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Abstract
Abril, C. 2018. Seismicity and crustal structure in Iceland. Digital Comprehensive Summaries
of Uppsala Dissertations from the Faculty of Science and Technology 1734. 56 pp. Uppsala:
Acta Universitatis Upsaliensis. ISBN 978-91-513-0477-9.

The main goal of this Ph.D. thesis is to improve locations of earthquake hypocenters and to
resolve heterogeneous crustal structure and its effects on travel times. The data and case studies
are drawn from the Icelandic national SIL network and the temporary NICE project deploy-
ment in the Tjörnes Fracture Zone. Iceland presents complex tectonics and active volcanism,
consequences of its position astride the Mid-Atlantic Ridge between the European and North
American plates and on top of a melting anomaly in the mantle below. Studies focused on
characterizing the seismicity and the crustal structure are prerequisites for further seismologi-
cal studies in Iceland, e.g., on seismic sources, the evolution of volcanic systems, activity on
seismic faults and seismic hazard, among others.

Different methods have been explored. First, we estimated empirically travel-time functions
of seismic waves and their uncertainties for 65 stations in the Icelandic permanent network (SIL)
using arrival times. The estimated travel-time functions and uncertainties were used to relocate
the complete catalog applying a nested-search algorithm to this non-linear problem. The clearest
changes in locations compared to the SIL solutions were obtained in the peripheral areas of
the network, in particular in the Tjörnes Fracture Zone (North Iceland) and on the Reykjanes
Peninsula (South Iceland).

Relocations with empirical travel times were used complementary with constrained earth-
quake relocation and the collapsing methods of Li et al. [2016] to study the seismicity in the
Hengill area (South Iceland). Patterns in the seismicity in the final locations reproduce lin-
eations previously found in relative relocations in the area. The brittle-ductile transition was
estimated, obtaining a smaller depth in the northern part of the region, dominated by volcanic
processes, compared with the south, controlled by tectonic processes. Furthermore, the Hengill
fissure swarm that hosts two large geothermal power plants, was found to have deeper penetrat-
ing earthquakes than adjacent volcanic areas, presumably because it is more effectively cooled.

Local earthquake tomography was used to solve simultaneously for earthquake location and
velocity structure in the Tjörnes Fracture Zone, using data from the temporary network installed
during the North ICeland Experiment, and data from the permanent SIL network. 3-D velocity
models for P- and S-waves were obtained for the area and used to relocate the complete SIL
catalog. The results demonstrate significant structures associated with the different branches
of this complex transform region, e.g. low velocities along the Husavík-Flatey Fault (HFF),
penetrating to about 10 km depth. Low Vp/Vs ratios were also mapped at depth along the
HFF indicating presence of highly compressible fluids in the middle crust. In general, the
seismicity pattern was shifted towards the surface from SIL locations and clarified in its lateral
distribution. This highlighted a zone of concentrated deformation in the Tjörnes Microplate,
which intersections with the two main strands of the overall zone coincide with changes in their
geometry and character.
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1. Introduction

Location of earthquake hypocenters and imaging the Earth’s crustal structure
are two interdependent problems in seismology. Earthquake records are the
basic data used to get information about the seismic source and velocities of
seismic waves travelling through the crust. Geological evidence and measure-
ments of deformation using e.g. satellite data provide additional information
that can be used to further constrain or helps to interpret results for the two
considered problems.

This thesis presents the results of three seismological studies oriented to im-
prove the understanding of seismicity and crustal structure in Iceland, using
earthquake relocation and earthquake tomography. It also includes a fourth
study that uses the previous results to estimate ground motion produced by
strong earthquakes. Most of the research is oriented to study the Tjörnes Frac-
ture Zone (TFZ) in North Iceland, one of the less studied areas in Iceland
because of its offshore location.

First, we present the tectonic setting of Iceland as the general area of study, and
details of the Hengill area and the TFZ, where specific results were obtained.
We proceed to explain the different methodologies used in this research for
earthquake location and resolution of the velocity structure. Later, we present
the general motivation and findings for each of the three papers that constitute
this thesis. Finally, the papers are shared with the readers of the thesis.

Paper I, named "Relocating earthquakes with empirical travel times", presents
how we implemented the empirical travel times method, earlier applied to
global networks, to the Icelandic permanent network, resulting in the reloca-
tion of the complete SIL catalog. An application of the empirical travel times
relocation method is presented in the Paper II, "Seismicity in the Hengill area,
SW Iceland: Details revealed by catalog relocation and collapsing". In this
paper, the method is used together with constrained relocation and collapsing
methods to study the seismicity in the Hengill area in southern Iceland.

Paper III, "Local earthquake tomography and earthquake relocation in the
Tjörnes Fracture Zone, North Iceland", presents the results of local-earthquake
tomography obtained using a data from the permanent SIL network together
with a temporary network installed in the TFZ for about 4 months. Seis-
mic anomalies in the resulting velocity model are compared with the gravity
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anomaly in the area, also estimated in this research. A posterior relocation of
the complete SIL catalog is carried out using the obtained velocity model from
the earthquake tomography. Relocations were compared with the the results
obtained in Paper I.

This thesis spans topics ranging from the most fundamental task in seismol-
ogy, namely locating earthquakes, through contributions to explain the tecton-
ics, seismicity and crustal structure of Iceland. Hopefully, this investigation
can be useful in its methodology and specific seismological results to other
researchers.
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2. Tectonic settings

Iceland sits astride the Mid-Atlantic Ridge, where the North-American Plate
and the Eurasian Plate diverge, and is the largest island on Earth’s mid-ocean
ridge system being the surface expression of a mantle melting anomaly. It is
located at a discontinuity of the ridge, in between two segments named the
Reykjanes Ridge and the Kolbensey Ridge. The volcanic areas in Iceland are
divided into the Northern, Eastern, Western and Reykjanes Volcanic Zones. In
North Iceland, a transform zone, the Tjörnes Fracture Zone (TFZ), connects
the the Northern Volcanic Zone to the Kolbeinsey Ridge. Another transform
zone, the South Iceland Seismic Zone (SISZ), connects the Eastern Volcanic
Zone (EVZ) to the Reykjanes Volcanic Zone (RVZ) (see Figure 2.1). The
largest earthquakes in Iceland (M 7.3-7.5) have occurred in those transform
zones (Gudmundsson, 2007) .

Figure 2.1. Main tectonic features and seismicity distribution in Iceland.
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Seismicity in Iceland is caused by tectonic and volcanic processes. The per-
manent Icelandic seismic network, the SIL (South Icelandic Lowlands) net-
work, has been operating since 1990 (Bödvarsson et al., 1999) recording more
than 300.000 earthquakes. Important earthquakes recorded by the SIL net-
work are the Ms 6.6 earthquakes that occurred in the SISZ in the summer of
year 2000 and the M 6.3 earthquake doublet that occurred south of Hengill
in 2008. An aftershock sequence with more than 19.000 events was recorded
following that earthquake pair. Other earthquake sequences with a lower max-
imum magnitude are associated with volcanic episodes. Some examples are
the Eyjafjallajökull eruptions in 2010 and the Holuhraun dike intrusion from
Bárðarbunga in 2014. In addition, seismic swarms are common throughout
much of the countries seismically active zones, not always associated with
volcanic activity or larger tectonic earthquakes, both in volcanic areas such at
Krýsuvík and tectonic zones such as along the Húsavík-Flatey Fault.

2.1 Hengill area
The Hengill area is a triple junction where the RVZ meets the SISZ and the
WVZ. Three volcanic systems are found in the area: The Hengill central vol-
cano and its associated NNE striking fissure swarm, extending from the coast
southwest of Hengill to Lake Þingvallavatn in the northeast; Hrómundartindur,
to the east of the Hengill system with is smaller fissure swarm sub parallel to
that of Hengill; and Grensdalur, to the south of Hrómundartindur, that is ex-
tinct and deeply eroded, but still a source of geothermal activity (see Figure
2.2). The last known eruption in the area occurred in 1000 A.D., but in the
adjacent Brennisteinsfjöll fissure swarm to the west. The last known erup-
tion in the Hengill system occurred about 2000 B.C. The last known rifting
episode occurred in 1789 A.D., but did not result in an eruption (Sæmunds-
son, 2003). Geodetic measurements demonstrated expansion and uplift of the
Hrómundartindur system between 1986 and 1995 (Sigmundsson et al., 1997),
consistent with a pressure source at depth beneath the volcanic system (Sig-
mundsson et al., 1997; Feigl et al., 2000). Several large high-temperature
geothermal fields at Nesjavellir, Hellisheiði, Hverahlíð and Ölkelduháls, are
associated with the Hengill and Hrómundartindur volcanoes.

