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Abstract

Since 1900, earthquakes worldwide have been responsible for over 2 million fatalities
and caused nearly $2 trillion of economic damage. Accurate assessment of earthquake
hazard is therefore critical for nations in seismically active regions. For a complete
understanding of seismic hazard, the temporal pattern of strain accumulation, which
will eventually be released in earthquakes, needs to be understood. But earthquakes
typically occur every few hundred to few thousand years on any individual fault, and
our observations of deformation usually only cover time periods of a decade or less.
For this reason, our knowledge of the temporal variation in strain accumulation rate
is limited to insights gleaned from kinematic models of the earthquake cycle that use
measurements of present-day strain to infer the behaviour on long time scales. Previous
studies have attempted to address this issue by combining data from multiple faults
with geological estimates of long-term strain rates. In this thesis I propose a different
approach, which is to observe deformation at multiple stages of the earthquake cycle
for a single fault with segments that that have failed at different times.

In the last century the North Anatolian Fault (NAF) in Turkey has accommodated
12 large earthquakes (Mw >6.5) with a dominant westward progression in seismicity. If
we assume that each of these fault segments are at a different stage of the earthquake
cycle then this provides a unique opportunity to study the variation in along-strike
surface deformation, which can be equated to variation of deformation in time.

In this thesis I use Interferometric Synthetic Aperture Radar (InSAR) and Global
Navigation Satellite System (GNSS) observations to examine the spatial distribution of
strain along the NAF. InSAR is an attractive technique to study surface displacements
at a much higher spatial resolution (providing a measurement every 30 m) compared to
established GNSS measurements, with station separations between 10 km to 100 km in
Turkey. I specifically address a key technical challenge that limits the wide uptake of
InSAR: phase unwrapping, the process of recovering continuous phase values from phase
data that are measured modulo 2π radians. I develop a new unwrapping procedure for
small baseline InSAR measurements that iteratively unwraps InSAR phase. For each
iteration, this method identifies pixels unwrapped correctly in the previous iteration
and applies a high cost to changing the phase difference between these pixels in the next
iteration. In this way, the iterative unwrapping method uses the error-free pixels as a
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vi Abstract

guide to unwrap the regions that contained unwrapping errors in previous iterations.

I combine measurements of InSAR line-of-sight displacements with published GNSS
velocities to show that an ∼80 km section of the NAF that ruptured in the 1999 Izmit
earthquake (Mw 7.4) is creeping at a steady rate of ∼5 mm/yr with a maximum rate
of 11 ± 2 mm/yr near the city of Izmit within the observation period 2002-2010. I
show that in terms of the moment budget and seismic hazard the effect of the shallow,
aseismic slip in the past decade is small compared to that from plate loading. Projecting
the shallow creep displacement rates late into the earthquake cycle does not produce
enough slip to account for the 2-3 m shallow coseismic slip deficit observed in the
Izmit earthquake. Therefore, distributed inelastic deformation in the uppermost few
kilometers of the crust or slip transients during the interseismic period are likely to be
important mechanisms for generating the shallow slip deficit.

I used similar techniques to confirm that a ∼130 km section of the central NAF near
the town of Ismetpasa, is also undergoing aseismic creep at a steady rate of 8±2 mm/yr.
Using simple elastic dislocation models to fit fault perpendicular velocities I show that
there is an eastward decreasing fault slip rate in this region from ∼32 mm/yr to ∼21
mm/yr over a distance of about 200 km. The cause of this decrease remains unclear,
but it could be due to postseismic effects from the 1999 Izmit and Düzce earthquakes
and/or long-term influence from the 1943 (Mw 7.4) and 1944 (Mw 7.5) earthquakes.

Finally, I combine line-of-sight displacements from 23 InSAR tracks to produce the
first high resolution horizontal velocity field for the entire continental expression of the
NAF (∼1000 km). I show that the strain rate does not vary significantly along the
fault, and since each segment of the NAF is at a different stage of the earthquake cycle,
the strain rate is invariant with respect to the time since the last earthquake. This
observation is inconsistent with viscoelastic coupling models of the earthquake cycle,
which predict a decreasing strain rate with time after an earthquake. My observations
imply that strain accumulation reaches a steady-state fairly rapidly after an earthquake
(<7-10 years) after which strain is localised on a narrow shear zone centred on the fault
and does not vary with time. A time-invariant strain rate is consistent with a strong
lower crust in the region away from the fault with a viscosity ≥1020 Pas.

My results imply that short term snapshots of the present-day strain accumulation
(as long as it is after the postseismic period) are representative of the entire earthquake
cycle, and therefore geodetic estimates of the strain rate can be used to estimate the
total strain accumulation since the last earthquake on a fault, and be used as a proxy
for future seismic hazard assessment.

The techniques I developed to explore the spatial and temporal pattern of aseismic
fault creep and long-term strain accumulation along the NAF are general and can be ap-
plied to all strike-slip faults globally. The archived ERS-1/2 and Envisat satellite data
are an extremely valuable resource that can and should be used to extend InSAR time
series measurements back to the early 1990s. Together with the new Sentinel-1 data
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sets, this provides an unprecedented opportunity to explore tectonic deformation over
several decades and on continental scales. Despite the availability of numerous correc-
tion techniques (in this thesis I use global weather models to calculate the atmospheric
contribution), atmospheric delays remain the major challenge to exploiting Sentinel-1
data for global strain mapping, the mitigation of these delays are an important goal
for the InSAR community.
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Chapter 1

Introduction

“Data! Data! Data!” he cried
impatiently. “I can’t make
bricks without clay.”

SHERLOCK HOLMES

The catalogue of earthquake disasters since the year 2000 now contains 7 individual
events that have each resulted in the loss of 10,000 lives or more (USGS). Five of these
occurred in the continental interiors, often in regions where the hazard was underesti-
mated and the strain accumulation poorly understood. For a complete understanding
of seismic hazard the temporal pattern of strain accumulation during the entire earth-
quake cycle needs to be understood. This includes the centuries to millennia of slow
strain accumulation during the interseismic period, which is released in a coseismic
event, and the days to years of postseismic readjustments following an earthquake.

This thesis will focus on the use of Interferometric Synthetic Aperture Radar (In-
SAR) to measure strain accumulation at various stages of the earthquake cycle. Our
understanding of surface deformation during the earthquake cycle is limited by the fact
that high quality geodetic measurements exist only for a small fraction of the long time
interval (centuries to millennia) between earthquakes on a single fault segment (Meade
et al., 2013). In this thesis I propose to address this problem by investigating the varia-
tion in surface deformation along the North Anatolian Fault (NAF) in Turkey. Thanks
to a consistent set of propagating earthquakes over 70 years (Barka, 1996) and geodetic
observations before the 1999 Izmit earthquake, the NAF offers a unique opportunity
to measure strain accumulation at various stages of the ∼250 year earthquake cycle on
the fault.

InSAR offers the potential to measure surface deformation at a much higher spatial
resolution compared to the established Global Navigation Satellite System (GNSS)
network in Turkey (e.g. Reilinger et al., 2006, Aktuğ et al., 2013). However, such large
scale InSAR analysis requires the development of more robust processing procedures
and careful consideration of noise terms. When combined with GNSS, InSAR enables

1
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time

strain accumulation

elastic rebound

 strain release

~100s km

~m's

Figure 1.1: The elastic rebound theory for earthquakes in which elastic strain accumulates in
the upper crust over a long period of time and is released instantly in an earthquake.

detailed investigations of the 3-dimensional velocity field not only to understand long-
term strain accumulation but also to detect transient deformation, arising from fault
creep and postseismic deformation.

In this chapter I will provide background information on the key observations and
processes during the earthquake cycle, as well as an overview of the North Anatolian
Fault. I will give a brief summary of the InSAR procedure and discuss some of the
key challenges using this technique. I end with my aims and objectives along with a
roadmap for the thesis.

1.1 Earthquake cycle deformation

Harry Fielding Reid developed the earthquake cycle model to explain the pattern of
ground deformation from the 1906 San Francisco earthquake (Reid , 1910). From ex-
amining the ground displacements before and after the earthquake he first proposed
the idea of an ‘elastic rebound’ of previously-stored elastic stresses during a coseismic
event.

In Reid’s model, far-field tectonic displacements slowly build up stresses and ac-
cumulate elastic strain on faults over long periods of time. This is released instantly
during an earthquake once a critical limit is reached. We now know that the life cy-
cle of an earthquake is not purely limited to the energy release during an earthquake
(coseismic), and the centuries to millennia of slow strain accumulation before (inter-
seismic), but also includes the days to years of stress redistribution after an earthquake
(postseismic) (Thatcher , 1993).
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1.1.1 Coseismic deformation

The coseismic phase of the elastic rebound model is the instantaneous release of accu-
mulated strain from the interseismic period. This occurs when the stresses built up over
the interseismic period can no longer be supported by friction on the fault. The release
of accumulated strain causes permanent displacements of the ground either side of the
fault rupture (Figure 1.1). The seismic waves produced by medium-large sized earth-
quakes can be measured using the network of seismometer instruments deployed around
the world and analysed to study the source parameters of the earthquake. Originally
this was the principle method used to understand the role of earthquake deformation
and the links with large scale tectonics (e.g. McKenzie, 1972, Jackson and McKenzie,
1984). However, with the advent of a satellite radar interferometry technique known as
Interferometric Synthetic Aperture radar (InSAR) (Section 1.6) - high resolution maps
of surface displacements can now be routinely made over most major continental earth-
quake ruptures. The first map of coseismic ground surface displacements using InSAR
was made by Massonnet et al. (1993) for the 1992 Landers earthquake in California
(Figure 1.2).

For moderate to large continental earthquakes (Mw>∼6), geodetic observations can
also be used to determine earthquake source geometries and slip distributions (Wright
et al., 2013). These source models have several advantages over models derived from
seismological methods. Firstly, they provide very accurate information on the exact
location of the fault, particularly if the earthquake is shallow. Secondly, the source
models do not suffer to the same degree from the fault plane ambiguity inherent in
many seismic methods (Biggs et al., 2006). Finally, the distribution of slip on the fault
plane can be determined more reliably using geodetic observations, particularly from
InSAR, than using seismic observations (e.g. Funning et al., 2007).

1.1.2 Postseismic deformation

The postseismic phase of the earthquake cycle is the period of accelerated transient
deformation after the coseismic phase. Postseismic deformation rates are at a maximum
immediately after the coseismic event and decay to the background interseismic rates.
The timescale of this decay may vary from hours to decades depending on the dominant
process involved.

The earliest evidence of postseismic deformation came from studies of the 1906 San
Francisco earthquake. Thatcher (1975) used data from post-earthquake triangulation
surveys to first show that postseismic strain rates were a factor of 4 higher than long
term strain rates.

While the distribution of coseismic fault slip provides valuable information about the
mechanics of the earthquake process on the main fault zone, postseismic deformation
provides clues about the mechanical behavior of the region surrounding the coseismic
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10 km

Figure 1.2: The first InSAR map of coseismic surface displacements for the 1992 Landers
earthquake in California. Figure after Massonnet et al. (1993).

fault and in deeper parts of the earthquake generation zone (e.g. Thatcher , 1983, Tse
and Rice, 1986, Scholz , 1988).

Several mechanisms are often invoked to explain the surface observations from tran-
sient postseismic deformation: poroelastic rebound, afterslip and viscoelastic relax-
ation.

Poroelastic rebound

Poroelastic deformation results from the flow of pore-fluid in response to coseismic
stress induced pore-pressure changes (Nikolaevskii et al., 1970, Peltzer et al., 1998).

The best example of poroelastic rebound occurred in the first few months following
two moderate sized earthquakes (Mw 6.5) in June 2000 in Iceland. Jonsson et al. (2003)
combined geodetic observations of surface deformation with independent observations
from geothermal wells to show that the water level rose in wells that were in regions
around the fault that contracted during the earthquakes, and dropped in wells that
were in regions that dilated. In the 3 months following the earthquake water flowed
from the high pore-pressure regions, i.e. the region that contracted in the earthquakes,
to regions of low pore-fluid pressure, i.e. regions that dilated in the earthquakes. This
flow of water resulted in surface deformation with a spatial pattern identical to that
predicted from models of poroelastic deformation.

Poroelastic rebound has also been invoked to explain transient surface deformation
following the 1992 Landers earthquake (Peltzer et al., 1998, Fialko, 2004), but appear
to be a relatively insignificant mechanism for most earthquakes (Wright et al., 2013).
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Afterslip

Afterslip is a general term referring to continued slip on parts of a fault after an earth-
quake. Afterslip was first observed after the 1966 Parkfield earthquake on the San
Andreas Fault (Smith and Wyss, 1968) and has since been measured following several
other large earthquakes (e.g. Savage and Church, 1974, Ryder et al., 2007, Barbot et al.,
2008).

Marone et al. (1991) showed that afterslip can be explained as a manifestation of
rate-state variable friction behaviour within fault zones. Earthquakes occur on parts of
the fault plane where the dynamic coefficient of friction is lower than the static friction,
while afterslip is thought to occur where the dynamic coefficient of friction is higher
than the static friction, meaning stable slip can occur as a result of stress changes due
to the coseismic rupture (Scholz , 2002).

Inversions of surface displacements following large earthquakes reveal that afterslip
often occurs on parts of the fault that did not fail in the earthquake, with slip usually
localised to the region below the main slip patch. For example, Bürgmann et al. (2002b)
showed that in the 87 days following the Mw 7.4 Izmit earthquake the earthquake, the
afterslip rate decayed from a rate of 2 m/yr to 1.2 m/yr. In Chapter 2 I show that
shallow fault creep, which also initiated after the earthquake, can also be explained
using a rate-and-state dependent afterslip model.

Viscoelastic relaxation

The rheology of the upper crust appears well described by linear elastic relations be-
tween stress and strain (a Hooke solid) at stresses lower than those required to induce
brittle fracture or frictional sliding of faults. Due to the increased temperatures and
pressures in the lower crust and below, deformation involves both elastic (at short
timescales) and viscous behaviour.

Therefore, another way in which the Earth adjusts during the postseismic period
is through viscous flow of the lower crust and upper mantle. This flow is controlled
by grain-scale mechanisms within crystals, such as dislocation and diffusion creep (e.g.
Bürgmann and Dresen, 2008).

The key parameter that controls the rate and spatial pattern of surface deformation
due to deep viscoelastic relaxation is the viscosity (η), which is a function of stress (σ)
and strain rate (ε̇):

η ∝ σ

ε̇
(1.1)

The viscosity is a measure of the strength of the lower crust and upper mantle.
Originally, surface uplift measurements caused by the viscoelastic response of the man-
tle due to rapid unloading of ice sheets since the last glacial maximum, a process called
post-glacial rebound, were used to determine the viscosity of the mantle (e.g. Peltier ,
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1976). The first demonstration of viscoelastic relaxation following an earthquakes was
by Nur and Mavko (1974), who showed that the postseismic deformation following the
large 1946 Nankaido earthquake could be explained using a simple viscoelastic model
with a mantle viscosity of 5× 1018 Pa s.

Despite these three distinctly different mechanisms it is often difficult to determine
which is responsible for transient postseismic deformation following a large earthquake.
Vigorous debate persists because the models can be parametrised to produce similar
patterns of surface deformation for a two-dimensional infinitely long strike-slip rupture.
For this reason, it is possible that prejudices of authors can bias results.

More often that not, multiple relaxation processes occur after a major earthquake.
Some studies have explained transient postseismic deformation by invoking a combina-
tion of poroelastic rebound and crustal afterslip (e.g. Fialko, 2004, Peltzer et al., 1996),
or poroelastic rebound and viscoelastic relaxation in the lower crust (e.g. Masterlark
and Wang , 2002); while Freed et al. (2006) showed that surface observations following
the 2002 Mw 7.9 Denali earthquake in Alaska could only be explained by invoking deep
viscoelastic relaxation and shallow afterslip. In a 2013 review of the literature, Wright
et al. (2013) found 49 studies of postseismic deformation with many employing a com-
bination of processes to describe the surface observations from geodetic data (Figure
1.3). Of the 20 individual earthquakes/sequences considered, they found that 16 had
viscoelastic relaxation, 3 had poroelastic rebound, and 16 had shallow or deep afterslip
inferred by at least one study. Therefore, a broad conclusion is that viscoelastic relax-
ation in the lower crust and/or upper mantle with transient afterslip is to be expected
after most large earthquakes.

1.1.3 Interseismic deformation

Reid’s simple earthquake model describes the slow build up of strain over a long period
of time, which is eventually released in an earthquake. This slow strain accumulation
is known as the interseismic phase of the earthquake cycle, and is usually thought of
as steady-state deformation associated with the far-field motion of the tectonic plates.

