere
projections of the stress tensor inversion results for the twelve subsets described in Chapter 4. See explanations in Fig. 5.1.

5.2 Stress tensor inversion results
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Figure 5.3: Stress tensors for the twelve subsets in the Krýsuvík area. See explanations in Fig. 5.1.
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6 Discussion

An updoming in earthquake hypocenters is apparent beneath the Krýsuvík geothermal system (Fig. 3.2), suggesting a change in the depth to the brittle-ductile boundary (Fig. 3.6). This correlates with evidence of a low P-wave anomaly at 5-8 km
depth (Franco, 2013) and a low resistivity anomaly at 1.5-5 km depth (Hersir et al.,
2013). Very few earthquakes originate within the low P-wave anomaly. However, no
S-wave attenuation is detected, suggesting that the anomaly can not be explained
by the presence of a large, contigiuous body of magma.
Our results of focal mechanism solutions for 1,063 events in Fagradalsfjall and Krýsuvík areas show that a wide range of focal mechanisms coexisted in time and space.
A further examination of a swarm in northern Núphlíðarháls (Chapter 4.3) showed
that events which took place within a period of two days and limited to a NStrending distribution at a depth of 1-3 km have varied focal mechanism solutions.
Hjaltadóttir and Vogfjörð (2006a) found by detailed analysis of relocated events on
faults in the Fagradalsfjall area that generally events shared focal mechanism solutions of right-lateral strike-slip motion with a normal faulting component or in some
cases reverse faulting mechanisms. Some of the determined faults have rake which
varies with time (1-5 years), indicating a change in the local stress eld. A similar
survey of earthquake activity in Þeistareykir and Bjarnaag in the Northern Vol-

41

6 Discussion
canic Zone revealed a large variation in the rake of mapped faults (Hjaltadóttir and
Vogfjörð, 2006b). Unlike the events in our study in Fagradalsfjall and Krýsuvík the
activity in Þeistareykir and Bjarnaag are dispersed over a ∼15 year period which
could explain the variety in the direction of rake. In another survey, Lippitsch et al.
(2005) researched microseismicity in the Torfajökull volcanic system located in the
southern highlands of Iceland, on the boundary of the South Iceland Seismic Zone
and the Eastern Volcanic Zone. The data was recorded with a temporary network
of 20 stations and 9 surrounding permanent stations. They found that fault plane
solutions of seismicity in the northwestern part of the caldera correspond to a NWSE extensional tectonic regime reected in NE-SW trending faults and ssures in
the area. Seismicity within the caldera on the other hand seems to be controlled by
a caldera subsidence. Two events were reported to have a thrust faulting mechanism
which they interpret as magmatic events. The reverse events recorded in Krýsuvík
are not isolated events and give no indication of magmatic involvement. An additional case involves an increase in seismic activity accompanying a period of uplift
in 1994-1998 in the Hengill volcanic system in southwest Iceland (see Fig. 2.1). This
has been interpreted as being related to an ination of a magma chamber at depth
(Feigl et al., 2000; Hreinsdottir, 1999). Sigmundsson et al. (1997) suggest that the
ination works as an earthquake trigger in an already stressed area.
The FPFIT computer program used to calculate the focal mechanism solutions assumes a double-couple fault plane solutions, only considering pure shear slip in
the fault plane and excluding any volume change at the source (Reasenberg and
Oppenheimer, 1985). Julian and Foulger (2004) warn that this assumption may
not be applicable in geothermal areas. They recommend calculating a complete
moment-tensor earthquake mechanism in order to bring out the volumetric component. Foulger et al. (2004) found evidence for non-double-couple microearthquakes
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when analysing 26 microearthquakes from the Long Valley caldera in California. The
events occured during an active deformation period in the area related to the resurgence of a dome. They conclude that many of the events have positive compensated
linear-vector dipole (CLVD) components accompanied by a volume increase. They
suggest that the ow of uid is involved in opening tensile cracks. A moment tensor
inversion was not performed on our data at this stage and is not the subject of this
paper. Other possible explanations for the occurrence of dierent faulting events in
the same place and time are that events take place on non-optimally oriented faults
or are caused by block faulting.
According to the MORVEL plate motion model (DeMets et al., 2010) the spreading
rate of the North American and Eurasian plates in southwest Iceland is 18.8 mm/yr
toward N100.4◦ E. Einarsson (1991) reports that the minimum compressive stress on
the RP found by inverting focal mechanism solutions is consistently horizontal, oriented in a northwesterly direction. Furthermore, he reports that the maximum stress
rotates between the vertical direction, causing normal faulting on NE-striking faults,
and the horizontal, northeasterly direction resulting in strike-slip faulting on N- or
E-striking faults. Hreinsdóttir et al. (2001) found by inversion of GPS measurements
on the RP from 1993-1998 an indication of a deep slip rate of 16.8±0.9 mm/yr transcurrent to the Reykjanes Peninsula seismic zone. They concluded that this was in
accordance with the parallel velocity component of the NUVEL-1A model (DeMets
et al., 1994). However, little extension was observed across the peninsula. They
suggest that this discrepancy can be explained by deformation being dominated by
rifting during magmatic activity and by transcurrent motion during intermediate
periods. Similarly, Clifton and Kattenhorn (2006) found a dierence in faulting
mechanism during amagmatic and magmatic periods. They report that strike-slip
faulting seems to prevail during amagmatic periods while normal faulting dominates
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during magmatic periods. Árnadóttir et al. (2006) determined the surface velocity
for the Reykjanes Peninsula from GPS data collected between 1992 and 2004. They
found that a model of a locking depth of about 8 km with left-lateral deep slip rate
of about 17 mm/yr and about 9 mm/yr of opening for the central and eastern part
of the peninsula t the data. Below the locking depth the the crust slips freely.
Keiding et al. (2008) estimate from annual GPS surveys on the RP during 2000+8 ◦
2006 a deep motion of 20+4
−3 mm/yr in the direction of N(100−6 ) E on the Reykjanes