Crustal thickness in the Hengill area is approximately 20 km (Bjarnason et al.,
1993a; Weir et al., 2001). The area has been imaged in several seismic and
magnetotelluric (MT) tomographic studies, (Toomey and Foulger, 1989; Foul-
ger et al., 1995; Tryggvason et al., 2002; Jousset et al., 2011) and (Árnason
et al., 2010; Gasperikova et al., 2015). Toomey and Foulger (1989) and Foul-
ger et al. (1995) mapped high-velocity anomalies in the top 3 km at Grens-
dalur and Húsmúli and at 3-4 km depth beneath Hrómundartindur, which they
interpret as gabbroic intrusions. Foulger et al. (1995) also found low VP/VS
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Figure 2.2. Map of the Hengill area showing the main tectonic features. Volcanic cen-
ters (dashed) of Hengill (He), Hrómundartindur (Hr) and Grensdalur (Gr) are shown
in the figure. Solid lines indicates fissure swarms. The geothermal areas at Nesjavellir
(Nv), Hellisheiði (Heh), Hverahlíð (Hvh), Ölkelduháls (Ökh) and Gráuhnúkar (Grh)
are indicated with red labels.

ratios in the near surface correlated with surface manifestations of geother-
mal activity. Tryggvason et al. (2002) found low velocities at 3-9 km depth
corresponding to low VP/VS ratios. MT imaging reveals conductive cap rocks
at approximately 500 m depth, underlain by lower conductivity, interpreted to
correspond to the alteration state associated with geothermal reservoirs, under-
lain (at 4-10 km depth) by conductive rocks that may relate to the heat source
of the geothermal activity. Jousset et al. (2011) propose a conceptual model
attempting to integrate seismic and MT constraints in which the conductive
rocks at depth are associated with the heat source and a BDT is proposed at
the base of the seismogenic volume. They find earthquakes located with their
relatively dense small array down to 5-6 km depth in agreement with earlier
studies of Foulger et al. (1995).

2.2 The Tjörnes Fracture Zone
The TFZ is a 120 km transform offset of the Mid Atlantic-Ridge that accom-
modates 20 mm y−1 of plate motion (Metzger et al., 2013). The TFZ has three
main seismic features: The Húsavík-Flatey Fault (HFF), the Grímsey Oblique
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Rift (GOR) and the Dalvík Lineament. Most of the zone is located offshore
and, therefore, it is difficult to collect geological evidence and record seismic
data from the area (see Figure 2.3).

Figure 2.3. Map of Northern Iceland showing the main tectonic features of the TFZ.

The HFF is a dextral strike-slip fault. GPS measurements indicate that a 40%
of the transform motion of the TFZ takes place on the HFF (Metzger et al.,
2011). The GOR is an oblique rift runing subparallel to the HFF located at a
few tens of kilometwers to the north. It is composed of NNW trending fissure
swarms arranged en echelon and connected with smaller transform segments.
The fissure swarms represent normal faulting and are associted with rifting
and volcanism. The Dalvík Lineament is an en echelon array of NNE trending
segmented faults located south of the HFF. Most of the seismicity in TFZ oc-
curs on the HFF and the GOR, while some seismicity and occasionally large
earthquakes occur on the Dalvík Lineament (Gudmundsson, 2007).

The TFZ is active since the Upper Miocene (∼ 8-8.5 Ma). It presents a mature
stage of transform motion, revealed by the fairly simple geometry and the clear
development of the HFF as a strike-slip fault (Bergerat and Angelier, 2008).
The tectonic character of the fault changes from east to west evidencing its
evolution. Magnusdottir and Brandsdottir (2012) mapped the HFF as a seg-
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mented fault in its eastern part (the oldest part of the fault), and a fault system
that is split into branches in the west approaching the southern Eyjafjarðaráll
Basin. Strike-slip fault mechanisms are dominant in the eastern part of the
HFF, while a transition from transform to extensional faulting is prevalent in
the west (Passarelli et al., 2018).

The permanent SIL network has monitored the TFZ since 1993. A subnetwork
(NICE network) was installed in the zone in 2004 for several months to extend
the coverage of the SIL network to offshore areas. Seismicity of the TFZ is
characterized by earthquake swarms (Hensch et al., 2008). The most recent
earthquake swarms occurred in 2017 and 2018 in the GOR, near Grímsey
Island and Nafir volcano. The seismicity is mainly in the microseismic range
(M<4.0), with the exception of some few intermediate earthquakes such as the
M 5.3 earthquake at the HFF in 2012. However, historical seismicity includes
several M>6.0 earthquakes. For example, a Ms 7 earthquake occurred at the
HFF in 1755 (Halldorsson, 2005), a M 6.5 earthquake doublet also nucleated
at the HFF in 1872, a Ms 7 earthquake detected by the USGS occurred in 1963
west of the TFZ, and a Ms 6.2 earthquake at Dalvík in 1934 (Thorarinsson,
1937).
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3. Relocation and crustal imaging methods

3.1 Geiger’s location method
The most classic approach to solve the earthquake location problem consid-
ers it as a least-squares problem (Geiger, 1912). Observations of arrival times
are obtained from seismograms that record the earthquake and non-linear re-
lationships relate those observations to the location parameters (origin time,
latitude, longitude and depth) assuming that the velocity structure is known.
To estimate the earthquake hypocenter location, the problem can be locally
linearized and iteratively solved looking for the global minimum of the misfit
function between observations and predicted travel times.

Linearized problems can be solved by a fast computer calculation. However,
earthquake location is non-linear and can result in an ill-conditioned inverse
problem (Lomax et al., 2000). The linearized solution can correspond to a
local minimum of misfit, in which case it does not represent the optimal so-
lution and the estimated misfit does not represent the complete probability
density function.

Because of their efficiency, Geiger’s methods are usually used for earthquake
monitoring and have been implemented as part of several location programs
(SEISAN, Lokimp), which use 1-D velocity models to perform the calcula-
tion. These methods are useful to get an initial earthquake location estimate
that afterwards can be refined with relocation techniques, e.g., non-linear relo-
cation based on empirical travel times or local earthquake tomography, more
efficient to identify the global minimum of the misfit function and consider the
lateral heterogeneity of earth structure.

3.1.1 Least-squares to solve the linearized location problem
The inverse problem of earthquake location uses arrival times in relation to
the source location parameters. The forward problem can be described using
a general function F that explicitly depends on the vector of source location
parameters, h

ti = τ +
∫

ray−i
uds = Gi(h) (3.1)

where ti is the arrival time for the i-th phase, τ is the event origin time and u
is the slowness. Consider h0 as an initial guess of the event location, close to
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the actual event location h, such that

h = h0 +δh. (3.2)

Then, the general function G can be expanded as a Taylor series

Gi(h)≈ Gi(h0)+
∂Gi

∂h j
dh j (3.3)

and the residual between the measured time and the estimated time is given by

δ ti = Gi(h)−Gi(h0)≈
∂Gi

∂h j
dh j. (3.4)

Assuming a local linear approximation to F , the inverse problem can be writ-
ten as

δ ti = Gi jdh j (3.5)

where Gi j =
∂Gi
∂h j

represents the change of the predicted i-th arrival time related
to the change of the j-th source model parameter.