The interseismic strain rates are small compared to the total strain release in the
coseismic period. Typically, interseismic displacement rates are of the order 1 to 10s
mm/yr over a region covering tens to one hundred kilometres. This gives strain rates
of the order of 10−6 − 10−8 yr−1. Therefore, studies of the interseismic period require
a long time series of measurements to accurately filter the deformation signal from the
various noise sources.

The first estimate of interseismic deformation were from triangulation surveys after
the 1906 San Francisco earthquake (Reid , 1910). However, most modern estimates
are from GNSS measurements (e.g. Straub et al., 1997, Hubert-Ferrari et al., 2000,
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Figure 1.3: Global compilation of rheological interpretations of postseismic geodetic data.
VER = viscoelastic relaxation. Each column represents a single case study, either for an
individual earthquake or a group of earthquakes. Figure from Wright et al. (2013).
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y
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S

Figure 1.4: The Savage and Burford (1973) elastic dislocation model for strain accumulation
across a strike-slip fault, adapted from the original paper.

Reilinger et al., 2006). Although InSAR has been used to measure metre scale surface
displacements due to earthquakes since the first studies of the 1992 Landers earthquake
in California (Massonnet et al., 1993, Zebker et al., 1994), the first results of interseismic
deformation were not published till almost a decade after the launch of the first modern
radar satellite capable of InSAR (Wright et al., 2001a, Peltzer et al., 2001).

The Earth’s seismogenic upper crust behaves elastically, storing strain during the
interseismic period and releasing it as slip on discrete faults during an earthquake.
Savage and Burford (1973) were the first to model interseismic deformation across a
strike-slip fault using an elastic screw dislocation model (Weertman and Weertman,
1964). In this model, the fault is treated as a buried, infinitely long screw dislocation
in an elastic half-space. During the interseismic phase, fault-parallel motion occurs at a
rate S below a locking depth d. The fault is frictionally locked and accumulating strain
between the surface and depth d. The displacement rate v at perpendicular distance x
from the fault is given by:

v(x) =
S

π
arctan

(x
d

)
(1.2)

where d can be considered equivalent to the seismogenic depth (Wright et al., 2013).
The model assumes that below the seismogenic depth, shear strain is localised on a
single fault in the lithosphere. In this model 50% of the relative motion occurs within a
region of width 2d centred on the fault, and 90% of motion takes place within a region
of width 12.6d.

An alternative model was proposed by Prescott and Nur (1981) who suggested that
relative motion across a strike-slip fault is accommodated over a broad zone by ductile
flow below the seismogenic layer rather than by aseismic slip on discrete slip planes.
This is supported by observations on the San Andreas Fault zone in Southern California
(Prescott and Nur , 1981) and the Marlborough Fault Zone in New Zealand (e.g. Bourne
et al., 1998), which are both over 150 km wide. However, as surface deformation
resulting from motion below the elastic layer, is filtered through the elastic lid, it is



§1.1 Earthquake cycle deformation 9

−15

−10

−5

0

5

10

V
e

lo
c
it
y

−200 −150 −100 −50 0 50 100 150

Distance from fault (km)

Fixed locking 

depth = 15 km

10 mm/yr

20 mm/yr

30 mm/yr

Slip rate

c
−15

−10

−5

0

5

10
V

e
lo

c
it
y
 (

m
m

/y
r) Fixed slip

rate = 25 mm/yr

10 km

20 km

30 km

Locking depth

a

0.0

0.2

0.4

0.6

0.8

S
tr

a
in

 r
a

te
 (

m
ic

ro
s
tr

a
in

/y
r)

b

0.0

0.2

0.4

0.6

S
tr

a
in

 r
a

te

−200 −150 −100 −50 0 50 100 150 200

Distance from fault (km)

d

Figure 1.5: Forward calculations of fault perpendicular velocity and strain rate using the
simple screw dislocation model (Savage and Burford , 1973). (a) and (b) are the results for a
fixed slip rate while (c) and (d) are for a fixed locking depth.

not possible to distinguish between slip on a narrow fault and slip in a shear zone that
is π times thicker than the locking depth (Moore, 1999). For example, the observed
surface deformation across the eastern end of the North Anatolian Fault in Turkey,
is consistent with slip on a single deep fault plane (Wright et al., 2001a), although a
shear zone narrower than 75 km cannot be discounted. Savage and Prescott (1978)
compared a completely elastic model with a viscoelastic model and found that the
resulting surface velocity field is similar for both models if the lower crustal viscosity
is high (≥ 1020Pas).

As a result, the simplicity of the 2-parameter elastic dislocation model has meant it
remains a popular choice for inverting geodetically measured surface velocities in order
to calculate the strain accumulation rate across strike-slip faults (Wright et al., 2013).
Although it is not a realistic representation of the physical processes that occur in a
fault zone, it is a convenient way of abstracting the two real measurements that can be
obtained from geodetic observables at locked strike-slip faults:

1. The integrated strain rate across the fault, which is equivalent to the slip rate
(S) for a fixed locking depth (d)

2. The width of the straining zone, which is related to the locking depth
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Differentiating Equation 1.2 gives the strain rate (ε̇):

ε̇ =
dS

π (d2 + x2)
(1.3)

At the fault trace (x = 0), Equation 1.3 reduces to:

ε̇ =
S

πd
(1.4)

Therefore, for a fixed locking depth, the strain rate is equivalent to the slip rate on
the fault. Figure 1.5 shows forward calculations of the variation in fault perpendicular
velocity for different values of slip rate and locking depth, and the corresponding strain
rates. It is clear that for a constant slip rate, an increase in the locking depth results
in a broader deformation zone; while for a fixed locking depth, an increase in the slip
rate results in larger strain rates at the fault.

1.2 Modelling the earthquake cycle

Post-earthquake GNSS and InSAR measurements of surface displacements made at
high temporal and spatial resolutions have enabled detailed studies of postseismic de-
formation after major earthquakes (e.g. Peltzer et al., 1996, Kenner and Segall , 2000,
Bürgmann et al., 2002b, Ergintav et al., 2009). Many authors have attempted to esti-
mate the viscosity structure of the crust and upper mantle from geodetic observations
of postseismic deformation (e.g. Hearn et al., 2002, Pollitz , 2005, Hetland and Hager ,
2006, Vaghri and Hearn, 2012). However, it has been difficult to reconcile the viscosity
structure inferred from postseismic displacements with that inferred from interseismic
displacements.

A self-consistent understanding of earthquake-related viscous relaxation requires a
viscosity structure that can explain the observed geodetic deformation at all stages of
the earthquake cycle (Figure 1.6). The key observations that models need to explain
are:

1. Rapid postseismic transients following an earthquake

2. Focused strain on the fault late in the earthquake cycle

Simple geodynamic models of the entire earthquake cycle, often called viscoelastic
coupling models, consist of a constant-viscosity layer beneath an elastic lid. Coseismic
slip is usually imposed in these models at a fixed repeat interval. The models suggest
that the observed surface deformation is a function of time since the last earthquake
(e.g. Savage and Prescott , 1978, Thatcher , 1983, Savage, 2000).

Figure 1.7 shows the predicted velocity profiles calculated for three different lower
crustal viscosities. For a weak lower crust (e.g. ∼1018 Pa s), it is possible to produce
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Figure 1.6: (a) Measurements of postseismic velocities after the Izmit earthquake show rapid
transients around the fault rupture while long-term interseismic velocities (b) show focused
strain around the fault. Figure from Yamasaki et al. (2014).

rapid postseismic deformation that decays with time, while a strong lower crust (e.g.
∼1020 Pa s) can produce focused strain on the fault late in the earthquake cycle.
However, a single lower crustal viscosity cannot explain both observations.

The observational data have led to the development of a new generation of earth-
quake cycle models that are able to predict focused interseismic deformation as well
as rapid postseismic transients (e.g. Hetland and Hager , 2006, Johnson et al., 2007,
Takeuchi and Fialko, 2012, Yamasaki and Houseman, 2012). These studies vary in the
viscosity structures used to set up the model. For example, Johnson et al. (2007) employ
a layered structure assuming the behaviour of each layer is governed by a constant vis-
cosity (Maxwell), while Takeuchi and Fialko (2012) use non-Newtonian viscosity and
Hearn et al. (2009) use a Burger’s body model with two time-dependent viscosities.
Yamasaki et al. (2014) used a viscoelastic model consisting of a low viscosity region
immediately beneath the seismogenic fault embedded in a high viscosity medium to fit
both the long term interseismic velocities and the postseismic transients after the Izmit
earthquake.

Other models of the earthquake cycle consist of rate-and-state dependent frictional
behaviour in fault zones, where strain accumulates on locked asperities due to aseismic
creep in the surrounding regions. An earthquake occurs when the stresses exceed the
frictional resistance on the asperities (e.g. Marone, 1998, Scholz , 1998). These frictional
relations have been used to develop 3-D dynamic models of the earthquake cycle that
are able to reproduce a realistic earthquake sequence of irregular moment magnitude
(e.g. Lapusta and Liu, 2009, Barbot et al., 2012).

In order to be able to distinguish between many of the models described above, more
observations of surface deformation are needed at different times during the interseismic
period. However, owing to the long inter-event time in many large fault zones, typically
hundreds to thousands of years, we do not have deformation observations with modern
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instruments spanning a complete earthquake cycle for any single fault.

Meade et al. (2013) attempted to overcome this problem by comparing long-term
geologic slip rates with geodetically derived fault slip rates, which observe only a small
fraction (0.001%-0.1%) of the earthquake cycle, for 15 large continental strike-slip faults.
They found that geologically and geodetically inferred slip rates agree well, and used
this observation to suggest that multiple relaxation timescales, e.g. a Burger’s model,
are required to reconcile these with rapid postseismic transients. The inherent assump-
tion with this approach is that the crust and continental strike-slip fault zones are the
same everywhere. In this thesis I propose a different approach to observe deformation
at multiple stages of the earthquake cycle for a single fault that has failed at different
times.

In the last century the North Anatolian Fault (NAF) has accommodated 12 large
earthquakes (Mw > 6.5) with a dominant westward progression in seismicity (Section
1.5, Table 1.1). If we assume that each of these fault segments are at a different
stage of the earthquake cycle then this provides a unique opportunity to study the
variation in along-strike surface deformation, which can be equated to variation in time.
Geodetic observations along the Izmit section of the fault before the 1999 earthquake
also provides strain measurements ∼245 years late in the cycle. The key assumption
with this approach is that the earthquake cycle can be investigated by studying the
surface deformation along different segments of the same fault, i.e. it assumes the
temporal behaviour of each segment along the fault is the same.

A principle aim of this thesis is to investigate the strain accumulation along each
of these rupture segments and relate it to changes during the earthquake cycle.

1.3 Aseismic fault creep

Earthquakes are not the only way strain is released on a fault. Aseismic fault creep is
also an important mechanism that can influence the size and timing of large earthquakes
along partially coupled faults.

While the upper crustal portions of most active faults are locked, storing elastic
strain energy for decades to centuries and releasing it almost instantaneously in earth-
quakes, some faults instead slip steadily at slow rates over various timescales and spatial
distributions. This slow movement at a fault is known as aseismic fault creep. If fault
creep occurs throughout the seismogenic crust at a rate equal to the tectonic loading
then these faults store little to no strain energy and are unlikely to produce significant
earthquakes (Bürgmann et al., 2000).

However, most faults do not undergo aseismic creep at all depths in the crust at the
full tectonic loading rate, implying that not all the accumulated strain energy is being
released aseismically. In these cases, parts of the fault are fully or partially locked and
can still generate moderate to large earthquakes (e.g. Avouac, 2015).
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The best documented examples of creeping faults are the central section of the
San Andreas Fault (Maurer and Johnson, 2014, Jolivet et al., 2015), the Longitudinal
Valley Fault (Champenois et al., 2012, Thomas et al., 2014) and the Ismetpasa section
of the North Anatolian Fault (Kaneko et al., 2013, Cetin et al., 2014). Although more
creeping faults are being identified with the use of long time series satellite data at high
spatial resolution (e.g. Schmidt et al., 2005, Jolivet et al., 2012, Cakir et al., 2012).

In most models of afterslip or aseismic creep, the creep rate is thought to vary
uniformly with time. However studies on the San Andreas Fault using creepmeter
measurements have shown that fault creep can have highly variable temporal behaviour
(Nason, 1973). Creep may occur gradually over a long period of time (months to years),
or it may occur as episodes of displacements, called “creep events”, which last from
a few hours to days and include displacements of a few millimetres or less to a few
centimetres (Wesson, 1988). For example, Rousset et al. (2016) used InSAR analysis
of high temporal resolution satellite data acquired between 2013 and 2014 to identify
a major burst of aseismic slip spanning 31 days with a maximum slip of 2 cm on the
Ismetpasa section of the North Anatolian Fault.

The relationship between the spatial distribution and temporal pattern of aseismic
slip, and tectonic loading is important for understanding both the pattern of strain
accumulation along a fault and its ability to generate large, damaging earthquakes.
In chapter 2 of my thesis I investigate the creeping behaviour of the Izmit section of
the North Anatolian Fault (NAF), which was first observed to begin creeping after the
1999 Izmit earthquake (Cakir et al., 2012). Part of chapter 3 focuses on the spatial
pattern of fault creep along the Ismetpasa section of the central NAF. Creeping along
this segment of the NAF first was first documented some thirty years ago by Ambraseys
(1970), who measured the slow displacement of a wall that crossed the fault near the
town of Ismetpasa.

1.4 The shallow slip deficit

Over the past two decades, new information about the near-field deformation pattern
due to large earthquakes, largely obtained with the help of InSAR measurements, has
enabled investigations into the distribution of coseismic slip on the shallow portions of
faults (e.g. Massonnet et al., 1993, Simons et al., 2002, Lasserre et al., 2005).

In general, coseismic slip distribution studies of many large strike-slip earthquakes
reveal that the maximum seismic moment release usually occurs in the middle of the
seismogenic layer (at average depths of 4-6 km) with a decay in coseismic slip in the
upper (<3-4 km) and lower portions of the brittle crust (>4-6 km) (Figure 1.8) (e.g.
Fialko et al., 2005, Ryder and Bürgmann, 2008, Kaneko and Fialko, 2011, Dolan and
Haravitch, 2014).

A gradual decay in coseismic slip in the lower portions of the seismogenic crust
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Figure 1.8: The shallow slip deficit in several large strike-slip earthquakes. Figure from Fialko
et al. (2005).

is probably compensated by postseismic and interseismic strain accumulation and is
reasonably well understood (e.g. Thatcher , 1983, Tse and Rice, 1986, Savage and Svarc,
1997). For example, Bürgmann et al. (2002b) showed that deep (>10 km) postseismic
afterslip after the 1999 Izmit earthquake was highest between and below the regions
of maximum coseismic slip and propagated downward to, or even below, the base of
the crust. Maximum afterslip rates decayed from greater than 2 m/yr, immediately
after the Izmit earthquake to about 1.2 m/yr just prior to the Düzce earthquake. The
cumulative deep afterslip in the 87 days after the Izmit earthquake was sufficient to
account for the deep slip deficit (Figure 1.9).

The uppermost few kilometres of the crust is known to have mechanical properties
that differ from those of the rest of the brittle upper crust. In particular, the shallow
layer has a higher density of cracks, pores and voids (Manning and Ingebritsen, 1999),
and may exhibit velocity-strengthening behaviour (Marone, 1998). The latter may
explain why the coseismic slip may be impeded in the shallow crust, but it is not clear
how the resulting deficit of shallow slip is accommodated throughout the earthquake
cycle.

There are two possible explanations for the origin of the shallow slip deficit: the
deficit arises due to distributed off-fault deformation in the upper crust, in which case
it is not strictly speaking a deficit as such, or the shallow slip deficit is accounted for by
aseismic slip on the shallow fault, in which case it could be due to postseismic afterslip
or continuous/episodic creep throughout the earthquake cycle.

In Chapter 2 I discuss my results of shallow postseismic fault creep (or afterslip)
obtained from high resolution InSAR measurements, and its implications for the shallow
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Figure 1.9: Top left panel shows the coseismic slip model (modified from Reilinger et al.
(2000)). Remaining panels show snapshots of time-dependent distributed strike-slip rate in-
verted from the postseismic GNSS measurements in 10-day intervals. Following rapid slip over
a large portion of the model fault early on, most slip occurs down-dip of the coseismic rupture.
Figure from Bürgmann et al. (2002b).

slip deficit in the region of the Izmit earthquake.

1.5 The North Anatolian Fault

The presence of a band of seismicity across the northern region of Turkey was recognised
as early as the mid nineteenth century (Mallet (1862), map D; as cited by Sengör et al.
(2005)). But it was Ihsan Ketin (Ketin, 1948) who observed that the surface breaks of
all major earthquakes in the region since 1939 had the characteristics of a right-lateral
fault. This was the first documented record of the existence of a large and active
strike-slip fault in the world (Ketin, 1948).