Peninsula, in good agreement with the NUVEL-1A model. They also tested another model which included an opening across a N-E oriented dislocation. Their
results indicate that left-lateral shear is satised on N-S oriented seismic faults with
strike-slip motion and opening mainly takes place in the ssure swarms. They note
however, that their models do not completely explain the complicated pattern of
deformation on the peninsula. Our results of a stable close to horizontal σ3 and an
average direction of N(120 ± 10)◦ E for the minimum horizontal stress, Sh , seem to
correlate with these ndings. Some stress tensors reveal a stress state where none of
the principal stress axis is close to horizontal. The stress state could be explained by
events taking place on non-optimally oriented faults. No indication of a magmatic
intrusion is conrmed.
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7 Conclusions

This paper focuses on earthquake activity in the Krýsuvík geothermal system during
an active deformation period in 2009. A high level of seismic activity was observed
during this period. Over 10,000 events were detected of which 6,100 were manually
picked and relocated. The events occur in several swarms and generally delineate
N-S trending faults with most earthquakes taking place at a depth between 1.5 and
4 km.
In the Krýsuvík area an updoming in the earthquake hypocenters is evident, possibly signifying a change to the depth of the brittle-ductile boundary. The updoming
correlates with signs of geothermal activity on the surface, a low P-wave velocity
anomaly at 5-8 km depth and a low resistivity anomaly at 1.5-5 km depth. No earthquake activity is observed within the low P-wave velocity anomaly. Furthermore,
no evidence of an S-wave attenuation is observed.
Focal mechanisms were calculated for 1,643 events and the 1,063 best determined
solutions were used for further analysis. A wide range of faulting mechanisms characterizes the activity, with normal, strike-slip, and reverse faulting events taking
place on the same apparent faults in the same swarms. We suggest this is caused
by block faulting or events occurring on non-optimally oriented faults. It is possible
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that this could also be explained by a component of volume increase not included
in the double-couple fault plane solutions.
Stress tensor inversions were performed on focal mechanism solutions of events in
both Krýsuvík and Fagradalsfjall. The data in Krýsuvík was further subdivided
into twelve subsets. We conclude that the stress eld in the area is characterized
by a stable, close to horizontal σ3 trending in a NW-SE direction. An average
value for the least compressive stress, Sh , in the Krýsuvík subsets was found to be
N(120 ± 10)◦ E.
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