Data (residual arrival times) and model (three spatial parameters and origin
time) location parameters are related by

d = Gm, (3.6)

where d is the set of data, m is the set of model parameters and G, the kernel of
transformation, is represented in its matrix form after linearization. Since the
problem is over-determined, i.e. there are more data than model parameters,
and data have an uncertainty, the least squares approach may be used to solve
the problem. We rewrite Equation 3.6 as

d = Gm+ e, (3.7)

where e is error vector, corresponding each of its components ei to the error of
the i-th datum, di. The total error misfit E is given by

E2 = eT e (3.8)

= (d−Gm)T (d−Gm), (3.9)

Minimizing the error misfit respect to the model parameters, we can get the
generalized inverse solution

GT Gmg = GT d
mg =(GT G)−1GT d = G−gd (3.10)

where mg is the model found by the inversion and G−g is the generalized in-
verse of G.
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Inversion propagates uncertainties in the data into the estimated model param-
eters m. For the covariance matrix of data Cd , the covariance matrix of model
parameters Cm is given by

Cm = G−gCd(G−g)T . (3.11)

For the least squares solution, we assume that error in data are independent.
If we assume additionally an equal uncertainty for all data σd , the covariance
matrix can be represented as

Cd = σ
2
d I. (3.12)

In that case, the covariance matrix of model parameters is

Cm = σ
2[GT G]−1 (3.13)

3.2 Non-linear search methods
Non-linear grid-search methods are another alternative to solve the earthquake
location problem (Lomax et al., 2009). In these methods, travel times of seis-
mic waves are know in an area and used to map the misfit function. If the
statistics of observational errors are known they can be incorporated into the
location scheme in the form of a covariance matrix, or if the statistics are not
Gaussian, through application of a norm other than the least-squares norm.
Geiger’s method implicitly assumes that the error distribution is Gaussian by
applying the least-squares (L2) norm.

When error statistics are well defined the misfit can be regarded as the so-
lution’s probability density function and non-linear, grid-search methods can
sample this density function densely and with high accuracy. This is an advan-
tage when the function is highly-irregular and reduces the risk of not finding
the global minimum and the optimal solution. However, a long time of calcula-
tion is required, which can be reduced, for example, by reduction of the search
space with a nested grid-search or a Monte Carlo sampling scheme such as
the Metropolis algorithm or the Genetic algorithm. Monte Carlo searches are
generally more efficient than nested searches, however, they require parameter
choices that can lead to undersampling of the misfit and the earthquake loca-
tion problem is so small that time optimization of the computation is generally
not very important.

It is simple to incorporate effects of 3-D velocity models accounting for the
lateral heterogeneity in crustal structure through use of discrete 3-D travel-
time tables with non-linear methods. This is because no derivatives of data
predictions (linearized sensitivities) are required. Strong crustal heterogeneity
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will distort locations of earthquakes if not considered. In particular, volcanic
areas are known to have a very heterogeneous crust. For Iceland, we have a
fairly robust idea about the strong level of heterogeneity in the upper crust,
e.g. based on results of Pálmason (1971) and more recent studies (Bjarna-
son et al., 1993b; Gudmundsson et al., 1994; Staples et al., 1997; Tryggvason,
1998; Jeddi et al., 2017; Gudmundsson et al., 2007; Schuler et al., 2015).

A relocation algorithm that applied a nested-grid search in space, linear in
time, was implemented in Paper I of this thesis. In that algorithm, a grid search
is defined around an initial location and for each node of the grid, travel times
are predicted by interpolating travel-time tables linearly. A least-squares misfit
between observed arrival times and the predicted arrival times is defined and
the earthquake origin time t0 is calculated by

tO =
∑

N
i=1(t

obs
i − tET T

i )/σ2
i

∑
N
i=1 1/σ2

i
, (3.14)

so that its misfit is minimized. Here i indexes the observation, tobs
i is the

observed-arrival time and tET T
i is the corresponding travel-time prediction cal-

culated from the travel-time tables. The weights in this weighted average, i.e.,
1

σ2
i

, are inverse data variances estimated based on data inconsistencies in the
ETT estimation process. Thus, a minimum misfit is defined at each nodal point
in the grid. The estimated location will correspond to the node coordinates and
origin time, which yields the minimum misfit Q, given by

Q = (d−G(m))T C−1(d−G(m)) = (tobs
i − tET T

i )T C−1
d (tobs

i − tET T
i ), (3.15)

where m is a vector with the 4 model parameters (earthquake location param-
eters). G(m) are the predicted travel times, where G is a non-linear function.
The covariance matrix C = Cd contains estimated error variances, assuming
that observational errors are independent (Cd is diagonal). Assuming Gaus-
sian statistics of residuals, given the number of data (N) and the number of
parameters (M), the minimum misfit (Qmin) is expected to correspond to the
number of degrees of freedom

Qmin = N−M, (3.16)

i.e. the expectation of the corresponding χ2
N−M distribution. Often, the mini-

mum misfit is higher than the number of degrees of freedom (Qmin > N−M).
This suggests underestimated errors. This can be remedied by adding a term
to the covariance matrix

C = Cd +Ω
2I, (3.17)

introducing a constant Ω, interpreted as the uncertainty in the travel-time ta-
bles. Ω is chosen such that the misfit Q fulfills the condition in Equation
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(3.16). This description assumes that errors in the travel-time tables are inde-
pendent and the same for all stations. Note, that often this ambiguity is dealt
with by introducing a multiplication constant for C rather than adding a term
like above. That assumes that errors in the forward calculation (travel times)
are correlated with observational errors, which is an assumption that is diffi-
cult to justify.

The grid search is repeated, but in the second round, it is restricted to a smaller
area than initially. The initial covariance matrix C is taken as the previously
estimated. When the minimum misfit is found, Ω is again tuned in order to
fulfill the condition in Equation (3.16). This procedure can be iterated fur-
ther. The covariance matrix of the model parameter estimates is based on a
linearization of the forward problem around the final solution and calculated
using

Cm = ACAT , (3.18)

where A is given by

A = [GT C−1G]−1GT C−1. (3.19)

3.3 Empirical Travel Times
The empirical travel times (ETTs) method provides 3-D travel-time functions
for a particular station in a seismic network. Additionally, this strategy allows
to estimate error statistics of travel-time observations. Estimated functions of
travel times can be used for earthquake location with, e.g., a grid-search al-
gorithm (Abril et al., 2018a). Lateral heterogeneity in structure is taken into
account in this strategy in a similar way to travel-time tomography (through
3D travel-time tables), but it does not solve for an explicit velocity model. This
strategy has been earlier been used in global seismology by Nicholson (2006),
but was adapted for the SIL network, a local network, by Abril et al. (2018a).

ETTs are estimated taking as a reference the preliminary locations from an
earthquake catalog (Schultz et al., 1999; Nicholson, 2006). Travel-times for
P- and S-waves are obtained by reducing arrival-time observations with the
earthquake origin time. Then, travel-times are projected on to the prelimi-
nary hypocenter location (Nicholson, 2006). This strategy considers the esti-
mated travel-times as irregularly distributed samples of a 3-D function T (x),
described as

T (x) = T0(x)+dT (x)
= T0(x)+dTD(x)+dTS(x), (3.20)

where T0 is the predicted travel time according to a reference velocity model
(usually a 1-D model) and dT is the residual between the observed and the
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predicted travel time. Residuals are separated into two components: A deter-
ministic component (dTD) and a stochastic component (dTS). dTD represents
the broad deviations of travel times produced by large-scale crustal velocity
heterogeneities. It is evaluated by averaging the residuals over a specific scale.
dTS corresponds to smaller-scale variations that can be treated as random. We
assume that this component contains a structural part produced by small-scale
crustal heterogeneities and random errors in observations.

We can rewrite Equation (3.20) as

T (x) = T0(x)+dTD(x)+dTSr(x)+δT (x), (3.21)

where dTSr is a structural, random, small-scale component and δT is the error.
dTSr is assumed to be spatially coherent, but δT is not. This characteristic
allows to separate statistics of travel times errors (as presented in Abril et al.
(2018a)). Thus, ETTs are given by

TET T (x) = T0(x)+dTD(x)+dTSr(x). (3.22)

The second term in Equation (3.22) can be considered as station corrections
(Piromallo and Morelli, 1998).