The origin of the NAF has long been considered to be in the Neogene. Ketin (1957)
noted that the fault cuts across early Miocene age orogenic deposits implying it was
younger than the early Miocene. He used cross cutting relationships to estimate the
start of sliding along the NAF to be around 15-20 Ma. Hubert-Ferrari et al. (2009)
used 40Ar-39Ar dating on volcanic deposits that cross the NAF’s eastern termination
to infer that motion along the fault probably started around 12 Ma ago in an initial
phase characterised by a slip rate of about 3 mm/yr and a fault propagation rate of
120 mm/yr during which most of the fault trace developed. The fault slip rate then
jumped to around 20 mm/yr over the last 2.5 Ma without a substantial increase in
fault length (Armijo et al., 2002).
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Figure 1.10: Ruptures along the North Anatolian Fault due to large earthquakes (Mw ≥ 6.5)
in the last 80 years. Large earthquakes on the NAF in the last century have followed a general
westward trends in seismicity.

1.5.1 Seismicity

Since the 1939 Erzincan earthquake there have been a series of large earthquakes (Table
1.1) that have ruptured over 1000 km of the North Anatolian Fault. These earthquakes
have, in general, ruptured progressive westward sections of the fault (Barka, 1996, Stein
et al., 1997) (Figure 1.10). One of the aims of my thesis is to investigate whether there
are spatial correlations in fault slip rate and locking depth with the locations of these
past ruptures.

The most recent events along the NAF were the 1999 Izmit (Mw 7.4) and 1999
Düzce (Mw 7.2) earthquakes that together ruptured ∼180 km of the western section
of the fault. The Izmit earthquake epicentre was located less than 100 km east of
Istanbul. In light of the westward progression of previous ruptures along the fault,
many authors have raised concerns of the large hazard of a future strong earthquake in
the Istanbul region (e.g. Parsons et al., 2000, Atakan et al., 2002), where the last major
earthquake was in 1894 (M∼7) (Ambraseys, 2002). Parsons (2004) used finite-element
modelling incorporating a detailed analysis of fault geometry in the Marmara Sea along
with stress transfer from the Izmit earthquake, to estimate the 30 year probability of
a Mw ≥ 7 earthquake rupturing beneath the Sea of Marmara to be ∼35-70%. This is
a significant hazard to the ∼12 million inhabitants of the greater Istanbul region.

Although clustering of earthquakes in space and time is common (Dieterich, 1994,
Kagan and Jackson, 1991), and migrating earthquake sequences have occurred else-
where (Kasahara, 1981, Mogi , 1985), none is as spectacular as on the North Anatolian
Fault. Stein et al. (1997) found that the migrating behaviour can be accurately mod-
elled as a result of Coulomb stress transfer where one earthquake increases the stress
on the adjacent fault segment bringing it closer to failure.

The North Anatolian fault has experienced several historical episodes of migrating
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Table 1.1: The most recent earthquake sequence along the NAF
Event Moment Fatalities

magnitude
1939 Erzincan 7.9 32,962
1942 NiksarErbaa 6.9 ∼3,000
1943 TosyaLadik 7.7 2,824
1944 BoluGerede 7.5 3,959
1949 Karliova 7.1 320
1951 Kursunlu 6.9 50
1957 Abant 6.8 52
1966 Varto 6.6 2,394
1967 Mudurnu Valley 7.1 86
1992 Erzincan 6.5 ∼550
1999 Izmit 7.4 17,480
1999 Düzce 7.2 894

earthquake sequences (Figure 1.11) (Stein et al., 1997). Large earthquakes progressed
∼250 km eastwards during 967, 1035, and 1050 AD (Ambraseys, 1970). A sequence
ruptured perhaps ∼700 km of the fault during 1650 to 1668 (Ambraseys and Finkel ,
1995). It is not yet clear why the NAF exhibits such propensity to progressive failure.
Stein et al. (1997) suggest that the behaviour is a product of the fault’s simple, straight
geometry, which makes for efficient transfer of stress and its general isolation from other
faults, which minimizes stress transferred between the North Anatolian and competing
faults.

1.5.2 Fault slip rates and locking depths

Various attempts have been made at estimating the quaternary slip rate across the
NAF. Figure 1.12 shows a compilation of published estimates for the NAF. The hori-
zontal extent of each measurements corresponds to the spatial extent of the data used
to make an average estimate of the slip rate. For example, some of the geodetic (red)
measurements are an average slip rate for the entire fault. Estimates with no error
bars are fixed values. It is clear that there is significant scatter in published slip rates
along the fault with the greatest scatter in the western section where the NAF splits
into multiple segments. However, most estimates of the fault slip rate fall within 15-32
mm/yr.

One of the first attempts at quantifying the slip rate across the fault was by Jackson
and McKenzie (1988) who used seismic slip estimates to determine the NAF slip rate
to be about 31 mm/yr.

Hubert-Ferrari et al. (2002) conducted a field study of offset features associated
with small rivers across the fault and determined a Holocene slip rate of 18 mm/yr
which confirms slip rate estimates deduced from 14C dating of offset stream terraces.



§1.5 The North Anatolian Fault 19

Figure 1.11: Historical earthquake sequences along the NAF. Figure from Stein et al. (1997).
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Figure 1.12: Published slip rate estimates along the North Anatolian Fault (data in Table
A.1). Geological estimates (blue) are mostly from offset geological features or trench stud-
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and seismological estimates (green) are from slip vector studies of large earthquakes along the
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Figure 1.13: Published locking depth estimates along the NAF (data in Table A.2). Most
estimates are using geodetic measurements of surface velocities (GNSS and/or InSAR), which
are inverted for the locking depth using the screw dislocation model of Savage and Burford
(1973).

Kozaci et al. (2007), Kozacı et al. (2009) dated offset river terraces using cosmogenic
radionuclides yielding a Holocene slip rate of 20.5± 5.5 mm/yr for the central part of
the NAF.

Most previous estimates of the locking depth are from inversions of geodetic data
with estimates ranging between 3 km and 21 km (Figure 1.13).

One of the key aims of my thesis is to make estimates of the variation in fault slip
rate and locking depth along the North Anatolian Fault using a consistent dataset and
method.

1.6 Interferometric Synthetic Aperture Radar (InSAR)

Before the early 1990s and the onset of space based Synthetic Aperture Radar (SAR)
measurements, most investigations of surface velocity fields were made using a sparse
network of Global Navigation Satellite System (GNSS) measurements, the most popular
being the U.S. based Global Positioning System (GPS). However, even the most dense
network of GNSS stations (∼20 km station spacing in Japan) cannot match the pixel
resolution achievable by InSAR, which has a spatial resolution of ∼30 m (for C-band
radar measurements).

For a detailed description of InSAR I refer the reader to Rosen et al. (2000), Hanssen
(2001), Ferretti et al. (2007). Below I will only provide a brief summary of the key
processing steps and challenges in producing ground displacements maps using this
technique.



§1.6 Interferometric Synthetic Aperture Radar (InSAR) 21

InSAR refers to the phase difference between two Synthetic Aperture Radar (SAR)
acquisitions over the same region, which were acquired at different times. The radar
signal, as recorded at the antenna for each acquisition, has two components: the am-
plitude, a measure of the intensity of the returned radar waves, and the phase. This
information is encoded as a series of complex numbers, Z:

Z = Aeiφ (1.5)

where A is the amplitude and φ the phase component.

In general, the first acquisition is referred to as the master, while the second acquisi-
tion is the slave. Prior to InSAR computation, the slave SAR images need to be aligned
with that of the master. This is achieved through a two-step coregistration procedure
(e.g. Brown, 1992, Hanssen, 2001). The first step involves a coarse-coregistration where
large correlation windows are used to estimate the slave image translation offsets with
respect to the master to within a few pixels. This is followed by a fine-coregistration
in which the slave is resampled to the master grid using subpixel offset estimation and
a polynomial transformation.

To extract the change in phase due to surface displacements the phase contribution
from a flat-earth and terrain elevation changes need to be accounted for (e.g. Hanssen,
2001). The flat-earth refers to the phase signal introduced from a reference global
ellipsoid such as WGS84 or a locally best fitting ellipsoid such as Bessel. It is estimated
using the precise satellite orbit information and the formulation of the reference surface.
Phase changes introduced by changes in viewing geometry between the master and slave
are also accounted for by radar-coding a Digital Terrain Model (DEM), e.g. from the
Shuttle Radar Topography Mission (SRTM) (Farr et al., 2007), and combining this
with the satellite viewing geometry to calculate the phase signal related to a change
in elevation. The interferogram formation step involves a multiplication between the
master and the complex conjugate of the slave once these corrections have been made.

Several interferogram processors are available that perform the steps described
above, such as ROI PAC (Rosen et al., 2004) (now superseded by ISCE (Gurrola et al.,
2010)), GAMMA and DORIS (Kampes et al., 2003). For the InSAR processing in my
thesis I employ the DORIS software package.

Several important challenges remain in the widespread uptake of InSAR: (1) decor-
relation noise in interferograms, (2) delays caused by changes in atmospheric properties
between master and slave acquisition (e.g. Zebker et al., 1997, Bekaert et al., 2015a),
and (3) phase unwrapping.

In the following sections I briefly explain each of these challenges, and the ways in
which it is possible to address them.
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Figure 1.14: Simulation of the phase for (a) a distributed scatterer pixel, and (b) a Persistent
Scatterer (PS) pixel. For the PS pixel, a dominant scatter over time results in a stable phase
over time. Figure from Hooper et al. (2007).

1.6.1 Decorrelation noise

Decorrelation noise in radar interferograms is introduced by a change in satellite ac-
quisition geometry and surface scattering properties between the master and slave ac-
quisitions (Zebker and Villasenor , 1992). This can be reduced by applying new state-
of-the-art InSAR time series methods that are typically split into Persistent Scatterer
methods (e.g. Ferretti et al., 2001, Perissin and Ferretti , 2007, Hooper et al., 2007) and
Small Baseline methods (e.g. Berardino et al., 2002, Lanari et al., 2004, Biggs et al.,
2007, Hooper , 2008).

These two processing methods rely on the exploitation of resolution elements on the
ground with two different end-member scattering properties. The persistent scatterer
approach is optimised for resolution cells containing a single point scatterer, whereas
small baseline methods are optimised for resolution cells containing a distribution of
scatterers (Figure 1.14). Recently, methods have been developed that take advantage
of both types of scattering (Ferretti et al., 2011, Hooper , 2008). These methods have
been used to measure mean velocities and displacement time series due to volcanic
deformation, land subsidence and tectonic motion associated with faults.

Throughout my thesis, I apply the Stanford Method for Persistent Scatterers (StaMPS)
time series processing software (Hooper , 2008, Hooper et al., 2012), which takes advan-
tage of the spatial correlation between pixels and does not impose a temporal deforma-
tion model when identifying targets with stable phase characteristics through time. The
StaMPS software selects only those pixels that have stable phase noise characteristics
in time, and uses this subset to compute velocities and time series.

I employ a combination of the persistent scatterer (PS) and the small baseline
processing strategies of StaMPS. The small baseline interferograms for each of the
tracks processed for this thesis were chosen to reduce decorrelation noise by minimising
the time difference between acquisition dates (the temporal baseline) and the spatial
separation of the satellite orbits (the perpendicular baseline).
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1.6.2 Atmospheric noise

The spatial and temporal variations in tropospheric humidity, pressure and temperature
between the master and slave acquisitions is often the largest source of error in radar
interferograms (e.g. Doin et al., 2009, Walters et al., 2013, Jolivet et al., 2014, Bekaert
et al., 2015a).

These atmospheric phase delays result from the combined effects of turbulent mixing
in the atmosphere and stratification of the lower troposphere (e.g. Hanssen, 2001, Doin
et al., 2009). Many previous studies have shown that the turbulent atmospheric delay
patterns are generally random in space and time, and can be reduced by temporal
filtering long time series of Synthetic Aperture Radar (SAR) measurements (e.g. Ferretti
et al., 2001, Berardino et al., 2002, Hooper et al., 2007, Hetland et al., 2012). On the
other hand, Doin et al. (2009) and Jolivet et al. (2014) showed that phase delays due
to stratified tropospheric conditions, if not accounted for, can result in a long-term bias
in estimates of surface deformation, particularly when seasonal oscillations are not well
sampled in time.

There are numerous approaches available to reduce the tropospheric noise contribu-
tion to radar interferograms. (Bekaert et al., 2015c) showed that the best corrections
are achieved when using multi-spectral observations of the troposphere, e.g. from the
Medium Resolution Imaging Spectrometer (MERIS) onboard the Envisat satellite or
the Moderate Resolution Imaging Spectroradiometer (MODIS) on the Terra and Aqua
satellites. However these measurements are limited to periods with cloud free condi-
tions, limiting the data available for the time series calculations (e.g. Li et al., 2009,
Walters et al., 2013). Other researchers have used GNSS zenith delay measurements to
constrain tropospheric delays (e.g. Williams et al., 1998, Onn and Zebker , 2006), which
requires a relatively dense network of GNSS stations in order to accurately map the
spatial pattern in atmospheric delays. Tropospheric corrections can also be calculated
using auxiliary information from global atmospheric models. Based on the reanalysis
of global meteorological data, these models provide estimates of atmospheric variables,
including temperature, water vapour, partial pressure, and geopotential height of pres-
sure levels, on a regular spatial grid (global or regional) at regular time steps. These
variables are then used to compute synthetic delay maps and directly correct for tro-
pospheric delays in interferograms.

For all interferograms produced in my thesis I estimated the phase delay due to
the atmosphere using the ERA-Interim global atmospheric model reanalysis product
(Dee et al., 2011) obtained from the European Centre for Medium-Range Weather
Forecasts (ECMWF). The ERA-Interim product provides atmospheric information at
approximately 80 km spatial resolution on 60 vertical levels from the surface up to 0.1
hPa every 12 hours. I interpolate the atmospheric variables to the InSAR pixel locations
and SAR acquisition times and estimate the radar delay caused by these atmospheric
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Figure 1.15: Four examples of interferograms before and after the ERA-I atmospheric cor-
rection. The source of each interferogram (Envisat track number and date span) is shown in
vertical on the side. From a visual inspection it is clear that the application of a ERA-I weather
model correction for the troposphere results in a decrease in variance across each interferogram.
Figure from Hussain et al. (2016).
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conditions and remove this from each interferogram (e.g. Figure 1.15), implementing
the correction using the TRAIN (Toolbox for Reducing Atmospheric InSAR Noise)
software toolbox for Matlab (Bekaert et al., 2015c).

1.6.3 Phase unwrapping

Phase unwrapping is the process of recovering continuous phase values from phase
data that are measured modulo 2π radians (wrapped data) (Ghiglia and Pritt , 1998)
(Figure 1.16). Original 2D phase unwrapping algorithms unwrapped the phase of each
individual interferogram in space independently (e.g. Goldstein et al., 1988, Costantini ,
1998, Zebker and Lu, 1998). However, a time series of selected interferogram pixels can
be considered a 3D data set, the third dimension being that of time. Hooper and Zebker
(2007) showed that treating the unwrapping problem as one 3D problem as opposed
to a series of 2D problems leads to an improvement in the accuracy of the solution in
a similar way to which 2D unwrapping provides an improvement over one-dimensional
spatial methods.

Fully 3D phase-unwrapping algorithms commonly assume that the phase difference
between neighbouring pixels is generally less than half a phase cycle (2π radians) in all
dimensions (Hooper and Zebker , 2007). However, due to atmospheric delays, InSAR
signals are effectively uncorrelated in time over long arcs, violating this assumption.
Other unwrapping algorithms require the assumption of a temporal parametric func-
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tion, such as a linear phase evolution in time (Ferretti et al., 2001), to unwrap the
phase signals.

The standard unwrapping algorithm used in the Stanford Method for Persistent
Scatterers (StaMPS) software (Hooper , 2010) uses the actual phase evolution in time
to guide unwrapping in the spatial dimension without assuming a particular temporal
evolution model. The phase difference between nearby pixels (double-difference phase)
is filtered in time to give an estimate of the unwrapped displacement phase for each
satellite acquisition and an estimate of the phase noise. This is used to construct prob-
ability density functions for each unwrapped double-difference phase in every interfer-
ogram. An efficient algorithm (SNAPHU Chen and Zebker (2000, 2001)) then searches
for the solution in space that maximises the total joint probability, i.e. minimises the
total ‘cost’.