The most severe limitation of the ETT method lies in the projection of travel
times on to uncertain preliminary locations. This constitutes an error, also in
time. Another limitation of the ETTs approach is that travel-time functions are
estimated independently for different stations in the network and may there-
fore lack consistency. Estimates of error, can be difficult to separate from the
structural component depending on their statistical stationarity. However, the
ETTs estimation process is more direct and transparent than the LET. An ad-
vantage of ETTs is that it includes estimation of observational error statistics.
Compared with local earthquake tomography, ETTs have the advantage to re-
quire less assumptions. E.g., effects of anisotropy will in theory be included
in the individual travel-time functions but are difficult to incorporate into LET
method. Relocating the entire SIL catalog with LET would involve quite se-
vere resolution limitations, probably considerably larger than the 10 km scale
applied in the estimation of the deterministic component of the ETTs.

3.4 Constrained relocation
Li et al. (2016) proposed a relocation method taking as a priori constraint the
probability distribution of earthquakes in a catalog. The probability distribu-
tion of location for an earthquake, assuming Gaussian statistics, is given by

Pj(x) = k1 j exp
[
−1

2
(x−x0 j)

T C−1
j (x−x0 j)

]
, (3.23)
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where x0 j is the estimated location, C j is the covariance matrix of the loca-
tion parameters, k1 j is a normalization constant of the distribution for the j-th
event.

Density in the catalog, excluding the the j-th event, can be defined as

Pc j(x) = k2 j ∑
k 6= j

k1k exp
[
−1

2
(x−x0k)

T C−1
k (x−x0k)

]
, (3.24)

where c is the subscript for catalog, and k2 j is the normalization constant of the
catalog distribution. If we consider Equation (3.24) as the a priori probability
density for the j-th event, we get for the posterior probability density of the
event Pf j

Pf j(x) = Pj(x)Pc j(x), (3.25)

where Pj is the likelihood function derived from observations (residuals). The
maximum of this function defines the earthquake relocation and the width of
the function the uncertainty of that location.

3.5 Collapsing method
The collapsing method is a strategy proposed by Jones and Stewart (1997) to
reduce the scatter of seismicity by attracting each event to the center of mass
of neighboring events within a specified confidence interval distance from it.
Collapsing is not exactly a relocation method, since changes on hypocenter
parameters are not driven by data misfit. However, this method is useful, as
relocation methods, to focus earthquake locations in a catalog on simplified
seismicity patterns.

This method suffers from artifacts. Events tend to cluster on a scale compa-
rable to the characteristic location uncertainties of the catalog and the distri-
bution of events is shrunk at the edges. Li et al. (2016) modified the method
using as an attractor the catalog density in Equation (3.24). To implement
it, we can define the movement of the event by the maximum of the poste-
rior probability location density in Equation (3.25). Li et al. (2016) approach
has the advantage of reducing the artifacts compared with Jones and Stewart
(1997) approach. Additionally, Li et al. (2016) strategy involves no choice of
arbitrary parameters.

Estimation of the attractor and moving of earthquake hypocenter toward it
can be iterated. The first iteration has the effect of the constrained relocation.
Further iteration reduces the location scatter of the catalog, but the original un-
certainty is preserved. For a large number of iterations, the catalog would tend
to be reduced to a finite set of points corresponding to the maxima of the initial
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distribution. Moreover, data misfit would be deteriorated. Therefore, a termi-
nation criterion is needed, such that data misfit is not considerably affected.
The criterion suggested by Li et al. (2016) is the χ2 test statistic applied to the
movements of events, defined as goodness of fit

GoF =
N

∑
i=1

(hi−χi)
2

χi
(3.26)

where hi is the value of the empirical distribution of movement distance in the
ith bin, χi is the theoretical distribution, and N is the total number of distance
bins. Iteration is stopped when GoF is minimized.

3.6 Local Earthquake Tomography
Earthquake tomography is a method for imaging the Earth’s interior using
travel-time data of seismic waves. Reflection and refraction of waves at con-
trasting material interfaces affect the path and travel time of seismic waves
between sources and receivers. A region is discretized and velocity (slowness)
is determined individually for each cell, so earthquake tomography is in gen-
eral an under-determined, non-linear inverse problem. When data from local
earthquakes are used, this problem is strongly coupled to the inverse problem
of earthquake location, usually solved as an over-determined inverse problem
(see Section 3.1). In local-earthquake tomography (LET) travel times of body
waves (P- and S-waves) are used to solve both problems simultaneously.

First, a forward problem having a crude starting model predicts initial values
of model parameters. Then, the inverse problem uses the arrival-time residuals
based on these initial values to infer modifications of the model parameters.
This mixed-determined, non-linear inverse problem can be solved by lineariz-
ing around the initial guess and improving the data fit iteratively, representing
the model modifications (slowness and event locations) as perturbations. Each
linearized step of this iterated process requires regularization because of the
underdetermined component of the problem. The simplest regularization strat-
egy is the damped, least-squares technique.

3.6.1 Forward problem
The forward problem to calculate travel times of seismic waves can be solved
using a high-frequency approximation, either by ray theory deduced from Fer-
mat’s principle, or by the Eikonal equation, that describes the propagation of
wave fronts starting from the wave equation. Ray tracing becomes less robust
as the complexity of the medium increases. However, Eikonal solvers are un-
conditionally stable, but become computationally expensive when designed to
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compute more than first arrivals in a complex model.

Let’s consider a P-wave propagating through the Earth. The wave equation is

∇
2
φ −u2 ∂ 2φ

∂ t2 = 0, (3.27)

where u is slowness, t is time and ∇2 is the Laplacian and the solution φ can
be expressed as:

φ = A(r)exp(−iω(T (r)+ t)), (3.28)

where T (r) is a phase function that represents the time required for the wave
front to reach a position, r, measured from some reference position. Inserting
this solution form into the wave equation yields the equation:

∇
2A− iω∇T ·∇A− iωA∇

2T −ω
2
∇T ·∇TA− iω∇A ·∇T +ω

2Au2 = 0,
(3.29)

which can be separated into its real and imaginary components as

∇
2A−ω

2
∇T ·∇TA+ω

2Au2 = 0, (3.30)

∇T ·∇A+A∇
2T +∇A ·∇T = 0. (3.31)

From the real component, Equation (3.30), and taking the limit of high fre-
quencies, we can get the Eikonal equation

|∇T |= u (3.32)

where T (r) represents wave fronts and ∇T (r) represents ray paths. From
Equation (3.31), we get the transport equation

2∇A ·∇T +A∇
2T = 0, (3.33)

that can be used to compute the amplitude of the propagating wave. For an
isotropic medium, the vectors dr and ∇T are parallel to the path. Then, they
fulfill the relationships

dr
ds

=
∇T
u

. (3.34)

In terms of the slowness, the last equation can be expressed as

∇u =
d
ds

(
u · dr

ds

)
. (3.35)

which are the ray equations, i.e. the generalization of Snell’s law to a medium
with arbitrary velocity (slowness) variations in 3D space. The software used in
this thesis to trace wave paths (Podvin and Lecomte, 1991) that are necessary
to solve the forward problem of predicting travel times is based on the Eikonal
equation and limited to first arrivals only.
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3.6.2 Inverse problem
The inverse problem is solved by a local approximation around an initial guess
assuming a linear relation between data (travel times) and model parameters
(slowness, seismic source location). The non-linear part of the problem is
considered as small perturbations in data related with small perturbations in
model’s parameters. Perturbations are added to the linear model through suc-
cessive iterations around the initial guess. The local character of the approx-
imation means that different initial guesses can yield a different result after
iteration, whence the choice of the initial parameters of the model is a funda-
mental aspect to get a reliable result.

For tomography, we have to solve simultaneously an over-determined problem
as earthquake location is (see Section 3.1), and an under-determined prob-
lem for resolving the velocity model, as a continuous medium has to be dis-
cretized with a finite number of parameters, but considering that more param-
eters contribute to a more precise description. Then, tomography is a mixed-
determined, non-linear problem, which can be solved using a damped least-
squares solution as

mg = (GT G+λ I)−1GT d (3.36)

where λ is the damping parameter. The role of this parameter is to tune the
trade-off between allowing changes in the model and minimizing the misfit of
data.

Damped least squares is the simplest strategy to solve tomography problem.
(Tryggvason et al., 2002) proposed a strategy using smoothing to control vari-
ations of P- and S-wave velocities and damping of variations of their ratio.

The linearized equations for earthquake location and velocity of P- and S-
waves, can be condensed as[

γP
i

γS
i

]
=

[
AP

i BP
i 0

AS
i 0 BS

i

]∆hi
∆uP

∆uS

 (3.37)

where γi is the vector of travel time residuals for the earthquake i-th, Ai is
the matrix of partial derivatives of travel times with respect to the location
parameters, ∆hi corresponds to the vector of hypocenter perturbations, Bi is
the matrix of distances traveled in each cell and ∆u is the vector of slowness
perturbations. Observations, sensitivities and slowness parameters have been
separated for the two different wave types, P and S. To solve the coupled in-
verse problem, hypocenters are estimated initially by linearized least squares
using the travel times calculated with the current velocity model. Then, the
orthogonal properties of Ai are used as defined by the decomposition method
of Pavlis and Booker (1980), which allows to reduce the number of unknowns
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and solving afterwards for the velocity (slowness) model.

Controlled source data can be added as constrains for the problem solution.
We can also include smoothing equations to stabilize the solution. Here the
Laplacian is applied.

6∆ui, j,k−(∆ui−1, j,k+∆ui+1, j,k+∆ui, j−1,k+∆ui, j+1,k+∆ui, j,k−1+∆ui, j,k+1)= 0
(3.38)

where ui, j,k is the slowness perturbation at the cell (i, j,k) indexing the three
spatial coordinates separately. An additional equation is included to control
Vp/Vs ratio variations

σ∆uP
i −∆uS

i = 0 (3.39)

where σ is an assumed (average) Vp/Vs ratio. Finally, we can condense the
equations (3.37), (3.38) and (3.39), including controlled source constrains in
the following equation 

γ ′

γc

0
0

=


B′
Bc

kL
lS

∆u = G∆u (3.40)

where G is the kernel of the transformation between travel time and slowness
perturbations. The first row of the matrix corresponds to equation 3.37 after
estimation of source locations; the second row is a similar equation to the first
one defined to include controlled source constrains; L and S are the smoothing
(3.38) and damping (3.39) equations, respectively, and k and l are smooth-
ing and damping parameters, respectively, to control the regularization of the
problem.

Equation (3.40) is solved for slowness perturbations ∆u by the conjugate gra-
dient solver LSQR, which is an iterative algorithm for solving sparse linear
equations similar to back-projection. The inverse problem is solved by itera-
tively mapping travel-time anomalies into slowness perturbations along the ray
paths. The travel-time perturbation in a cell is averaged with all the ray slow-
nesses, which avoids explicitly inversion of a large matrix. LSQR converges
to solutions with properties similar to the damped least-squares solution Paige
and Saunders (1982).
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4. Summary of papers

4.1 Paper I. Earthquake relocation using empirical travel
times

4.1.1 Motivation
Earthquake location in is usually carried out with least square location algo-
rithms using a 1-D crustal velocity model varying only with depth in mon-
itoring seismic networks. This type of location routines is efficient in time
providing an initial reliable location estimate. The permanent SIL network
monitoring is not an exception. Different regional 1-D velocity models for P-
and S-waves are used to locate the seismicity of the whole of Iceland. In the
Paper I, we developed a relocation routine for fast secondary processing that
applies a nested grid-search algorithm surrounding the location estimated by
the SIL system. To consider the 3-D structure of the crustal Earth, the routine
uses empirical travel time tables (ETTs) constructed for both P- and S-waves
as input.

The first main goal of Paper I was to estimate the ETT functions. P- and S-
wave arrivel times of around 300.000 earthquakes located by the SIL network
from 1990-2012 were used to estimate the ETTs of 65 SIL stations. To esti-
mate the ETTs, travel-time residuals were estimated, and observational errors
were estimated and statistically separated from those residuals. We estimated
3-D travel-time functions and error functions for P- and S-waves for each sta-
tion. P- and S-wave ETTs are coherent, even when they are independently
estimated for each type of wave. ETTs are also spatially coherent, in the sense
that nearby stations present similar characteristic in their ETTs functions. Er-
ror functions were found to be non-stationary, but generally increasing with
hypocentral distance.

Then, ETTs and observational error estimates were used as the input for the
relocation routine. The set of earthquakes used to estimate ETTs was relocated
by the developed routine. Relocations resulted, in general for the catalog, in
modestly enhanced clustering of hypocenters. However, significant clustering
occurred around the Reykjanes Peninsula and the Törnes Fracture Zone. In
those areas earthquakes were relocated at shallower depths. Depth was es-
timated without applying any constraint for those earthquakes that originally
were located with a fixed depth in the SIL catalog. Location uncertainties were
generally reduced and error functions present a clear χ2 behaviour, which is
less clear in the SIL location uncertainties.
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4.1.2 Results
ETTs estimates have three components: A prediction given by a 1-D velocity
model, a deterministic component given by large-scale variations (>10 km for
the SIL network), and a stochastic small-scale perturbation.

Figure 4.1 (a) is an example for the station ada of the deterministic component
of residuals, calculated by a two-dimensional (2D) interpolation using a mov-
ing average over a Gaussian function with a half width of 10 km. Figure 4.1
(b) shows the remaining residuals after extracting the deterministic compo-
nent, projecting those residuals to the epicentral locations in the SIL catalog.
From those remaining residuals, we estimated the statistics of errors in obser-
vations. We used the summary-ray strategy and variograms to determine the
coherence of the remaining residuals, and estimate the error statistics as their
spatially incoherent part.

Figure 4.2 shows the variance of estimated errors for P-wave observation of 56
of the SIL stations. They are grouped in seven geographic regions in Iceland
showing similarities in the variance function. The variance generally increases
with distance, with some exceptions, i.e. for stations around Vatnajökull and
Katla. Those stations present some peaks at specific distances due to multiple
arrivals for each type of waves.

The clearest enhancement of clustering in the relocated seismicity occurred
in the Reykjanes Peninsula and Tjörnes Fracture Zone, presented in Figures
4.3 and 4.4. Seismicity on the Reykjanes Ridge and Peninsula is presented in
Figure 4.3. Seismicity is focused in NE-SW lineations parallel to the Reyk-
janes Ridge. Locations from the SIL and the relocated catalogs are plotted
with depth estimates represented with the colour code. Colours are more co-
herently distributed in space showing a coherent distribution of the seismicity
by depth.

Seismicity of the Tjörnes Fracture Zone is presented in Figure 4.4. Clustering
of epicentres is clearly noticeable in the area. This is evident along the main
tectonic features of the area: the HFF, the GOR and the ER. Some bands of
seismicity transversely oriented with respect to the main lineaments and con-
necting the HFF and the GOR are focused. This seismicity probably repre-
sents bookshelf tectonics due to rotation of the Tjörnes microplate (Stefansson
et al., 2008). South of the HFF, several NE-SW trending lineaments are fo-
cused, without evidencing any lineament oriented parallel to the HFF. Also in
this case, the depth distribution of earthquakes is more affected by relocation.
In general, relocation has reduced the depth of hypocenters with respect to
those in the SIL catalog.
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Figure 4.1. P-wave travel-time residuals of the stations ada. (a) Residuals (circles)
and deterministic component (continuous colour). The contours indicate the com-
bined weights of the data contributing to estimate of the deterministic component at
each position. This weight is high where data exist, low where data are missing. (b)
Remaining travel time residuals of P-waves after removing the deterministic term.
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Figure 4.2. Noise variance for P-wave residuals at 56 SIL stations. The 9 remaining
stations are located far from the established regions and are not included in the figure.
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Figure 4.3. Seismicity in the Reykjanes Peninsula. Colour indicates depth as defined
in legend.
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Figure 4.4. Seismicity in the Tjörnes Fracture Zone. Colour indicates depth as defined
in legend.
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4.2 Paper II. Relocation of earthquakes in the Hengill
area

4.2.1 Motivation
The Hengill region, located in South Iceland, is a triple junction with volcano-
tectonic activity associated with rifting in the RVZ and WVZ and tectonic
activity of the SISZ transform zone. Hengill central volcano and its fissure
swarm forms the main volcanic system. Hrómundartindur volcanic system and
the extinct Grensdalur system are also located in the area. High-temperature
geothermal fields make the zone attractive for geothermal exploitation. Drilling
and injection of fluids into geothermal fields have induced seismicity in the
Hengill area. The region extends over an area of 600 km2.