For a connected network of small baseline interferograms, the phase-unwrapping
of individual interferograms can be checked for network consistency by summing the
phase around closed interferometric loops (Pepe and Lanari , 2006, Biggs et al., 2007).
In the standard unwrapping approach used in StaMPS, any interferograms identified to
have large unwrapping errors are removed from the small baseline network, which can
result in loss of information and/or reduction in network redundancy. Note that some
other InSAR practitioners (e.g. Biggs et al., 2007, Wang et al., 2009, Walters et al.,
2011) generally do not drop badly unwrapped interferograms, but attempt to correct
unwrapping errors by manually adding integer multiples of 2π to badly unwrapped
regions of pixels. However, this is a time consuming process.

In Chapter 3 of my thesis I describe a new iterative unwrapping procedure that I
developed during my PhD (Hussain et al., 2016 in revision). For each iteration, this
method identifies pixels unwrapped correctly in the previous iteration and applies a
high cost to changing the phase difference between these pixels in the next iteration.
In this way, the iterative unwrapping method uses the error-free pixels as a guide to
unwrapping the regions that contained unwrapping errors in previous iterations.

1.7 Aims and objectives

Previous investigations of interseismic deformation along the the North Anatolian Fault
have focused on isolated sections of the fault with most studies based on the eastern
and western ends of the fault. The spatial distribution of GNSS stations throughout
Turkey is variable, but overall the network is good with station separations between
∼10 km and ∼100 km (Figure 1.17).

Interferometric Synthetic Aperture Radar (InSAR) can be used to produce mea-
surements of surface displacements at an even higher resolution. Where good coherence
is maintained InSAR can provide an observation every ∼30 m, enabling us to investi-
gate the detailed spatial distribution of surface deformation along the NAF, which is
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Figure 1.17: The GNSS horizontal velocity field over Turkey in a Eurasia-fixed reference
frame. The vectors are colour coded by the original publication the data were gathered from.

not possible with GNSS alone.

The overall aim of my thesis is to produce a high resolution velocity field for the
entire continental expression of the NAF, investigate spatial variations in interseismic
strain accumulation along the fault and use this to investigate the pattern of strain
accumulation during the earthquake cycle. To enable this, my specific objectives are:

1. Develop a more robust method for unwrapping InSAR measurements that can
correct spatial unwrapping errors.

2. Investigate postseismic fault creep after the 1999 Izmit earthquake and discuss
the implications for the shallow slip deficit.

3. Investigate the fault creep and variation in fault slip rate on the central section
of the NAF.

4. Combine all InSAR measurements with published GNSS velocities to produce
a 3D velocity field for the NAF and investigate the spatial variation in strain
accumulation along the fault.

5. Use my estimates of strain rates with the timing of large earthquakes on the
NAF to understand earthquake cycle deformation on major continental transform
faults.
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1.8 Thesis roadmap

In Chapter 2, I investigate the spatial distribution and temporal behaviour of post-
seismic fault creep after the 1999 Izmit earthquake (published as Hussain et al. (2016)).
The investigation is an improvement on previous work in this region, which only used
satellite data from a single look direction. I show that this has biased estimates of fault
creep. I also show that a region encompassing the Adapazari basin is subsiding at a
steady rate during the observation period. I end this chapter discussing the temporal
behaviour of postseismic fault creep and its implications for the shallow coseismic slip
deficit after the Izmit earthquake. This chapter supports the 2nd objective set within
my thesis.

In Chapter 3, I develop a new unwrapping algorithm that iteratively detects and
corrects spatial unwrapping errors in our InSAR measurements. I investigate the spatial
distribution of fault slip rate along the central section of the NAF, a region of GNSS
scarcity (Figure 1.17). Previous work in this region have mainly just focused on the
fault creep. I also investigate the spatial distribution of fault creep along this segment
of the NAF utilising data from both ascending and descending satellite geometries.
This chapter supports the 1st and 3rd objectives set within my thesis. The work in this
chapter has been through peer-review as Hussain et al. (2016 in revision).

In Chapter 4, I combine all my InSAR measurements to create the first high
resolution velocity field of the entire continental expression of the NAF. I combine
the line-of-sight velocities with GNSS measurements to calculate the east-west and
vertical components of motion and use simple elastic dislocation models to estimate
the fault slip rate and locking depth along the fault. I show that the strain rate does
not vary significantly with the time since the last earthquake, as predicted by simple
viscoelastic earthquake cycle models. I discuss the implications of this observation and
end the chapter with a discussion of the spatial variation in slip rate and locking depth
along the NAF and its implications for “block-like” motion of central Turkey. The work
in this chapter is written as a draft paper and supports the 4th and 5th objectives set
within my thesis.

In Chapter 5, I summarise the key findings of each of my results chapters and dis-
cuss their broader implications. I expand on my locking depth analysis from Chapter
4 to a global dataset and discuss the implications for general earthquake cycle defor-
mation for continental strike-slip faults. I suggest possible methods to automatically
detect fault creep on strike-slip faults and discuss some of the opportunities and chal-
lenges that might arise with the wealth of data from the European Space Agency’s new
Sentinel-1 radar satellite constellation.
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Abstract

The relationship between aseismic slip and tectonic loading is important for understand-
ing both the pattern of strain accumulation along a fault and its ability to generate
large earthquakes. We investigate the spatial distribution and temporal evolution of
aseismic creep on the western North Anatolian Fault (NAF) using time series analysis
of Envisat Interferometric Synthetic Aperture Radar (InSAR) data, covering the full
extent of the 1999 Izmit and Duzce earthquake ruptures and spanning 2002-2010. Dis-
continuities in the line-of-sight velocity across the fault imply that fault creep reaches
the Earth’s surface at an average fault-parallel rate of ∼5 mm/yr along an ∼80 km
section of the NAF. By combining InSAR and published GPS velocities, we are able
to extract the vertical and east-west components of motion and show that the Ada-
pazari basin is subsiding at a rate of ∼6 mm/yr. Vertical motions have biased previous
estimates of creep in this region. The displacement time series close to the fault is
consistent with an afterslip model based on rate-and-state friction, which predicts a
rapid deceleration in fault creep rate after the Izmit earthquake to a near steady-state
∼5 mm/yr after 5 years. Projecting our model 200 years into the future we find that
the cumulative displacement of 1-1.3 m is insufficient to account for the shallow coseis-
mic slip deficit observed in previous studies. Distributed off-fault deformation in the
shallow crust or transient episodes of faster slip are likely required to release some of
the long-term strain during the earthquake cycle.

2.1 Introduction

While the upper crustal portions of most active faults are locked, storing elastic strain
energy for decades to centuries and releasing it almost instantaneously in earthquakes,
some faults instead slip steadily at slow rates over various time scales and spatial
distributions. These steadily slipping (creeping) faults may store little to no strain
energy and are unlikely to produce significant earthquakes if aseismic creep occurs
throughout the seismogenic crust and the creep rate is equal to the tectonic loading
(Bürgmann et al., 2000).

However, most faults do not undergo aseismic creep at all depths in the crust at the
full tectonic loading rate. Examples from the Hayward Fault (Schmidt et al., 2005), the
Longitudinal Valley Fault (Champenois et al., 2012, Thomas et al., 2014), the central
section of the San Andreas Fault (Maurer and Johnson, 2014, Jolivet et al., 2015) and
the Ismetpasa section of the North Anatolian Fault (Kaneko et al., 2013, Cetin et al.,
2014) show that aseismic fault slip occurs in the upper crust on some segments of major
strike-slip faults at rates that are significantly less than the full tectonic loading rate,
implying that not all the accumulated strain energy is being released aseismically. In
these cases, parts of the fault are fully or partially locked and can still generate moderate
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Figure 2.1: (a) The 1999 magnitude 7.4 Izmit and magnitude 7.2 Düzce earthquake surface
ruptures. Focal mechanisms are from the Global Centroid Moment Tensor (GCMT) catalogue.
The black vectors are the average Eurasia-fixed preseismic GPS velocities obtained from the the
Global Strain Rate Model project (Kreemer et al., 2014) website (http://gsrm.unavco.org). (b)
The spatial coverage of the Envisat tracks used in this study. The box labelled fault ruptures
is the region shown in (a).

to large earthquakes (e.g. Avouac, 2015). The spatial and temporal distribution of fault
creep rate is therefore important for understanding the pattern of strain accumulation
along a fault and its ability to generate large, damaging earthquakes.

The North Anatolian Fault (NAF) is a major continental right-lateral strike-slip
fault located in northern Turkey. Together with the East Anatolian Fault, it facilitates
the motion of Anatolia away from the Arabia-Asia collision zone towards the Hel-
lenic subduction zone. Since the 1939 Mw 7.9 Erzincan earthquake in eastern Turkey,
the NAF has slipped in a sequence of large (Mw >6.7) earthquakes with a dominant
westward progression in seismicity (Barka, 1996, Stein et al., 1997). This sequence of
earthquakes has been interpreted as a result of stress transfer along strike, where one
earthquake brings the adjacent segment closer to failure (Stein et al., 1997, Hubert-
Ferrari et al., 2000). The most recent events were the Mw 7.4 Izmit and Mw 7.2 Düzce
earthquakes in 1999. The Izmit earthquake ruptured ∼140 km of the western section of
the North Anatolian Fault on 17 August 1999 (e.g. Wright et al., 2001b, Barka et al.,
2002) and was followed by the Düzce earthquake on 11 November 1999, which ruptured
another ∼45 km of the fault (e.g. Akyuz , 2002, Bürgmann et al., 2002b) (Figure 2.1).

Cakir et al. (2012) were the first to document postseismic fault creep along the Izmit
rupture. Using Interferometric Synthetic Aperture Radar (InSAR) analysis of Envisat
satellite images from ascending tracks 157 and 386 between 2003-2009, they observed a
discontinuity in the InSAR velocities across the section of the rupture between Izmit and
Akyazi. Their analysis of ERS satellite images showed no evidence of creep prior to the
1999 earthquakes. The authors concluded that the observed fault creep is postseismic
deformation initiated by the 1999 Izmit earthquake.
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Table 2.1: Data coverage from each Envisat track used in this study
Track Geometry Time span No. of Total ifgs Ifgs used

images created
64 Descending 20040103 - 20100327 21 61 27
293 Descending 20040119 - 20101004 19 46 22
21 Descending 20021106 - 20090930 25 76 35
157 Ascending 20030404 - 20080328 19 44 26
386 Ascending 20040229 - 20080727 12 29 17

Using elastic dislocation models, Cakir et al. (2012) estimate the aseismic creep rate
to reach a maximum of 27 mm/yr and to extend from the surface to a depth of 12 km.
This estimated creep rate is comparable to published geodetic slip rates for the NAF
at this longitude, which lie between 11-26 mm/yr (Straub et al., 1997, Hubert-Ferrari
et al., 2000, Ayhan et al., 2002, Meade et al., 2002, Le Pichon et al., 2003, Reilinger
et al., 2006, Aktug et al., 2009, Ergintav et al., 2009, Ergintav et al., 2014). If accurate,
their estimate suggests that little or no elastic strain is currently accumulating along
this section of the NAF.

In this study we measure surface velocities between 2002 and 2010 across the re-
gion encompassing the Izmit and Düzce ruptures. We use Envisat ASAR images from
three descending and two ascending tracks along with published GPS velocities. Each
satellite track roughly covers a 100 km by 400 km area. We use this velocity field to
investigate the spatial distribution and temporal evolution of aseismic creep along the
Izmit rupture. We use an elastic half-space dislocation model to determine the depth
and rate of the creep and examine its temporal behaviour using an afterslip model
based on rate-and-state friction (Ruina, 1983, Rice and Ruina, 1983, Tse and Rice,
1986, Rice, 1993, Segall , 2010).

2.2 InSAR processing and applied corrections

Our dataset consists of 96 Envisat images from five overlapping tracks acquired in
descending (64, 293, 21) and ascending (157, 386) geometries (Figure 2.1b). The images
span the period between 2002 and 2010 and fully cover the Izmit and Düzce ruptures.
Details of the data processed for each track are given in Table 2.1.

We focus the raw Synthetic Aperture Radar (SAR) image products using the
JPL/Caltech ROI PAC software (Rosen et al., 2004) and constructed 229 interfero-
grams using the DORIS software (Kampes et al., 2003). The interferograms were cho-
sen to minimise the time difference between acquisition dates (the temporal baseline)
and the spatial separation of the satellite orbits (the perpendicular baseline). We cor-
rect topographic contributions to the radar phase using the 3 arcsecond SRTM DEM
(Farr et al., 2007) and account for the known oscillator drift for Envisat according to



§2.2 InSAR processing and applied corrections 43

−1200

−800

−400

0

400

800

P
e
rp

e
n
d
ic

u
la

r 
b
a
s
e
lin

e
 (

m
)

2002 2003 2004 2005 2006 2007 2008 2009 2010

Track 293

−1600

−1200

−800

−400

0

2003 2004 2005 2006 2007 2008 2009 2010

Year

Track 64

−400

0

400

800

1200

2002 2003 2004 2005 2006 2007 2008 2009

Track 21

−1600

−1200

−800

−400

0

400

2003 2004 2005 2006 2007 2008 2009

Year

Track 157

−1600

−1200

−800

−400

0

2003 2004 2005 2006 2007 2008

Track 386

Figure 2.2: Baseline vs time plots for the five tracks used in this study. The dotted connections
are the interferograms created for each track. The solid black connections are the interferograms
used in the final LOS velocity estimation.

Marinkovic and Larsen (2013).

We remove incoherent pixels and reduce the noise contribution to the deformation
signal by applying the StaMPS persistent scatterer small baseline time series InSAR
technique (Hooper , 2008, Hooper et al., 2012), which takes advantage of the spatial
correlation between pixels and does not impose a temporal deformation model when
identifying targets with stable phase characteristics through time. The StaMPS soft-
ware selects only those pixels that have stable phase noise characteristics in time, and
uses this subset to compute velocities and time series.

The small baseline network allows for unwrapping error checks by summing the
phase around closed interferometric loops (Biggs et al., 2007). Interferograms show-
ing obvious unwrapping errors were corrected manually, any others that could not be
corrected were removed. In this way we ensure that we have a redundant network
of interferograms with minimal unwrapping errors, which enables us to make a more
robust estimate of the time-averaged LOS velocity. Figure 2.2 shows that we are left
with a good redundant network spanning the time series for each track.

Over the five tracks we use a total of 127 interferograms in the final redundant small
baseline networks. The uncertainties on the final velocity for each pixel are calculated
using bootstrap resampling and are presented at the 1 sigma level in the following work.

As the InSAR phase delay is a superposition of multiple signals, including tectonic
deformation, atmosphere and orbital errors, additional corrections are required. In
section 2.2.1 we elaborate on our atmospheric corrections. As InSAR is a relative



44 Chapter 2: Postseismic creep in the decade after the 1999 Izmit earthquake

measurement, we simultaneously account for orbital errors and any remaining long
wavelength signals by combining the InSAR velocities with published GPS velocities
in a Eurasia-fixed reference frame (Section 2.2.2).

2.2.1 Atmospheric delay corrections

The spatial and temporal variation in tropospheric humidity, pressure and temperature
is often the largest source of error in radar interferograms (e.g. Doin et al., 2009, Walters
et al., 2013, Jolivet et al., 2014, Bekaert et al., 2015a).

We calculate the estimated phase delay due to the atmosphere for each of our
interferograms using the ERA-Interim global atmospheric model reanalysis product
(Dee et al., 2011) obtained from the European Centre for Medium-Range Weather
Forecasts (ECMWF). The ERA-Interim product provides atmospheric information at
approximately 80 km spatial resolution on 60 vertical levels from the surface up to 0.1
hPa every 12 hours. We then remove this atmospheric signal from each interferogram,
implementing the correction using the TRAIN (Toolbox for Reducing Atmospheric
InSAR Noise) software package (Bekaert et al., 2015c) after the method of Doin et al.
(2009) and Jolivet et al. (2011).

On average over the five InSAR tracks, the tropospheric correction reduces the
standard deviation of each interferogram by about 6%. Note that, as the standard de-
viations are mainly reflecting the capability to correct for the long-wavenegth tropop-
sheric signal, we removed a ramp from each interferogram prior to the std computation.
The average reduction in standard deviation is small, implying that the ERA-Interim
weather model is not capturing the full tropospheric variation, which means that there
are still some residual atmospheric signals remaining after the ERA-Interim correc-
tion (Figure B.1). The average reductions in standard deviation per track are 13% for
track 64, 3% for track 293, 8% for track 21, 7% for track 157 and -2% for track 386
(Figure B.2). The weather model correction makes the interferograms for track 386
slightly noisier; this is also our track with the least number of interferograms in the
final small baseline network. In total, the standard deviation is reduced in 62% of our
interferograms after the ERA-I atmospheric correction.

2.2.2 InSAR Line of sight velocity field in a GPS reference frame

Figure 2.3 shows the calculated average line-of-sight (LOS) velocity through the InSAR
time series with the reference for each track shown by the orange star. For all tracks,
blue is motion towards the satellite and red is away. Our results are consistent with a
right-lateral sense of motion across the fault. The difference between track 293 and track
21 in the overlap region is likely due to residual atmosphere. The higher uncertainties
in the overlap region (Figure B.4) reflect this discrepancy.