The Hengill area has been monitored since the 1970s, initially by a sparse net-
work of short-period analog instruments operated by the Science Institute of
the University of Iceland (Foulger and Einarsson, 1980). In 1990, the perma-
nent Icelandic seismological network (SIL) was established, compiling around
130.000 events up to 2012 in the area. Also, several denser temporary deploy-
ments have been installed. Location of earthquakes recorded by dense tempo-
rary seismic networks has provided more robust estimates of depth than those
of the sparser SIL catalog.

Swarm activity has been analyzed by the relative relocation method of Slunga
et al. (1995) using both arrival-time picks and precise differential times es-
timated by correlation methods. Some of the results were summarized by
Bessason et al. (2012). Results show that some of the individual earthquake
swarms tend to occur on linear north-striking strike-slip faults, others on N60E-
E, presumably strike-slip faults, and others yet on north-east-striking normal
faults.

Two different relocation strategies and earthquake-catalog collapsing were
successively applied to the SIL seismicity in the region. This simplifies the
event distribution in the catalog and enhances seismic patterns for their in-
terpretation. The three implemented strategies were: (1) nested-grid search
relocation using empirical travel times; (2) relocation constrained by the den-
sity of the earthquake distribution; and (3) collapsing of the catalog using the
earthquake density as an attractor. The processed catalog was then compared
to relative relocations in the area and the depth to the brittle-ductile transition
estimated based on the processed catalog.
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4.2.2 Results
Locations of the SIL events and their sucessive relocations and collapsing are
presented in map view and cross-sections in Figures 4.5 and 4.6. Relocations
using empirical travel times (see Figure 4.5 on the right) compared with the
SIL events (Figure 4.5on the left) does not present an dramatic change in the
map view. However, relocations change the distribution of seismicity with
depth, reducing the average depth by 300 m.

Figure 4.5. The seismicity of (a) the original SIL catalog and (b) the catalog after
relocations with empirical travel times. The red dots indicate the event locations in
both map view and depth sections. The cross-sections are generated by projecting all
events onto the respective planes. In the map view, the contours of altitude are drawn
for every 200 m from the sea level.

After constrained relocation by the catalog density and after collapsing (see
Figure 4.6) the hypocenters have a more defined pattern, where some lin-
eations of earthquakes can be distinguished. Similar patterns can be found
in results of relative relocations. Also, relocations in this study of the Húsmúli
cluster of induced seismicity are similar, in epicentral location and depth, to
those from the relative relocation. The width of the depth distribution of earth-
quakes was reduced by about 33% in the final relocated and collapsed catalog
compared with the original SIL catalog.

The depth of the Brittle-ductile transition (BDT) was estimated in a range
from 5 to 7 km depth from the relocated and collapsed catalog. The esti-
mated average of depth to the BDT in the processed catalog is about 1 km
less than that estimated from the SIL catalog. BDT is deeper in the sourthern
part of the Hengill area, dominated by transform tectonics, than in the north-
ern volcanic/volcano tectonic part. If we associate the BDT with the 650oC
isotherm, it corresponds to a thermal gradient of 90-130 oC. This value is in
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Figure 4.6. The seismicity of the catalog (a) after relocations using the catalog density
as an a priori constraint, and (b) after application of the collapsing method. The format
of the figure follows that of Figure 4.5.

general agreement with the average thermal gradients in 2 km deep boreholes
in the area. Within the volcanic northern part of the area two features stand
out. Firstly, the induced seismicity at Húsmúli in the NW is shallower than
other parts of the region. This may not reflect a true difference in rheology or
temperature profile as this seismicity is partially anthropogenic. Secondly, the
estimated depth to the BDT is greater beneath the Hengill fissure swarm than
further east beneath the Hrómundartindur fissure swarm and the Grensdalur
volcano. This suggests that the Hengill fissure swarm is cooler at the depth
of the BDT than the surrounding region, presumably because fracture perme-
ability extends to greater depth there and the cooling process from above is
more efficient within the fissure swarm than around it. Note that the Hengill
fissure swarm has considerable surface geothermal activity and hosts the two
geothermal power plants in the area with a total production capacity of about
400 MWe.
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Figure 4.7. Map views for the SIL catalog (left frames) and the catalog after reloca-
tion and collapsing (right frames), showing: (a,d) the number density; (b,e) estimated
depths to the brittle-ductile transition; and (c,f) the width of the Gaussian filters used
for the estimate in each cell. In (b,e) estimates made with a Gaussian filter larger than
2.5 km have been masked.
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4.3 Paper III. Local earthquake tomography and
earthquake relocation in the Tjörnes Fracture Zone
(North Iceland)

4.3.1 Motivation
The Tjörnes Fracture Zone is a transform area located mainly off-shore. The
SIL network has monitored the area since 1993. However, only on-land sta-
tions located around the North-Icelandic coast and a couple of stations located
on Flatey and Grímsey do not provide an ideal coverage for monitoring. Con-
sequently, large gaps of station coverage introduce a high uncertainty of loca-
tions and ambiguities in estimated focal mechanism in the area. Additionally,
local earthquake tomography (LET) using the SIL data could only provide
resolution at depths between 7 and 10 kilometers, with a large uncertainty in
results in part because of the large uncertainty of earthquake locations.

Lack of knowledge about the TFZ, one of the most seismically active areas
in Iceland, motivated the North ICeland Experiment (NICE). Between June
and September 2004 a temporary seismic network was installed in North Ice-
land. The purpose of this deployment was to extend the covered area of the
network offshore, installing 14 OBS stations, and to increase the density of
stations on land, installing 11 additional on-land stations. To provide comple-
mentary information to the experiment, 16 shots were exploded in those parts
of the TFZ with less frequent seismicity, i.e. the northern TFZ. The extended
network recorded more than 1000 earthquakes and the 16 explosions during
its deployment. We used a subset of 500 of those earthquakes (including the
explosions) to carry out a LET resulting in 3-D velocity models for P- and
S-wave, imaging the TFZ crust to approximately 15 km depth.

Density of materials is related to their elastic properties. Considering that fact,
we estimated the Bouguer gravity anomaly of the region for comparison with
the mapped velocity anomalies. Sediment thickness reported by Gunnarsson
(1998) and Richter and Gunnarsson (2010) is also compared to both gravity
and velocity anomalies.

Finally, the 3-D velocity model was used to relocate the TFZ seismicity in the
SIL catalog from 1993 to 2017. The relocated seismicity clustered in the main
seismic features of the TFZ, the HFF and the GOR, and enhanced transverse
seismicity lineations between those two features. Analysis of the distribu-
tion of the seismicity in the TFZ after relocation allowed us to propose a new
nomenclature to distinguish the varying character of the seismicity in the zone.
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4.3.2 Results
Slices of the 3-D velocity model for P- and S-waves at 3.25-4.00 and 7.75-8.5
km depth are presented in Figure 4.8. The Vp/Vs ratio is also presented in the
figure. Areas surrounding the HFF and the GOR had the best resolution (∼10
km in horizontal components, ∼4 km in depth). The central area between the
HFF and the GOR and the northern part of the ER were not well resolved in
the shallowest layers.

Figure 4.8. 3-D velocity model from the LET. The panels show map views of the
model at different depth intervals. Vp and Vs velocity models are presented in the left
and central panels, while the Vp/Vs ratio is shown in the right panels.

A dominant characteristic of the velocity model is a low-velocity anomaly with
a doughnut shape, located offshore surrounding Grímsey Island. This anomaly
extends to approximately 10 km depth. Areas north of the HFF are those with
the lowest velocities and have a similar distribution as low gravity anomalies.
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Thickness contours of sediments deposited offshore in the TFZ are presented
in Figure 4.9 together with the gravity anomaly. They extend to ∼4 km depth,
covering a similar area to the lowest velocities offshore and the low gravity
anomalies. Those sediments date from the Late Glacial period, approximately
10.000 years ago. We argue that the sediments cannot explain the mapped low
velocities at depth and interpret the deeper part of the low-velocity anomaly at
the HFF as a consequence of fracturing of rocks due to the differential motion
across the HFF. Low velocities at the northwestern volcanic part of the GOR
are presumably related with anomalous temperatures in the upper crust.

(a) (b)

Figure 4.9. Bouguer gravity anomaly and contour lines of sediment thickness esti-
mated by Gunnarsson (1998) (see also Richter and Gunnarsson (2010)). The maps
present (a) the Bouguer anomaly and (b) the detrended Bouguer anomaly removing
the best fitting, northward, linear trend.

High velocities appear at the center of the doughnut-shaped low-velocity anomaly
beneath the Grímsey Shoal, which could correspond to the signature of a relic
Tertiary volcano or an older eroded crustal block. Also, some high-velocity
anomalies are located near the tip of the Tröllaskagi and Flateyjarskagi Penin-
sulas. We explain those anomalies also as signatures of relic Tertiary volcanic
centers. Several low Vp/Vs ratio anomalies are distributed in similar areas as
the low-velocity anomaly (see Figure 4.10). Those features are interpreted as
due to supercritical fluids in deep fractures.

More than 85.000 events of the SIL catalog, located in the TFZ, have been
relocated using the tomographic 3-D velocity model. The relocated seismicity
is more focused around the main features in the TFZ, in particular, the HFF
and the GOR. Figure 4.11 shows cross-sections of SIL locations and relocated
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(a) (b)

(c) (d)

Figure 4.10. Cross-sections through the study area. a) Map-view of the three cross-
sections drawn with red lines. Cross-sections b) P1, c) P2 and d) P3 present the 3-D
velocity model for P-waves, S-waves and the Vp/Vs ratio. Earthquakes are represented
as black dots along the cross-sections.

seismicity along those two features. Clusters of seismicity are enhanced in the
relocated seismicity. Relocations allow to distinguish transverse lineaments
connecting the HFF and the GOR extending from Flatey Island to Grímsey
Island, which we named the Grímsey-Flatey Zone in Paper III. Depth of relo-
cated earthquakes is in general reduced in comparison with the depth of SIL
locations (see Figure 4.11).

A particular feature of relocated seismicity in the HFF is the presence of bi-
modality in depth (see left panels in Figure 4.11, at 10 - 20 km of distance
along the northwestern end of the lineament). Although the separation in depth
between the shallower and the deeper cluster is larger than the estimated error
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Figure 4.11. Cross-sections of seismicity along the HFF (left panels) and the GOR
(right panels). Upper panels present the earthquake locations of the SIL catalog.
Lower panels show the relocated seismicity. Color-code indicates depth uncertainty
of the original SIL locations. Contour lines are the iso-velocity lines of the P-wave
velocity model obtained by LET.

of seismicity, a trade-off between structure and location can artificially give
rise to this feature in a non-linear inversion.

43



5. Summary

Methods to improve earthquake location and to image the crustal structure of
Iceland have been developed and applied in this thesis. First, empirical travel
times have been estimated for 65 stations in the SIL network and used in a
nested-grid search algorithm to relocate the SIL catalog from 1990 to 2012.
The relocated catalog presented a general improvement in the error estimates
and significant changes in earthquake locations in the Tjörnes Fracture Zone
and the Reykjanes Rift and Peninsula. Results of relocations in the Hengill
area were used together with relocations constrained by the density of the
earthquake distribution. Then, a catalog-collapsing method, using earthquake
density as an attractor, was applied. The final relocations are consistent with
previous studies on relative relocation. The brittle-ductile transition depth was
estimated in the area.

Finally, local earthquake tomography was carried out in the Tjörnes Fracture
Zone to image the crustal structure. P- and S-wave velocity models were es-
timated for North Iceland. Results were compared to the Bouguer gravity
anomaly map in the area. Areas of low-gravity anomaly coincide with low-
velocity anomalies. Estimated velocity models were used to relocate the earth-
quakes of the SIL catalog between 1993 and 2017.

5.1 Future plans
Research on simulation of earthquakes in the Tjörnes Fracture Zone is in
progress. In this investigation, we apply the results obtained in Papers I and III
to carry out kinematic rupture simulations for potential earthquakes nucleated
in the Húsavík-Flatey Fault. The main goal of this study is to estimate ground
motion in North Iceland, in particular at those towns which could be the most
affected by earthquakes.

North Iceland is not densely populated. However, the town of Húsavík, the
second largest town in North Iceland, is located exactly on the top of the east-
ern part of the HFF. Recently, the town has had a notable development because
of tourism and growing industry, which makes Húsavík vulnerable to future
large magnitude earthquakes.
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Historically, North Iceland has been affected by strong earthquakes (M>6.0)
that have caused damage in the region. The 1755 Ms 7.0, the 1838 M 6.5, and
the 1872 double M 6.5 earthquakes caused damage in Húsavík town and other
towns in the area (Stefansson et al., 2008; Halldorsson, 2005). This region and
the South Iceland Seismic Zone present the highest seismic hazard in Iceland,
with an estimate of 40% g for the peak ground acceleration in a period of 475
years (Solnes et al., 2004). Based on GPS data, Metzger et al. (2011) have
estimated the seismic potential of the HFF equivalent to a Mw 6.8±0.1 event.

Ground-motion simulations are an alternative to predict estimates of the ground
shaking expected in future earthquakes. Simulations have the advantage of
providing estimates of ground motion in the near-field, which are scarce in
strong-motion catalogs. Simulations explicitly consider the effects of a spec-
ified earthquake source, wave-propagation and site effects (Imperatori and
Mai, 2012; Passone and Mai, 2017). Complexity of the fault geometry and
rupture dynamics affect the seismic radiation pattern. The wave field’s propa-
gation influences amplitude, duration and frequency content of ground-motion
synthetics.

To simulate potential future earthquakes, we have designed several fault rup-
ture scenarios of the HFF and simulated them to provide estimates of Peak
Ground Velocity (PGV) and Peak Ground Acceleration (PGA) in the region.
We are using relocations based on the empirical travel times in Paper I (Abril
et al., 2018a) to estimate the boundaries of the seismogenic zone of the HFF.
We are also using the 3-D velocity model for P-and S-wave obtained by local
earthquake tomography Abril et al. (2018b) to simulate the wave propaga-
tion. Some possible scenarios are modelled on the earthquake in 1755 and
the double earthquake in 1872. Estimated PGV values have been compared
with those predicted by ground-motion prediction equations. Results of this
research can contribute to improving the available information on the seismic
hazard of Northern Iceland.

My first priority after defending this thesis is to complete my research on
earthquake simulation in the Tjörnes Fracture Zone. The work has mainly
been supported by the group on Computational Earthquake Seismology - CES
at King Abdullah University of Science and Technology (KAUST) in Saudi
Arabia, and its principal investigator, Martin Mai. Scientific support has been
provided by Sigurjon Jónsson and the Crustal Deformation and In-SAR group
- CDI, also part of KAUST. My supervisor, Olafur Gudmundsson, has pro-
vided scientific and technical support to this research.

Other pathways to carry the research reported in this thesis forward could ei-
ther be methodological or they could focus on further applications. The em-
pirical travel-time tables could be improved by iterative application with sub-
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sequent relocations. Reanalysis of the seismicity of the Tjörnes Fracture Zone
with empirical travel times and constrained relocation or collapsing similar to
what we did in paper II in the Hengill area could be interesting. Similar study
of other areas of seismicity in Iceland could also be of interest. Simulations of
future earthquakes in the Southern Iceland Lowlands could also be of interest.
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6. Contributions to the included papers

Paper I
I processed (using my own codes) the SIL catalog to estimate the empirical
travel-time tables and the error function depending on distance of observa-
tions for 65 stations in the network. I also created a C++ code to relocate the
complete catalog implementing a nested grid search strategy and using the ta-
bles and error functions. I produced all the figures in this paper. I participated
in writing all the sections of the paper.

Paper II
I provided the relocated data using empirical travel times. I participated in the
discussions. I gave comments to improve the text in the final stage.