To obtain a consistent velocity field across the region we transform our InSAR ve-
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Figure 2.3: The average Line of Sight (LOS) velocities, before adjustment to a Eurasia-fixed
reference frame, between the period 2002-2010 for Envisat descending tracks 64, 293, 21 and
ascending tracks 157, 386. The orange stars mark the reference location for each track. The
bold red and cyan lines are the surface ruptures of the Izmit earthquake and Düzce earthquakes
respectively. Thin black lines indicate other mapped faults in the region. The blue lines on
tracks 293 and 157 are the locations of the profiles shown in Figure 2.4 with the dashed blue
box showing the perpendicular extent of the velocities projected onto the profile line.
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locities for each track into a Eurasia-fixed reference frame as defined by the Global
Strain Rate Model project (Kreemer et al., 2014), from which we download the compi-
lation of input GPS data. The GPS velocities immediately around the Izmit rupture
are those published by Reilinger et al. (2006), which were derived from pre-1999 earth-
quake observations and therefore do not include postseismic or coseismic deformation
(Reilinger et al., 2000, Ergintav et al., 2002).

We transform the InSAR into the GPS-Eurasia reference frame by first averaging
the InSAR velocities that fall in a 1 km radius around every GPS station within the
boundaries of the InSAR track. We project the GPS velocities into the local satellite
line-of-sight and calculate the difference from the InSAR velocities. We then determine
the best-fit plane through the residual velocities using a weighted linear least squares
adjustment. We remove this plane from the InSAR velocities to transform the LOS
velocities into a Eurasia fixed GPS reference frame.

2.3 Along strike variation in fault creep rate

We observe a discontinuity in the line-of-sight velocities across the fault, seen as a sharp
colour contrast in Figure 2.4b. This is most clearly seen in tracks 64, 293 and 157 be-
tween 29.9◦E and 30.7◦E. This discontinuity is superimposed onto a longer wavelength
smooth variation in velocity across the fault. Figure 2.4a shows profiles of line-of-sight
velocities through tracks 293 and 157. These two components of the deformation are
most clearly seen in track 293 where a velocity discontinuity at the fault location is
imposed onto a longer wavelength variation across the fault.

We interpret the long wavelength signal to result from the relative motion of Ana-
tolia with respect to Eurasia in the lower crust and upper mantle. The velocity discon-
tinuity is due to shallow fault creep.

We calculate the LOS variance-covariance matrix of the noise for each track by
computing the average radial covariance vs. distance (autocorrelation) using the ve-
locities in a 50 km by 50 km region ∼200 km to the south of the fault. This region is
assumed to have no tectonic deformation and contain only atmospheric noise. We fit a
covariance function, C(r),of the form

C(r) = σ2e−
r
λ , (2.1)

estimating the variance, σ2 and the characteristic length λ, which gives the spatial
correlation of noise as a function of distance between pixels, r. Our best fit values for
each track, and the east-west velocities used in section 2.5, as well as the centre of the
region used to calculate the covariance function are shown in Table 2.2.

We estimate the rate of fault creep at various locations along the fault trace for both
the Izmit and Düzce ruptures using the LOS velocities from each track. We first make
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Figure 2.4: (a) Selected north-south profiles of LOS InSAR velocities, here shown for track
293 and 157 at the locations indicated in Figure 2.3. The grey point cloud are velocities within
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LOS velocities of persistent scatterers in the region around the NAF. The Izmit and Düzce fault
ruptures are shown by the dashed black line. The red boxes highlight velocity discontinuities
across the fault, here interpreted as aseismic fault creep.

Table 2.2: Regions used to determine the noise covariance function. The centre is the middle
of the 50 km by 50 km region used to estimate the covariance function parameters.
Track Centre (Lon, Lat) Variance2 Characteristic

(mm/yr)2 Length (km)
64 29.37◦E, 39.14◦N 2.88 6
293 30.23◦E, 39.44◦N 2.86 8
21 31.14◦E, 40.08◦N 2.34 5
157 30.26◦E, 39.76◦N 4.02 4
386 31.15◦E, 39.21◦N 5.01 9
E-W velocities 30.20◦E, 40.30◦N 9.14 20
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short profiles of LOS velocity extending 5 km either side of the fault and then project
velocities onto this line from within a 2.5 km window either side of the profile. We fit
two straight lines through the LOS velocities on either side of the fault and determine
the offset at the fault trace (vcreep), i.e. the LOS fault creep rate, using the following
linear set of equations



vN1
...
vNi
vSj
...
vSn


=



xN1 0 1 0
...

...
...

...
xNi 0 1 0
0 xSj 1 1
...

...
...

...
0 xSn 1 1




aN

aS

bN

vcreep

+ ε, (2.2)

where vN(1:i) and vS(j:n) are the LOS velocities north and south of the fault respectively,
xN(1:i) and xS(j:n) are the perpendicular distance north and south of the fault respectively,
aN and bN are respectively the gradient and offset of the best-fit line through the
velocities north of the fault, aS the gradient of the best-fit line through the southern
velocities and ε represents errors in the model.

We solve these equations and determine the error distribution of each parameter
using the percentile bootstrap method (Efron and Tibshirani , 1986). Unlike the regular
bootstrap algorithm, where n random samples are taken from n observation, we select
n1 and n2 random samples from n1 and n2 observations (LOS velocities) north and
south of the fault respectively (Bekaert et al., 2015b), where n1 +n2 is the total number
of observations on both sides of the fault. Each bootstrap simulation provides an
estimate for the unknown parameters (aN , aS , bN , vcreep). We do this calculation at
each location marked with a black circle in Figure 2.5b for every track.

In most cases the Best Linear Unbiased Estimator (BLUE) value for the fault creep
approximates the mean from bootstrap resampling. We use the bootstrap results for our
creep estimates because in some cases where the errors on each point are particularly
large, the BLUE technique underestimates the uncertainty on the fault creep rate (see
Figure B.3).

Our results (Figure 2.5a) show that a section of the Izmit rupture extending about
80 km, from the Gulf of Izmit in the west to as far as 30.7◦ east, has undergone shallow
creep during the period 2002-2010, at an average LOS rate of ∼2.3 mm/yr and ∼3.3
mm/yr in the descending and ascending tracks respectively. The western extent of the
creep is unknown due to the lack of near-fault geodetic data in the gulf.

The LOS fault creep rates east of 30.7◦E (beyond 100 km in Figure 2.5a), covering
the eastern end of the Izmit rupture and all of the Düzce rupture, appear to show little
to no resolvable creep in the LOS descending geometry. The ascending fault creep rates
(from track 386) in this region have large errors due to a sparse pixel coverage resulting
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Figure 2.5: (a) The variation in line-of-sight fault creep rate along strike of the Izmit and
Düzce ruptures with a map of the ruptures shown in (b). Error bars represent 1σ. The
descending creep rates (tracks 64, 293 and 21) are indicated by solid lines and the ascending
(tracks 157 and 386) by dashed. The along strike correlation of LOS fault creep rate in the
descending and ascending tracks is characteristic of vertical deformation. The Düzce rupture
shows little to no surface creep in the LOS. (c) The fault creep rate decomposed into the east-
west - approximately fault parallel - and vertical components for locations with both ascending
and descending information. Positive creep values in E-W indicate right-lateral motion, while
in the vertical this represents subsidence of the north with respect to the south side of the fault.
The dashed section implies low confidence due to large uncertainties in fault creep rates from
ascending track 386.
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from InSAR decorrelation, particularly in the mountains south of the fault.

The difference in sign between the creep rates on ascending and descending tracks
(Figure 2.5a) is a result of the two different satellite viewing geometries. Vertical
motion manifests as ascending and descending InSAR signals with approximately equal
magnitude and the same sign in the LOS while east-west motions, by contrast, result in
signals with opposite sign. Therefore, signals that show a positive correlation between
ascending and descending tracks (e.g. between 20 km and 100 km distance on Figure
2.5a) are indicative of vertical motion.

The Izmit rupture is oriented east-west with little north-south coseismic deformation
in the region adjacent to the fault; the fault plane solution for the earthquake (Figure
2.1) shows pure east-west right-lateral strike-slip motion, and GPS velocities adjacent
to the fault are also approximately east-west (Figure 2.1). To simplify our calculations
we therefore assume that deformation in the north-south direction is negligible. This
allows us to decompose the displacement rates at points where we have both ascending
and descending information into east-west (approximately fault-parallel) and vertical
rates (Figure 2.5c).

West of 30.7◦E, we find an average horizontal fault-parallel creep rate of ∼5 mm/yr
with a maximum horizontal creep rate of 11 ± 2 mm/yr near the city of Izmit. This
maximum rate is significantly slower than the estimate of 27 mm/yr between 2003-2009
from Cakir et al. (2012), but is still more than a third of the long term slip rate on the
fault. We find this to be due to contamination of the estimated horizontal velocities
by vertical motions, which were assumed negligible by Cakir et al. (2012) on which
we further elaborate in section 2.4.1. In general the fault creep rate decreases along
strike towards the east with a small increase near the town of Akyazi. East of 30.7◦E,
including the Düzce rupture, the rate can be considered to be zero within uncertainty.

2.4 InSAR velocity decomposition

To further investigate the spatial distribution of the apparent vertical motions, we
decompose our full InSAR velocity field into east-west and vertical components (Figure
2.6a and 2.6b). We do this first by resampling our InSAR LOS velocities onto a 1
km by 1 km grid encompassing the spatial extent of all our tracks. We use a nearest
neighbour resampling technique including only those persistent scatterer pixels with a
nearest neighbour within 2 km of the centre of each grid point, and we reference each
track to a Eurasia-fixed GPS reference frame, as described in section 2.2.2. For every
pixel where information from both ascending and descending geometries are available,
we invert for the east-west and vertical components of the velocity using the method
described by Wright et al. (2004), taking into account the local incidence angles and
assuming there is no north-south motion.

The east-west component of the InSAR velocity (Figure 2.6a) clearly shows fault
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Figure 2.6: LOS InSAR velocities decomposed into the east-west and vertical components
(assuming negligible north-south motion). Figure (a) is the east-west component and (b) shows
the vertical component where negative values indicate surface subsidence. The 1999 Izmit
earthquake surface rupture is indicated by the red line. Fault plane solutions are the 1967 Mw
7 earthquake (strike-slip) and its main aftershock (magnitude 5.5, normal) from Jackson and
McKenzie (1984). The lines labelled A-A’, B-B’ and C-C’ are profiles through the velocities
shown in Figure 2.8 with the dashed box indicating the projection width. Uncertainty maps
for these components are shown in Figure B.4. Figures (c), (d) and (e) are close-ups of the
region labelled Adapazari basin in (b). The dotted line is the boundary of the subsiding
region highlighted by the negative vertical velocities (blue colours) in (d). The subsiding region
roughly correlates with the boundaries of a topographic low that corresponds to the Sakarya
River floodplain shown in the topographic map (e).
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creep as a velocity discontinuity on the Izmit earthquake rupture continuing east along
the fault from the Gulf of Izmit. The velocity discontinuity becomes unclear east of
about 30.7◦E, implying no shallow creep reaches the Earth surface east of this longitude.
The vertical component (Figure 2.6b) shows no clear discontinuities across the fault
other than in the Adapazari basin region.

2.4.1 Adapazari basin subsidence

The Adapazari basin is roughly 30 km wide and located around the town of Adapazari
to the north of the NAF. It is located in a transtensional region between the Izmit-
Adapazari and Mudurnu valley segments of the NAF (Emre et al., 1998, Ünay et al.,
2001). After detailed analysis of the regional geology, fault pattern, morphology and
stress and strain pattern in the region, Neugebauer (1995) suggested a pull-apart mech-
anism for the basin formation. The superficial geology consists of alluvial and fluvial
sediments deposited by the the Sakarya River, which flows though the centre of the
basin (Yigitbas et al., 2004, Ulutaş et al., 2011). The thickness of the alluvium in the
mid-section of the basin is estimated to be more than 200 m according to groundwa-
ter wells drilled by the State Hydraulic Works (SHW , 1983, Ulutaş et al., 2011) and
possibly up to 2 km thick determined from a seismic refraction survey across the basin
(Karahan et al., 2001).

The displacement in the Adapazari basin (Figure 2.6c-e) is seen only in the vertical
component, with the basin subsiding at a rate up to 6 mm/yr. The subsidence is bound
to the north and west by a region of high topography (Figure 2.6e) and by the NAF
to the south. The eastern limit of subsidence correlates with the extent of Holocene
sedimentary deposits (Yigitbas et al., 2004).

The cause of this subsidence is unclear but there are several possible explanations.
The Adapazari basin is a region of high agricultural productivity (Erinç and Tunçdilek ,
1952, Gedikli , 2004, Ikiel et al., 2012). The two regions of rapid subsidence (the south-
east corner and a smaller region in the north-west corner of the basin) are former
wetland/swamps, which were drained in the last 30 years (Bilgin, 1984). The subsidence
could, therefore, be a surface response to this drainage. To first order, the shape of
the subsiding region from our InSAR velocities matches the shape of the basin (Figure
2.6d and e), hence the subsidence could also be due to sediment compaction. However,
there may also be a tectonic influence on the subsidence in this region; Neugebauer et al.
(1997) and Poyraz et al. (2015) showed that microseismicity fault plane solutions within
the basin have significant normal faulting components. Solutions for the 1967 Mw 7
earthquake (strike-slip) and its main aftershock (magnitude 5.5, normal) (Jackson and
McKenzie, 1984) are also in good agreement with a pull-apart mechanism (Figure 2.6a)
for this basin formation.

Cakir et al. (2012)’s estimate of the fault creep rate was derived using a single
ascending satellite orbit, in which eastward motion and subsidence both cause motion
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Figure 2.7: A profile of east-west velocities at location B-B’ shown in Figure 2.6a with veloci-
ties within 15 km perpendicular distance projected onto the line in grey circles. The red points
are binned averages every 3 km along the profile with the error bars representing the standard
deviation of the distribution of points within each bin. It is clear that there are signals at two
characteristic wavelengths in this profile: a long wavelength signal responsible for the far field
offsets either side of the fault and a velocity discontinuity at the fault location.

away from the satellite. Their estimate of the fault creep rate is therefore contaminated
by subsidence from these vertical signals.

2.5 Modelling profile velocities

A fault-perpendicular profile of east-west velocities (Figure 2.7) confirms that there
are two different deformation signals: a long wavelength signal, related to relative
interseismic motion of Eurasia and Anatolia at depth, and a velocity discontinuity at
the fault, consistent with shallow fault creep. We model the long wavelength signal as a
screw dislocation at a depth d1 in an elastic half-space, equivalent to interseismic slip on
a fault plane below locking depth d1 at rate S (Weertman and Weertman, 1964, Savage
and Burford , 1973). For the shallow creep, between the surface and depth d2 at rate C
(Figure 2.8), we use a back-slip approach (Savage, 1983) in which the shallow creep is
modelled as the sum of slip on the entire fault plane (Heaviside function, H(x)) plus a
screw dislocation in the opposite sense to the plate motion at depth d2. We also solve
for a possible static offset (a) between the profile and the model. The fault parallel
(east-west) velocity, vEW (x) is:

vEW (x) = −S
π

arctan
(

x
d1

)
+ C

[
1
π

arctan
(

x
d2

)
−H(x)

]
+ a, (2.3)

where x is the perpendicular distance from the fault.
We find best-fit values for each model parameter (S, d1, C and d2) and offset

a, using a Bayesian approach, implementing the Goodman and Weare (2010) affine-
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invariant ensemble Markov Chain Monte Carlo (MCMC) sampler (Foreman-Mackey
et al., 2013). MCMC methods enable us to retrieve the full uncertainties associated
with each model parameter. The algorithm ensures that we collect samples to build
the desired posterior distribution. The most important benefits of the algorithm from
Goodman and Weare (2010) compared to the typically used Metropolis-Hasting algo-
rithm is reduced convergence time and the ability to efficiently explore highly irregular
probability distributions. The algorithm consists of running multiple parallel Markov
chains, or walkers, where the next iteration for each chain requires randomly selecting
another chain from the ensemble and choosing a new position that is a random linear
combination of the positions of both walkers. Each individual chain is initiated from a
randomly selected point in the parameter space within defined prior constraints.

An important prior constraint in our inversion is that the maximum depth of fault
creep, d2, must be less than or equal to the interseismic locking depth, d1. In addition,
our MCMC sampler explores the parameter space constrained by: −60 < S (mm/yr)<
0, 0 < d1 (km)< 40, −30 < a (mm/yr)< 30, 0 < C (mm/yr)< 15, 0 < d2 (km)< 40,
assuming a uniform prior probability distribution over each range.

Our initial runs assuming a uniform prior probability distribution over the locking
depth range (0-40 km) revealed that the data do not constrain the maximum locking
depth d1. We therefore include an extra prior constraint on the locking depth noting
that published values are generally in the range 11-22 km (e.g. Reilinger et al., 2000,
Wright et al., 2001b, Michel and Avouac, 2002), we assume a Gaussian prior constraint
for d1 = 17 km with a 1σ value of 5 km.

For our model runs, we use 600 walkers to explore the parameter space over 1,000,000
iterations producing 160,800 independent random samples from which we estimate both
the maximum a posteriori (MAP) solution and corresponding parameter uncertainties.

We perform the inversion on three profiles for which velocities from within 15 km
perpendicular distance are projected onto the profile lines shown in Figure 2.6a. The
results of our MCMC analysis are shown in Figure 2.9. For each profile the black
line is the maximum a posteriori probability solution with the 68% and 95% confidence
bounds on the model represented by the light and dark grey bands. The MAP solutions
are consistent across all three profiles with the fault slip rate, locking depth and creep
depth for each profile within ±1 of the average.

Profile C-C’ shows a lower creep rate than profile B-B’ (2 mm/yr compared to
5 mm/yr), which is consistent with the creep rates inferred directly from the InSAR
velocity discontinuities (Figure 2.5). Although the MAP solutions for maximum fault
creep depth are consistent between profiles (6 km, 8km and 7 km), the 95% confidence
bounds are very large. Figure 2.10 helps explain the cause behind the large confidence
intervals. Changing maximum creep depth between 4 km, 8 km and 12 km, with the
other parameters fixed, makes only a small difference to the shape of the profile relative
to the estimated uncertainty of the east-west velocities.
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Figure 2.9: Projected east-west velocities along the profiles indicated in Figure 2.6a. The red
points are the data point cloud showing velocities within 15 km perpendicular distance from
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solution with a maximum creep depth of 8 km. The dark and light grey shading around the
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locking depth, offset and creep rate to the MAP solution for this profile and plot two other
model calculations for creep depths of 4 km and 12 km, shown in red and green respectively.
The difference between each model is within the noise level of the velocities and is the principle
cause behind the large confidence intervals for the MAP creep depths in Figure 2.9.

Figure 2.11 shows the marginal probability distribution for each model parameter
for profile line B-B’, which shows the clearest velocity discontinuity at the fault. The
distributions for profiles A-A’ and C-C’ can be found in the supplementary material
(Figure B.5), but the following description applies to all three cases.

The sampled distributions for the fault slip rate, the static offset and the fault
creep rate are approximately normally distributed. Our distributions reveal that several
parameters trade-off with one another. The clearest example is between the fault slip
rate and the locking depth.

2.6 Fault creep time series

Theoretical studies and laboratory experiments, in the framework of rate-and-state
friction, suggest that the mechanism of fault creep is linked to steady-state velocity-
strengthening behaviour (e.g. Ruina, 1983, Rice and Ruina, 1983). Rate-and-state
models predict that these regions slip stably under tectonic loading, whereas velocity-
weakening regions produce stick-slip motion (e.g. Tse and Rice, 1986, Rice, 1993,
Kaneko et al., 2013).

The relative motion of two points, ∼3 km either side of the fault west of Lake
Sapanca is constrained by a long time series of displacements from GPS (Cakir et al.,
2012), as well as by InSAR displacements from our tracks (Figure 2.12). We correct
these for a static coseismic offset by aligning the projection of the preseismic and
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Frequency

0 2200

Figure 2.11: The sampled marginal probability distributions of the model parameters assum-
ing a Gaussian prior for the locking depth and a uniform prior for the other parameters. See
text for more information.
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postseismic displacements to zero at the time of the earthquake. We correct for the
small interseismic component due to slip on a vertical dislocation using the model of
Savage and Burford (1973)’s with a locking depth of 18 km and slip rate of 20 mm/yr
(average values from our profiles in Figure 2.9). Any remaining relative displacement
between the two stations can be attributed to shallow fault creep.

After this correction, we find that the preseismic fault creep rate (vp) from the GPS
observations is 1±1 mm/yr. The time series shows a period of rapid displacement after
the earthquake, which we interpret as afterslip, followed by a slow decay spanning our
InSAR data time window.

We model the time evolution of fault creep using a rate-and-state afterslip for-
mulation (Marone et al., 1991, Scholz , 2002, Segall , 2010), which approximates the
behaviour of the system using a simple spring slider model. We note that the charac-
teristic decay time tc of transient afterslip depends on both frictional properties as well
as the system stiffness k:

tc =
σ(a− b)
kvp

, (2.4)

where σ is the normal stress, a and b are rate-and-state friction parameters and vp is
the preseismic fault creep rate.

Integrating equation (2.4) with a substitution (for details see (Segall , 2010)) gives
the displacement

δ(t) =
σ(a− b)

k
ln
[
vmax
vp

(
et/tc − 1

)
+ 1
]
, (2.5)

where vmax is the depth-averaged maximum afterslip velocity.

We use an MCMC approach (as described in section 2.5) to find the model parame-
ters that best fit the data (Figure 2.12c). Our MAP solution gives a maximum afterslip
velocity (vmax) of 1050 ± 150 mm/yr or 2.9 ± 0.4 mm/day and σ(a − b)/k = 51 ± 2
mm. The calculated marginal probability distributions for each parameter (Figure 2.13)
show that the sample distributions are approximately normally distributed.

2.7 Discussion

2.7.1 Fault creep and elastic modelling

Our InSAR results show that fault creep reaches the surface along ∼80 km of the Izmit
rupture, from the Gulf of Izmit to the eastern edge of the Adapazari basin. High
creep rates on the fault where it enters the Gulf (Figure 2.5) suggest that aseismic
creep may continue into the Gulf, extending the length of the creeping segment of the
Izmit rupture. Over the InSAR time interval, our time-averaged fault creep rate has a
maximum value of 11± 2 mm/yr (between 2002-2010) near the city of Izmit.
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maximum a posteriori probability solution is highlighted by the red marker and line.

Our simple elastic model fits the data on each profile (Figure 2.9) within the 95%
confidence bound, with a maximum a posteriori probability (MAP) estimate of the
fault creep rate of 5 mm/yr occurring from the surface to a depth of 8 km. Note that
5 mm/yr is the average fault creep rate along the width of the profile (30 km), while
11 mm/yr is the maximum local creep rate near the city of Izmit. This is less than
half that estimated by Cakir et al. (2012) (27 mm/yr) using velocities from ascending
tracks alone. Much of this difference, particularly in the Adapazari basin, is likely
from contamination of the horizontal displacement rates by vertical motion, which was
neglected by Cakir et al. (2012). Using only our ascending velocities and ignoring
vertical motion we obtain creep rates of ∼25 mm/yr in the Adapazari basin.

For the first 10 km east of Izmit, our fault creep estimates agree well with that of
Cakir et al. (2012). Further east of this and into the Adapazari basin our estimates of
fault parallel creep decreases to ∼6 mm/yr, while Cakir et al. (2012)’s begin to increase
to about 27 mm/yr. In their model this coincides with a deepening of the depth to
the top (0 km to 1 km) and bottom (5 km to 12 km) of the creeping segment, i.e.
fault creep is extending down to deeper depths but not reaching the ground surface.
In our models the maximum depth of the creeping segment (equivalent to Cakir et al.
(2012)’s bottom depth) remains fairly constant at ∼7 km. We do not solve for a top
depth depth because offsets in the velocity gradients across the fault (section 3) imply
that fault creep reaches the ground surface along the entire 80 km of the creeping
segment, therefore we implicitly assume a top depth of 0 km.

Figure 2.14 compares our MAP solution (in grey) with the prediction from the best
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fit parameters estimated by Cakir et al. (2012) (in blue). Note that we assume the
the top depth for the fault creep reaches the ground surface. It is clear that they
overestimate the fault creep rate at both locations. The green line is the MAP result
when the far field slip rate and locking depth are fixed to the values used by Cakir et al.
(2012). The fit, although within our 95% confidence range, is poor at far-field locations
from the fault compared to our solution, and the fit is also poor at these locations to
existing GPS data. However, the creep rate and depth estimates are similar to our
MAP results implying that these parameters are fairly insensitive to the far-field fault
slip rate and locking depth.

Cakir et al. (2012) processed their InSAR data using a persistent scatterer single
master approach while we use the persistent scatterer small baseline technique. In the
single master case, unwrapping errors can only be assessed visually while we use a more
robust loop closure technique to systematically identify and remove (or fix) interfer-
ograms with unwrapping errors increasing the chances that the final LOS velocity is
estimated using good quality data (see Section 2.2). An interferogram network con-
taining unwrapping errors would translate into an inaccurate LOS velocity map. In
areas of poor coherence we recommend using the small baseline processing technique
in order to minimise the influence of these errors in the final LOS velocity estimate.

Furthermore, our creep estimates from direct offset measurements at the fault (Fig-
ure 2.5) agree well with the estimates from the profile modelling (Figure 2.9). For profile
A-A’, the direct offset method gives ∼8 mm/yr compared to 5 (2-8, 95% CI) mm/yr
from the model; for profile B-B’, the direct offset method gives ∼6 mm/yr compared
to 5 (3-8, 95% CI) mm/yr from the model, and for profile C-C’, the direct offset give
∼3 mm/yr compared to 2 (0-13, 95% CI) mm/yr from the model. The corrected GPS
displacement time series (Figure 2.12b) allows us to directly estimate the fault creep
rate for the Envisat period (2002-2010). From the GPS alone we estimate a creep rate
of 9± 4mm/yr, which compares well with our estimate of ∼6 mm/yr (from the direct
offsets at location of profile B-B’).

Our estimates for interseismic locking depth and fault slip rate show a clear trade-
off (upper left in Figure 2.11). This is an expected feature of Savage and Burford
(1973)-type elastic models (e.g. Wright et al., 2001a, Walters et al., 2011), where a
larger slip rate can be compensated by a deeper locking depth. This trade-off is the
main cause of the large confidence interval on these parameters. Therefore, we cannot
discount a deeper locking depth and faster slip rate than our MAP estimates as these
still fall within the confidence limit of our solutions. We have also tried a model for
profile B-B’ where we fix just the locking depth to 15 km. Our best-fit results for the
slip rate, creep rate and creep depth are 20 mm/yr, 6 mm/yr and 10 km respectively.
As expected from the trade-offs the slip rate is higher but the creep rate is similar
to our MAP solution of 5 mm/yr. The creep depth is a little deeper than the MAP
estimate of 8km.
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Figure 2.14: Projected east-west velocities along the profiles B-B’ and C-C’ indicated in
Figure 2.6a in the paper. The dark and light grey areas represent the 95% and 68% confidence
bounds for our preferred MAP solution shown in Figure 2.9. The green line shows the best
fit result when we fix the fault slip rate and locking depth to the values used in Cakir et al.
(2012) (27 mm/yr for the slip rate and 12 km for the locking depth) and invert for the creep
rate and creep depth. In blue is a forward calculation using the best-fit parameter values for
this location from Cakir et al. (2012).
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Our MAP fault slip rates are consistent with previous work in this region using
GPS alone (19 mm/yr, 20 mm/yr and 20 mm/yr from our profiles compared to 11-
26 mm/yr from published GPS studies) (e.g. Straub et al., 1997, Ayhan et al., 2002,
Reilinger et al., 2006, Aktug et al., 2009, Ergintav et al., 2014).

2.7.2 Time series

Our displacement time series model based on rate-and-state-dependent friction is con-
sistent with both the GPS and InSAR displacements (Figure 2.12). Note that this
model assumes that the maximum coseismic slip is not collocated with the postseismic
creep. This is required because in regions that have undergone coseismic slip the change
in stress due to the earthquake, ∆τ , is negative and this rate-and-state model predicts
re-locking. However, if the maximum coseismic slip zone is not collocated with the
creeping zone then afterslip can occur. The assumptions holds in our case because the
maximum coseismic slip occurred at depths of around 11 km (Feigl et al., 2002) while
our observed creep occurs in the upper ∼8 km or less (Figure 2.9).

The model predicts that following the 1999 Izmit earthquake the fault experienced a
period of rapid afterslip with an initial maximum rate of 2.9± 0.4 mm/day or 1.1± 0.2
m/year. This estimate is slightly lower than that of Bürgmann et al. (2002b) who
found a maximum afterslip rate of ∼1.4 m/yr in this region using GPS alone. This
discrepancy could be due to the simplicity of our model and the fact that our maximum
afterslip velocity is a depth-averaged value and neglects any off-fault deformation. The
marginalised probability distributions for the rate-and-state model parameters show a
clear trade-off between the two model parameters (Figure 2.13), where a faster maxi-
mum afterslip, vmax, rate can be compensated for by a smaller value of σ(a− b)/k.

Over the 5 years after the earthquake, the afterslip rate decays to a rate of ∼5
mm/yr. Continued afterslip five years after the earthquake is not completely unex-
pected. Rubin and Ampuero (2005) define the end of the afterslip period to be the
time at which the deceleration vanishes. Segall (2010) showed that an estimate of the
duration of postseismic afterslip can be determined by:

tpost =
dc

vplate

kc
k
, (2.6)

where dc is the critical slip distance from rate-and-state-dependent friction laws, vplate
is the long term fault parallel loading rate, kc the critical stiffness and k, the stiffness.
It is reasonable to associate kc/k with the ratio of the area of the rupture to that of
the nucleation zone. Using laboratory estimates of dc (e.g. Scholz , 1988, Dieterich and
Kilgore, 1994), the values for dc/vplate are of the order 104 to 105 seconds, so tpost could
range from months to years.

Hearn et al. (2002) calculated a 1-3 MPa change in coseismic shear stress, ∆τ , for
the uppermost 5 km of the crust at the fault location where we calculate the maximum
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fault creep. Assuming ∆τ is positive at steady state we can use equation 2.7 (Segall ,
2010) to estimate σ(a− b).

vmax = vpexp(∆τ/(a− b)σ), (2.7)

From our displacement time series, we have σ(a − b)/k = 51 mm, giving stiffness,
k, equal to 3-8 MPa/m. The normal stress between 1 and 5 km is 30-130 MPa (assum-
ing lithostatic pressures), which gives us an estimate for the rate-and-state parameter
(a − b) of 0.001-0.014. Using a steady-state fault creep rate of 5 mm/yr we arrive at
a frictional shear stressing rate of 0.015-0.04 MPa/yr. Our estimate for the rate-and-
state parameter (a − b) compares well with the results of Kaneko et al. (2013) who
determined a value between 0.002 and 0.008 for the Ismetpasa section of the NAF.
Our estimates are larger than the range estimated for the Parkfield segment of the San
Andreas Fault (0.0006-0.0018) by Johnson et al. (2006). However, the authors of that
study acknowledge that their estimates for (a− b) are low and explain it by assuming
the afterslip occurs in a transition zone between velocity-weakening (negative a − b)
and velocity-strengthening (positive a − b). Laboratory experiments give values for
a − b, in the range -0.0019-0.0070 for upper crustal rocks such as sandstones, slates,
marbles and granites (Ikari et al., 2011). However, as noted by Marone (1998), lab-
oratory friction experiments are highly idealised relative to natural faults and so it is
not clear whether a comparison of laboratory-derived friction parameters are relevant
to earthquake faulting.

The simple afterslip model used in this study has several important limitations.
Firstly the model is 1-D and therefore assumes the fault has homogeneous properties.
There have been several successful attempts in describing the general aseismic behaviour
of faults and its spatial variability using 2D spring slider fault models (e.g. Dieterich,
1992, Perfettini et al., 2003a) as well as new 3D modelling techniques (e.g. Jolivet et al.,
2015).

As noted by Perfettini and Avouac (2004), 1D afterslip models like the one used in
this study do not take into account the viscous relaxation of the deep crust or upper
mantle. For large events like the Mw 7.4 Izmit earthquake we can expect a transfer of
stress to regions below the seismogenic zone.

Another limitation is that we do not consider the role of aftershocks after the Izmit
earthquake, which may also accumulate slip.

2.7.3 Moment release

The total moment released by the aseismic creep at the Izmit rupture between 1999
and 2012 (assuming fault creep extends down to 8 km along the 80 km length of the
creeping segment) is of the order of 1018 Nm. The total moment released in the Izmit
earthquake was on the order of 1020 Nm (Pinar et al., 2001, Delouis et al., 2002).
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Bürgmann et al. (2002b) modelled the complete distribution of afterslip on and below
the cosesmic slip patch in the 87-day period after the Izmit earthquake and found that
the total moment released due to afterslip on the entire fault was of the order 1019 Nm.
This is still only 10% of the coseismic moment release but it would have altered the
stresses in the surrounding crust and could have contributed to the triggering of the
Düzce earthquake a few months later.