Paper III
I processed the continuous-raw data recorded in the NICE experiment and I
merged them with waveforms of the SIL network events to create a common
database. I manually picked the 500 events (∼ 12.500 picks) used for the
local-earthquake tomography. I carried out the tomography, the model regu-
larization and model appraisal, and the relocation of events. I produced all the
figures in this manuscript. I wrote a first draft of the manuscript and partici-
pated in the development of the text.
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7. Swedish summary - Svensk sammanfattning

De flesta förknippar seismologi med studier som är relaterade till katastro-
fer (stora jordbävningar, rasade byggnader, tsunamivågor och dödsfall). Det
är i samband med detta som allmänheten får nyheter om seismologi och hör
seismologers expertrådgivning. Men seismologi handlar om mycket mer. Vis-
serligen är studier av stora ödeläggande jordbävningar, evaluering av seismisk
risk och försök till förutsägelse av jordbävningar en viktig del av många seis-
mologers arbete, och det finns många tekniska detaljer bakom allt detta. Men
seismologin har också andra viktiga mål som har med andra processer i jor-
den att göra, som jordens utveckling, vulkanism och jordens resurser som till
exempel geotermi och koncentration av mineraler och kolväte.

I denna avhandling beskrivs forskningsarbete som delvis motiveras av seis-
misk risk och bidrar till dess evaluering, men också av mycket annat. Arbetet
handlar bland annat om de tekniska detaljer som evaluering av seismisk risk
bygger på, men också om analyser som ger information om processer inuti
jorden som nu är aktiva på Island och har varit aktiva på andra ställen runt
jordklotet förut, till exempel i Sverige. Island är ju ett mycket aktivt och nyli-
gen utformat område (bara 15 millioner år) med regelbundna jordbävningar
och aktiva vulkaner, medan Sverige är en stabil landmassa med en mycket
lång geologisk historia (hela 2000 millioner år).

Seismologernas grunduppgift är att lokalisera de jordskalv som registreras av
deras seismografer. Detta gör de i huvudsak utifrån mätningar av den tid då
seismograferna registrerar vågor som framställs av jordskalven. För att över-
sätta tidmätningarna till avstånd, och sedan lokalisering, behövs en uppskat-
tning av vågornas hastighet. Mätningarna kan göras relativt precist, med en
osäkerhet på ungefär en tiondedel av en sekund. Beroende på de registrerande
seismografernas geometri gentemot skalvets lokalisering och noggrannheten
av hastighetens uppskattning resulterar detta i en osäkerhet på ungefär en km
för lokaliseringen. Avhandlingens första uppgift är att försöka förbättra detta.
Med detta ändamål har man i första artikeln utvecklat en metod för att em-
piriskt uppskatta den tid det tar för jordskalvsvågornas att färdas från skalv
till seismograf baserat på tidigare registrerade skalv så att man undviker det
mellanstadium som ligger i att uppskatta hastigheten. Detta har både fördelar
och nackdelar som diskuteras i avhandlingen. De empiriska tidtabellerna kan
sedan användas till lokalisering. Den utvecklade metoden innebär också en
statistisk uppskattning av de mätta tidernas felmarginaler. Detta är viktigt för
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uppskattning av lokaliseringarnas osäkerhet. Metoden har prövats på en stor
mängd småskalv som har registrerats i Island over tid. Till följd av den nya
metoden blir småskalvens fördelning förenklad och osäkerheten förminskad
till viss mån.

Småskalvens fördelning ger information om de förkastningar som finns inuti
jorden och kan leda till store skalv. På det sättet bidrar arbetet till en bättre
uppfattning av var större jordbävningar kan äga rum i framtiden, d.v.s. till
en förbättrad uppskattning av seismisk risk. Detta hjälper också till att bättre
förstå tektoniska rörelser i ytan, d.v.s. hur jorden funkar.

I den andra artikeln har man använt metoden från den första artikeln samt an-
dra metoder som leder till en förbättring och förenkling av de små skalvens
fördelning i jordskorpan. Man har fokuserat på ett särskilt komplicerat om-
råde i sydvästra Island där det finns ett antal vulkaner men också tektoniska
förkastningar, och ett antal geotermiska områden. Två geotermiska kraftverk
finns i området. 130 tusen skalv har omlokaliserats. Artikeln demonstrerar
hur metoderna förbättrar lokaliseringarna jämfört med mer noggranna metoder
som har använts till att lokalisera en bråkdel av skalvens antal. Man har ut-
nyttjat det stora antalet skalv till statistisk uppskattning av djupfördelningen
och därmed hur djupt skalven når. De djupaste skalven tros ske där skorpan är
så varm att dess deformation övergår från att ske vid att knäckas till att flöda
som vätska. Resultaten bevisar att detta djup är mindre där vulkaner finns än
där de inte finns. Detta är förmodligen för att skorpan är varmare där. Re-
sultaten bevisar också att inom det område där den geotermiska aktiviteten är
som mest övergår skorpans deformationsmekanism på ett förhållandevis stort
djup. Detta kan förklaras genom att området har fler förkastningar som når till
större djup där. Därför kyler vatten skorpan mer effektivt ner där och värmen
på djupet transporteras mer effektivt till ytan. Hur varm skorpan är och hur
långt ner den kan knäckas påverkar också hur stora skalv som kan förekomma
i området och påverkar därför uppfattning om seismisk risk.

I den tredje artikeln använder man en teknik som nämns "tomografi" för att
kartlägga hur vågors hastighet varierar inom skorpan. I denna studie har
man koncentrerat på området kring Tjörnes i norra Island. Där förekommer
både vulkanism och stora jordbävningar, de största ungefär av storleken 7 på
Richterskalan. Området är inte särskilt välbeskrivet på grund av att stora de-
lar av det ligger till havs. Här använder man sig av en datainsamling som
utfördes under sommarn 2004 med ett antal extra seismografer i landområdet
söder om området utöver de seismografer som drivs kontinuerligt på Island
för att övervaka området. Man använde sig också av mätinstrument som
kan tillfälligt placeras på havsbottnen. På det sättet fick man bättre lokalis-
eringar av jordskalv i området och registrerade vågor som har färdats tvärs
och kryss over hela området. Detta är nödvändigt för att kunna kartlägga hur
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hastigheten varierar. På det sättet kan man bygga tredimensionella modeller
som beskriver variation av denna egenskap av skorpan. Modellerna kan sedan
användas för att bättre lokalisera alla tiotusentals jordskalv som har registrerats
i området, inte bara de relativt få som förekom under sommaren 2004. Som
i artikel I blir jordskalvens fördelning i skorpan mer fokuserat. Detta är ett
tecken på förbättrade lokaliseringar. På det sättet definierar lokaliseringarna
de förkastningar som finns i området bättre än förut. Hastighetsfördelnin-
gen är också av intresse i samband med processer. Den ger indikationer om
varierande temperatur i skorpan i samband med vulkanism och hur spräckt
skorpan är runt förkastningarna. Den kan också belysa till vilken mån vät-
ska finns inuti skorpan. Resultaten antyder att sprickor finns ner till ungefär
10 km djup kring förkastningarna i området och att superkritisk vattenånga
påverkar hastigheterna till ungefär samma djup. Detta är i generell enighet
med djupfördelningen av jordskalv i området och svarar till ungefär den tem-
peraturgradient som förväntas i området.

I avhandlingens sammanfattning och diskussion om framtida arbete nämns
också simuleringar av seismiska vågor från möjliga jordbävningar i norra Is-
land där man använder sig av resultaten från artiklar I och III. Detta arbete
är redan delvis utfört, men inte klart. Tekniken bygger på numeriska lös-
ningar av vågekvationen där vågornas hastighet definieras av resultaten från
artikel III. Vågorna skapas med ett syntetiskt jordskalv på förkastningar med
en geometri som bl.a. definieras av resultaten från artiklar I och III. Simu-
leringarna fokuserar på byar i norra Island, d.v.s. där flest människor bor och
större investeringar finns. Frågan är hur stora skakningarna kan bli. På det
sättet kommer avhandlingen också bidra till uppskattningen av seismisk risk i
området.
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