Currently, the near steady-state creep rate of 5 mm/yr is only releasing about 5-
40% of the accummulating moment from plate loading (assuming creep extends down
to 8 km depth and fault loading rate of 20 mm/yr (9-27, 95% CI) to a locking depth
of 17 km (8-28, 95% CI)). Therefore, in terms of the moment budget, and thus stress
transfer and seismic hazard, the effect of the shallow, aseismic slip in the past decade
is small compared to that from plate loading.

2.7.4 Implications for the shallow slip deficit

Inversions of coseismic surface deformation data from large (Mw ∼7) strike-slip earth-
quakes indicate that the coseismic slip in the uppermost section of the seismogenic crust
is often systematically less than that at seismogenic depths (4-10 km) (e.g. Simons et al.,
2002, Fialko et al., 2005, Bilham, 2010, Dolan and Haravitch, 2014). Despite variations
between different inversion results, coseismic slip studies of the Izmit earthquake also
show this so-called ‘shallow slip deficit’. Delouis et al. (2002) and Feigl et al. (2002)’s
slip inversions reveal that the average coseismic slip in the mid-crust (between 6-15
km) beneath the western margin of Lake Sapanca was 5-7 m while in the shallow crust
(<6 km) the average coseismic slip was 3-4 m, producing a coseismic slip deficit of 2-3
m in the shallow crust.

There are two possible explanations for the origin of the shallow slip deficit: the
deficit arises due to distributed off-fault deformation in the uppermost crust, in which
case it is not strictly speaking a deficit as such, or the shallow slip deficit is accounted
for by aseismic slip on the shallow fault.

The mean recurrence time for earthquakes along the North Anatolian Fault is ∼200
years (Stein et al., 1997). Projecting our afterslip model 200 years into the future we
find the total average displacement due to afterslip is 1-1.3 m, which is 30-65% of the
slip deficit. Therefore, the total steady-state afterslip (integrated over the earthquake
cycle) is insufficient to account for all of the shallow coseismic slip deficit. If the deficit is
to be explained by slip on the fault during the period between earthquakes (but not by
afterslip), it must therefore occur during phases of transient creep. No such events have
been observed at this location during the period of good geodetic observations (since
∼1995). Alternatively, the slip deficit could be due to distributed inelastic coseismic
deformation in the uppermost few kilometres of the crust.

Whether this deformation occurs in the coseismic period or in the interseismic
period is difficult to tell. Wright et al. (2001b) noted that the Izmit earthquake triggered
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Figure 2.15: A zoom-in of the region around the fault south of the city of Izmit, for an interfer-
ogram spanning two and a half years (20070212-20090810) for descending track 293. The bold
black line marks the 1999 Izmit rupture. The circles are the InSAR Persistent Scatterer (PS)
pixels, colour coded by the wrapped phase. Negative phase values correspond to a decrease in
range, i.e. motion towards the satellite, while positive values are an increase in range indicating
motion away from the satellite. There is a clear discontinuity between the dominantly green
and blue (-10 to -5 mm) pixels to the north and the red pixels to the south (7 to 13 mm) of
the fault, consistent with fault creep with a right-lateral sense of motion across the fault. The
distance between pixels either side of the fault that show a clear displacement discontinuity is
around 100 m.

shallow slip on a smaller fault south of the main rupture. Their coseismic interferogram
also shows small off-fault movements on other local faults. The integrated slip from all
the small triggered slip events since 1999 has not been clearly documented, but it is
unlikely to be of the order of a few metres. Nevertheless, it could help explain a portion
of the shallow slip deficit (Dolan and Haravitch, 2014).

Slow, long-term distributed deformation (Fialko et al., 2005), possibly due to viscous
creep mechanisms, is also difficult to resolve due to the noise in the InSAR data. Figure
2.15 shows that we can constrain the surface deformation to be occurring within ∼50
metres either side of the fault, if not on the fault plane itself. Our fault creep time
series uses GPS stations located ∼3 km from the fault. Thus any off-fault deformation
within this distance would have been subsumed and represented as fault creep in our
time series model. Distributed deformation mechanisms active during the interseismic
period in any case would be expected to produce deformation at longer wavelengths.
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A dense network of long-term continuous GPS measurements near the fault would help
to constrain the role of viscoelastic relaxation.

2.8 Conclusion

We have investigated the spatial distribution of aseismic creep on the Izmit and Düzce
sections of the North Anatolian Fault using Envisat ASAR images in both ascending
and descending geometries between 2002 and 2010. Our results show a discontinuity
in the LOS velocities at the surface trace of the 1999 Izmit earthquake, consistent with
aseismic creep on the shallow fault. Fault creep on the Izmit rupture at the end of our
InSAR observation period (2010) occurs at an average rate of ∼5 mm/yr and extends
about 80 km from the Gulf of Izmit in the west to about 30.7◦ E in the east. However,
it is likely that this extends further west into the Gulf making our estimate of the length
of the creeping segment a lower bound. We observe a time-averaged maximum fault
creep rate of 11±2 mm/yr near the city of Izmit for the period 2002-2010. We also find
that the Adapazari basin region is subsiding at a rate of about 6 mm/yr. The causes
of this subsidence remain unclear but could be related to water pumping or tectonic
subsidence related to movement on a non-planar fault. The time series of relative
displacement change between two points either side of the fault is consistent with an
afterslip model that predicts a period of rapid deceleration from a maximum velocity of
2.9± 0.4 mm/day immediately after the earthquake to a near steady-state value of ∼5
mm/yr after about 5 years, implying that aseismic creep could continue for many years.
The moment released by the shallow aseismic slip between the period 1999-2012 is small
compared to the moment released by the Izmit earthquake. The current rate of moment
release due to aseismic slip is about 5-40% of the rate of moment accumulation from
plate loading. Therefore, we conclude that the NAF in this region is mostly locked and
accumulating strain, and the long-term impact of shallow aseismic creep is negligible
in terms of stress transfer and seismic hazard. Projecting our afterslip model 200 years
into the future we predict the total displacement due to shallow afterslip to be 1-1.3
m. This is insufficient to account for the 2-3 m slip deficit in the shallow crust (<6
km) observed in coseismic slip studies of the Izmit earthquake. Distributed inelastic
deformation in the uppermost few kilometres of the crust or slip transients during the
interseismic period are likely to be important mechanisms for generating the shallow
slip deficit.
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Clusky, and H. Özener (2014), Istanbul’s earthquake hot spots: Geodetic constraints
on strain accumulation along faults in the Marmara seismic gap, Geophysical Re-
search Letters, 41 (16), 5783–5788. 2.1, 2.7.1
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Abstract

The North Anatolian Fault (NAF) is a major tectonic feature in the Middle-East and
is the most active fault in Turkey. The central portion of the NAF is a region of GNSS
scarcity. Previous studies of interseismic deformation have focused on the aseismic creep
near the town of Ismetpasa using radar data acquired in a single line-of-sight direction,
requiring several modelling assumptions. We have measured interseismic deformation
across the NAF using both ascending and descending data from the Envisat satellite
mission acquired between 2003-2010. Rather than rejecting incorrectly unwrapped
areas in the interferograms, we develop a new iterative unwrapping procedure for small
baseline Interferometric Synthetic Aperture Radar (InSAR) processing that expands
the spatial coverage. Our method corrects unwrapping errors iteratively and increases
the robustness of the unwrapping procedure. We remove long wavelength trends from
the InSAR data using GNSS observations and deconvolve the InSAR velocities into
fault-parallel motion. Profiles of fault-parallel velocity reveal a systematic eastward
decrease in fault slip rate from 30 mm/yr (25-34, 95% CI) to 21 mm/yr (14-27, 95%
CI) over a distance of ∼200 km. Direct offset measurements across the fault reveal fault
creep along a ∼130 km section of the central NAF, with an average creep rate of 8± 2
mm/yr, and a maximum creep rate of 14±2 mm/yr located ∼30 km east of Ismetpasa.
As fault creep is releasing only 30-40% of the long-term strain in the shallow crust, the
fault is still capable of producing large, damaging earthquakes in this region.

3.1 Introduction

The North Anatolian Fault (NAF) is a major continental right-lateral transform fault
located in northern Turkey. Together with the East Anatolian Fault, it facilitates the
westward motion of Anatolia, caught in the convergence zone of the Eurasian plate
with the Arabian plate (McKenzie, 1972). Since the 1939 Mw 7.9 Erzincan earthquake
in eastern Turkey, the NAF has ruptured in a sequence of large (Mw >6.7) earthquakes
with a dominant westward progression in seismicity (Barka, 1996, Stein et al., 1997).
Stein et al. (1997) and Hubert-Ferrari et al. (2000) have interpreted this sequence
to result from stress transfer along strike, where one earthquake brings the adjacent
segment closer to failure.

In order to understand the role that the NAF plays in regional tectonics and seismic
hazard, there have been numerous estimates of the fault slip rate for the NAF using
present-day deformation measured with GNSS (e.g. Straub et al., 1997, Reilinger et al.,
2006, Ergintav et al., 2009) or offset geological features (e.g. Hubert-Ferrari et al., 2002,
Pucci et al., 2008, Kozacı et al., 2009). There have also been several InSAR-derived
estimates of the fault slip rate, which have focused on the western or eastern regions of
the NAF where the InSAR coherence is better (e.g. Wright et al., 2001a, Cakir et al.,
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Figure 3.1: (a) The central section of the North Anatolian Fault. The red arrows are published
GNSS velocities from the Global Strain Rate Model project (Kreemer et al., 2014). The coloured
sections indicate previous ruptures along this section of the fault. (b) The Envisat satellite data
tracks used in this study. Descending tracks are coloured in red and ascending tracks in blue.

2005, Walters et al., 2011, Kaneko et al., 2013, Cakir et al., 2014, Cetin et al., 2014,
Walters et al., 2014, Cavalié and Jónsson, 2014, Hussain et al., 2016).

However, slip rate estimates for the central NAF are relatively poorly constrained,
with sparse GNSS data north of this portion of the fault (Figure 3.1) and wide ranging
geological and geodetic estimates. Geological fault slip rate range from as low as 5
mm/yr to as high as 44 mm/yr (e.g. Barka and Hancock , 1984, Barka, 1992, Hubert-
Ferrari et al., 2002, Kozaci et al., 2007, Kozacı et al., 2009), while GNSS studies
estimate the slip rate for the region to a range of 17-34 mm/yr (e.g. Oral et al., 1993,
Noomen et al., 1996, Ayhan et al., 2002, Reilinger et al., 2006).

Shallow aseismic slip on the fault plane, i.e. fault creep, on the central portion
of the NAF was first documented by Ambraseys (1970), who observed increasing dis-
placements of a wall that was built across the fault near the town of Ismetpasa, over
multiple years. Ambraseys (1970) estimated a fault creep rate of ∼20 mm/yr for the
time period 1955-1969. Since this original investigation, the fault creep has been the
focus of numerous geodetic studies (e.g. Cakir et al., 2005, Kutoglu et al., 2010, Karaba-
cak et al., 2011, Ozener et al., 2013, Cetin et al., 2014). Cetin et al. (2014) suggested
that the fault creep rate has been decaying since the first measurements in 1970 to a
current steady-state value of ∼6-8 mm/yr. Most previous InSAR studies in this region
have only used satellite data from a single look direction, e.g. the use of descending
Envisat data by Cakir et al. (2005) and Cetin et al. (2014). Kaneko et al. (2013) used
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Table 3.1: Data coverage for each Envisat track used in this study
Track Geometry Time span No. of Total ints Ints used

images created
250 Descending 20031212 - 20100723 38 115 59
479 Descending 20031228 - 20100704 30 90 50
207 Descending 20040113 - 20100928 40 88 53
436 Descending 20030703 - 20100318 36 96 65
28 Ascending 20040728 - 20100707 14 30 21
71 Ascending 20040103 - 20090829 19 48 29
343 Ascending 20040610 - 20100415 14 27 20

a combination of ascending tracks from the ALOS satellite and one descending frame
from Envisat track 207, limiting their observational period to 2007-2011. They sug-
gested that aseismic creep at a rate of ∼9 mm/yr, is limited to the upper 5.5-7 km of
the crust which exhibits velocity strengthening frictional behaviour.

Recently, Rousset et al. (2016) used high resolution COSMO-SkyMed satellite data
spanning the time window between July 2013 to May 2014 to show evidence of periods
of elevated fault creep spanning a month with total slip of 20 mm, indicating that
episodic creep events may be an important mechanism producing aseismic slip.

In this study we use a more complete dataset covering the entire central NAF in
both ascending and descending geometries and spanning the ∼8 year time window
between 2003-2010. We remove long wavelength trends from the InSAR data using
published GNSS velocities (Kreemer et al., 2014), and deconvolve the InSAR line-of-
sight velocities into fault-parallel and vertical motion.

We use simple elastic dislocation models to estimate geodetic fault slip rates and
locking depths, and investigate the spatial variation of fault creep along the central
NAF. We also develop and apply a new iterative unwrapping algorithm that minimises
unwrapping errors during the InSAR processing.

3.2 InSAR processing

Our dataset consists of 191 Envisat images from 4 descending tracks (250, 479, 207,
436) and 3 ascending tracks (28, 71, 343) (Figure 3.1b). Together these cover the
central NAF between 31.5◦E and 35◦E, and span the time interval 2003-2010. Details
of the processed data for each track are given in Table 3.1.

We focus the Envisat images using ROI PAC (Rosen et al., 2004) and use the
DORIS software (Kampes et al., 2003) to construct 494 interferograms. For each track
we produce a redundant connected network of interferograms while minimising the
temporal separation between acquisitions and the spatial separation of the satellite
(the perpendicular baseline) (Figure C.1). We correct topographic contributions to the
radar phase using the 90 m SRTM Digital Elevation Model (Farr et al., 2007) and
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account for the known oscillator drift for Envisat according to Marinkovic and Larsen
(2013). We unwrap the interferometric phase using a new iterative unwrapping process
described in section 3.3.

We apply the StaMPS (Stanford Method for Persistent Scatterers) small baseline
time series technique (Hooper , 2008, Hooper et al., 2012) to remove incoherent pixels
and reduce the noise contribution to the deformation signal, by selecting only those
pixels that have low phase noise on average in the small baseline interferograms used
in the analysis.

The atmospheric contribution is often the largest source of error in radar interfer-
ograms (e.g. Doin et al., 2009, Walters et al., 2013, Jolivet et al., 2014, Bekaert et al.,
2015a). To mitigate this we estimated a troposphere correction using auxiliary data
from the ERA-Interim global atmospheric model reanalysis product (Dee et al., 2011).
We use the TRAIN (Toolbox for Reducing Atmospheric InSAR Noise) software package
(Bekaert et al., 2015c) to correct each individual interferogram for tropospheric noise.
After removing a planar phase ramp from each interferogram, the ERA-I correction
reduces the standard deviation of our tracks by 8% on average. The average reduction
in standard deviation is small after correction, implying that some residual atmospheric
signals remain in the interferograms after the ERA-I correction. The average reduction
in standard deviation for each track are 10% for track 207, 1% for track 250, 2% for
track 436, 12% for track 479, 10% for track 28, 16% for track 71 and 6% for track 343
(Figures C.2 and C.3).

Our final redundant small baseline networks consist of a total of 297 interferograms
over the seven tracks (Figure S1). We use these networks to calculate the average
line-of-sight (LOS) velocity map for each track.

Any non-tectonic long wavelength signals (>100 km), including those due to orbital
errors, are effectively removed from each track when the InSAR line-of-sight (LOS)
velocities are transformed into a Eurasia-fixed GNSS reference frame (details in section
3.4). The uncertainties on the final velocity for each pixel are calculated using bootstrap
resampling (Efron and Tibshirani , 1986) and are presented at the 1 sigma level in the
following work.

We calculate the LOS variance-covariance matrix of the noise for each InSAR track
by computing the average radial covariance vs. distance (autocorrelation) using the
velocities in a 50 km by 50 km region ∼250 km to the south of the fault. This region
is assumed to have no tectonic deformation and contain only atmospheric noise. We
fit an exponential covariance function (e.g. Lohman and Simons, 2005, Sudhaus and
Sigurjón, 2009), C(r), as:

C(r) = σ2e−
r
λ , (3.1)

where we estimate the variance (σ2) and the characteristic length (λ), which gives the
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Table 3.2: The centre of the 50 km by 50 km region used to estimate the noise covariance
function parameters.
Track Centre (lon, lat) Variance, Characteristic

σ2 (mm/yr)2 Length, λ (km)
207 33◦E, 39.5◦N 8.91 53
250 31.75◦E, 39.5◦N 4.95 27
436 34◦E, 39.5◦N 3.91 22
479 32.5◦E, 39.5◦N 2.88 10
28 34.5◦E, 39.5◦N 6.12 25
71 33.2◦5E, 39.5◦N 4.00 19
343 32.5◦E, 39.5◦N 1.00 4

spatial correlation of noise as a function of distance between pixels (r). Our values
for each track and the centre of the region used to calculate the covariance function
are shown in Table 3.2. These covariances are used in section 3.5 when modelling the
horizontal velocities and fault creep rates.

3.3 Iterative phase unwrapping

3.3.1 Method description

Phase unwrapping is the process of recovering continuous phase values from phase
data that are measured modulo 2π radians (wrapped data) (Ghiglia and Pritt , 1998).
Original 2D phase unwrapping algorithms unwrapped the phase of each individual
interferogram independently (e.g. Goldstein et al., 1988, Costantini , 1998, Zebker and
Lu, 1998). However, a time series of selected interferogram pixels can be considered a
3D data set, the third dimension being that of time. Hooper and Zebker (2007) showed
that treating the unwrapping problem as one 3D problem as opposed to a series of 2D
problems leads to an improvement in the accuracy of the solution in a similar way to
which 2D unwrapping provides an improvement over one-dimensional spatial methods.

Fully 3D phase-unwrapping algorithms commonly assume that the phase difference
between neighbouring pixels is generally less than half a phase cycle (2π radians) in all
dimensions (Hooper and Zebker , 2007). However, due to atmospheric delays, InSAR
signals are effectively uncorrelated in time, violating this assumption. Other unwrap-
ping algorithms require the assumption of a temporal parametric function, such as a
linear phase evolution in time (Ferretti et al., 2001), to unwrap the phase signals.

The standard unwrapping algorithm used in the Stanford Method for Persistent
Scatterers (StaMPS) software (Hooper , 2010) uses the actual phase evolution in time
to guide unwrapping in the spatial dimension without assuming a particular temporal
evolution model. The phase difference between nearby pixels (double-difference phase)
is filtered in time to give an estimate of the unwrapped displacement phase for each
satellite acquisition and an estimate of the phase noise. This is used to construct prob-
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Figure 3.2: A simple interferometric loop consisting of 3 acquisitions (red points) with phase
φ0:2. The interferograms are denoted by the blue lines, and are the difference in phase for two
acquisitions. UW is the StaMPS unwrapping operator, see text for details. For every pixel
unwrapped correctly in each interferogram the phase sum around the loop is equal to zero, i.e.
UW (φ1 − φ0) + UW (φ2 − φ1) + UW (φ0 − φ2) = 0.

ability density functions for each unwrapped double-difference phase in every interfero-
gram. An efficient algorithm (SNAPHU (Chen and Zebker , 2000, 2001)) then searches
for the solution in space that maximises the total joint probability, i.e. minimises the
total ‘cost’.

For a connected network of small baseline interferograms, the phase-unwrapping
of individual interferograms can be checked for network consistency by summing the
phase around closed interferometric loops (e.g. Pepe and Lanari , 2006, Biggs et al.,
2007, Cavalié et al., 2007, Jolivet et al., 2011) (Figure 3.2). In the standard unwrapping
approach used in StaMPS, any interferograms identified to have large unwrapping errors
are removed from the small baseline network, which can result in loss of information
and/or reduction in network redundancy. Note that some other InSAR practitioners
(e.g. Biggs et al., 2007, Wang et al., 2009, Walters et al., 2011) generally do not drop
badly unwrapped interferograms, but attempt to correct unwrapping errors by manually
adding integer multiples of 2π to badly unwrapped regions of pixels. However, this is
a time consuming process.

In our method, we iterate the standard StaMPS unwrapping procedure while cal-
culating the sum of the unwrapped phase around closed loops for every pixel in every
interferogram, using the following equation:

n−1∑
i=0

UW{φ(i+1)modn − φi}+ ε = 0, (3.2)

where UW is the StaMPS unwrapping operator, n is the number of interferograms on
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the path around an interferometric loop, (φi+1−φi) are the interferometric phase values
of a pixel in the interferograms created by calculating the phase difference between
image i+1 and i relative to a reference point, and ε is the error term. The reference point
is chosen to be north of the fault for all tracks. Any pixels satisfying the requirement of
|ε| < 1 rad are defined as “error-free pixels” and are assumed to be correctly unwrapped.
An error term is needed because the interferograms are multilooked before unwrapping
and so we do not expect to have full closure around each interferometric loop. Using
ε = 1, is reasonable as it is well below the 2π radians required to produce unwrapping
errors and allows for a small amount of closure error introduced by the nonlinear nature
of multiooking. In our tests setting ε to 0.5 made no significant impact on the acceptance
rates.

In each iteration, we keep all unwrapping parameters fixed (such as the number
of interferograms, the filter strength and the unwrap grid size) but assume that pixels
identified as error-free in the previous iteration are unwrapped correctly, and apply a
high cost to changing the phase difference between these pixels in the next iteration.
The StaMPS unwrapping algorithm uses the double difference phase evolution in time
to calculate the probability density function for each pixel pair. For pixels identified
as unwrapped correctly we set the weighting for these pixels to 100 times the badly
unwrapped pixels to effectively ensure the evolution in time is fixed. In this way, the
iterative unwrapping method uses the error-free pixels as a guide to unwrapping the
regions that contained unwrapping errors in previous iterations.

López-Quiroz et al. (2009) describe a processes where unwrapping is iterated on
the residual interferogram after the removal of an estimate of the deformation signal.
However, our technique does not require an assumption of the deformation signal.

3.3.2 Testing the iterative unwrapping procedure

We tested the new algorithm on data from Envisat descending track 207, which covers
a region roughly 100 km by 400 km in central Turkey (Figure 3.1b). Each iteration
consists of the following steps: running the StaMPS unwrapping algorithm, determining
the pixels unwrapped correctly in each interferogram using the method described above
and in the appendix, applying a high cost to unwrapping across these pixels and re-
running the unwrapping algorithm again. We iterate this procedure 30 times. The
results from standard unwrapping does not change as no modifications are made to its
inputs and is represented by the straight line indicating no change in the number of
error-free pixels per iteration. Figure 3.3 shows that the percentage of error-free pixels
in the entire small baseline network increases sharply with the first 8 iterations from 70%
to 83%, reaching a maximum of 84% after 30 iterations; meaning that there are some
unwrapping errors the method is unable to fix. This is also evident from the individual
interferograms (Figure 3.4), which show this same rapid increase in the percentage of
error-free pixels followed by a plateau. It is clear that there are some unwrapping
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Figure 3.3: Total percentage of pixels in the small baseline network for descending track
207 that were identified as closed, i.e. correctly unwrapped, using our iterative unwrapping
procedure (blue) and the standard unwrapping (red) algorithm. There is a rapid increase in
the number of error-free pixels for the first 8 iterations after which it reaches a plateau. As
no modification is made to the input of the unwrapping algorithm, there is no change for each
iteration of the standard unwrapping algorithm.

errors that cannot be corrected (blue colours in Figure 3.5) using the iterative method.
However the iterative procedure greatly reduces the total number of unwrapping errors
and thus, increases the InSAR coverage whilst minimising errors.

After 8 iterations the percentage of error-free pixels increased from 90 to 94% for
track 250, from 65 to 80% for track 436, from 92 to 95% for track 479, from 83 to 87%
for track 343, from 71 to 77% for track 28, and from 91 to 93% for track 71.

3.4 Interseismic velocity field across the central NAF

To investigate the pattern of interseismic strain accumulation along the fault we de-
compose our full InSAR velocity field into the fault-parallel and fault-perpendicular
components of motion. Following the method described in Hussain et al. (2016), we do
this first by resampling our InSAR LOS velocities (Figure 3.6) onto a 1 km by 1 km grid
encompassing the spatial extent of all our tracks. We use a nearest neighbour resam-
pling technique including only those persistent scatterer pixels with a nearest neighbour
within 1 km of the centre of each grid point. We reference each track to a Eurasia-fixed
GNSS reference frame by first averaging the InSAR velocities that fall in a 1 km radius
around every GNSS station within the boundaries of each InSAR track. We project the
GNSS velocities into the local satellite line-of-sight and calculate the difference from
the InSAR velocities. The vertical component of the GNSS velocities are not available
on the Global Strain Rate Model website. Ergintav et al. (2009) showed that the ver-
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tical GNSS component is small and very noisy over western Turkey, therefore we only
use the horizontal velocities in our analysis. We determine the best-fit plane through
the residual velocities and remove this from the InSAR velocities to transform the LOS
velocities into a Eurasia-fixed GNSS reference frame. This procedure is done separately
for each track.

For every pixel where information from both ascending and descending geometries
are available, we use equation 3.3 to invert for the east-west and vertical components of
motion following the method described by Wright et al. (2004), Hussain et al. (2016),
while taking into account the local incidence angles:

DLOS = [sin(θ)cos(α) − sin(θ)sin(α) − cos(θ)]

DE

DN

DU

 , (3.3)

where DLOS is the LOS velocity, θ is the local radar incidence angle, α the azimuth of
the satellite heading vector, and [DE , DN , DU ]T is a vector with the east, north and
vertical components of motion respectively.

Equation 3.3 contains three unknowns (DE , DN andDU ) but we only have two input
velocities with large differences in satellite look angle in the inversion (the ascending and
descending InSAR LOS velocities). Therefore it is impossible to calculate the full 3-D
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Figure 3.7: (a) LOS InSAR velocities decomposed into the fault parallel and vertical (b)
components of motion, where the north-south component is constrained by the GNSS north
component (Figure C.5), see text for description. Negative fault parallel velocities indicate
motion towards the west and negative fault perpendicular velocities indicate motion to the
south. Uncertainty maps for these components are in Figure C.5. The lines labelled A-A’,
B-B’ and C-C’ are profiles through the fault parallel velocity shown in Figure 3.8. Earthquake
moment tensors are from the Global Centroid Moment Tensor catalogue for all events greater
than magnitude 4 between 1976 and 2016. The 2000 Mw 6 Orta earthquake location is shown
in (a).

velocity field without a prior assumption. The common assumption made in previous
studies is that there is no vertical motion across the region of interest (e.g. Walters
et al., 2014, Hussain et al., 2016). In our case we note that both the ascending and
descending tracks are equally insensitive to motion in the north-south direction. We
therefore use the smooth interpolated north component of the GNSS velocities (Figure
C.4) to constrain the north-south component (DN ) in the inversion, and solve for the
east-west and vertical components of motion using the InSAR LOS velocities. We
calculate the fault-parallel component of the horizontal velocity by assuming motion
occurs on a strike-slip fault trending at N81◦E.

Our fault parallel velocities (Figure 3.7a) show the expected right-lateral interseis-
mic motion across the NAF, with red colours representing motion to the north-east
and blue to the south-west. Our estimated vertical component show that there is little
vertical motion across the NAF in this region (Figure 3.7b).
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There is a relatively sharp change in fault-parallel velocity south of the NAF (Figure
3.7) that coincides with the B-B’ profile line. We believe that this is due to a combina-
tion of postseismic deformation from the 2000 Orta earthquake (Mw 6) (Taymaz et al.,
2007), residual atmosphere introduced mainly from ascending track 71 and postseismic
deformation from the 1999 Izmit and Düzce earthquakes.

3.5 Modelling profile velocities

We analyse three profiles across the fault where velocities from within 20 km are pro-
jected onto the profiles shown in Figure 3.7a. Walters et al. (2014) noted that there is
a variation in the fault parallel velocity away from the fault that is not due to inter-
seismic loading but due to the proximity to the Euler pole of rotation. For example,
GNSS velocities presented by Nocquet (2012) show fault parallel velocity vectors with
magnitude ∼25 mm/yr close to the NAF but ∼8 mm/yr in Cyprus roughly 800 km
away from the fault. This variation is mostly due to the proximity of the Cyprus GNSS
stations to the pole of rotation of Anatolia with respect to Eurasia. We use the pole of
rotation calculated for Anatolia with respect to Eurasia by Reilinger et al. (2006), who
estimated a rotation rate of 1.23 degrees/Myr about a pole located at 32.1◦E, 30.8◦N
near the Nile delta. In a Eurasia-fixed reference frame this rotation effect only applies
to the region south of the NAF and corresponds to a value of θrot = 0.0215 mm/yr/km
or 2.15 mm/yr at a distance of 100 km from the fault.

Assuming the fault parallel velocities far to south of the fault (>200 km) are
mostly due to atmospheric noise and contain no tectonic deformation, we calculate
the variance-covariance matrix of the noise using the method described in section 3.2,
using velocities from a 50 km by 50 km region centered on 32.5◦E, 39◦N. The estimated
variance (σ2) and characteristic length (λ) for the covariance function (equation 3.1) is
6.35 (mm/yr)2 and 35.8 km respectively.

Profiles A-A’ and C-C’ do not cross the creeping section of the fault. For these
profiles we fit a 1-D model (Savage and Burford , 1973) through the profiles where the
fault parallel velocity, vpar, at a fault normal distance x, is a function of the fault slip
rate, S, and the locking depth, d1. Including the rotation effect discussed above, our
1-D model is:

vpar(x) =
S

π
arctan

(
x

d1

)
+ xθrot + a, where θrot =

0.0215, if x > 0

0, if x ≤ 0
, (3.4)

where a is a static offset.

However, profile B-B’ crosses the creeping section of the fault. For this profile we
model the fault parallel velocity as a combination of two signals: a long wavelength
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signal that represents interseismic loading at rate S and locking depth d1, and a short
wavelength signal that represents the fault creep at a rate C from the surface down to
depth d2 (e.g. Wright et al., 2001a, Elliott et al., 2008, Hussain et al., 2016).

vpar(x) = −S
π

arctan
(
x

d1

)
+ C

[
1
π

arctan
(
x

d2

)
−H(x)

]
+ xθrot + a, (3.5)

where θrot =

0.0215, if x > 0

0, if x ≤ 0
,

where H(x) is the Heaviside function.

We find best-fit values for each model parameter (S, d1, C, d2) and an offset a, using
a Bayesian approach, implementing the Goodman and Weare (2010) affine-invariant
ensemble Markov Chain Monte Carlo (MCMC) sampler. For details see Hussain et al.
(2016).

Our MCMC sampler uses 600 walkers to explore the parameter space constrained
by: 0 < S (mm/yr) < 60, 0 < d1 (km), < 60, 0 < C (mm/yr), < 30, 0 < d2 (km),
< 40, −40 < a (mm/yr) < 40, assuming a uniform prior probability distribution over
each range. An important constraint we impose is that the maximum creep depth
cannot be greater than the locking depth, i.e. d2 ≤ d1. Our MCMC model runs over
300,000 iterations and produces 48,000 random samples from which we estimate both
the maximum a posteriori probability (MAP) solution and corresponding parameter
uncertainties.

The results of our analysis are shown in Figure 3.8, with the observed profile velocity
in red and the MAP solution in the bold dashed line. The sampled marginal probability
distributions for the fault slip rate, the locking depth, creep rate and the static offset
are approximately normally distributed (Figure 3.9). As expected of elastic dislocation
models there is a strong trade-off between the fault slip rate and the locking depth (top
left box for each profile in Figure 3.9) where a slower slip rate can be compensated by
a shallower locking depth.

Our MAP estimates for the fault slip rate of 30 mm/yr (25-34, 95% CI), 28 mm/yr
(23-33, 95% CI) and 21 mm/yr (14-27, 95% CI) appear to decrease eastward from
profile A-A’ to C-C’ with no such pattern in the locking depths: 13 km (6-20, 95% CI),
13 km (5-22, 95% CI) and 17 km (10-25, 95% CI).

To test whether the difference in MAP slip rate between profiles A-A’ and C-C’ is
significant we consider the null hypothesis that each of the estimated slip rates are one
draw from a Gaussian distribution with the same expected value (but with different
standard deviations).

If the hypothesis is true, the distribution of the difference in MAP slip rates will
be Gaussian with a mean of zero and standard deviation =

√
σ2
A + σ2

C , where σ2
A
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Figure 3.9: Marginal probability distributions for profile A-A’, B-B’ and C-C’. The red line
and dot indicate the maximum a posteriori probability (MAP) solution from our Markov Chain
Monte Carlo (MCMC) analysis.
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and σ2
C are the variance of the estimator for slip rate between profiles A-A’ and C-C’

respectively. The ratio of (SA − SC)/
√

(σ2
A + σ2

C), where SA and SC are the MAP slip
rates for A-A’ and C-C’ respectively, can therefore be used to test the null hypothesis.
A value of 1.96 or more should only occur 5% of the time if the null hypothesis is true.
In our case we find the ratio to be equal to 2.28, so we reject the null hypothesis at the
5% level meaning our results indicate that the rates are different with >95% confidence.

Our map of fault parallel velocity (Figure 3.7a) shows a lateral variation in far-field
velocities. For example at 40◦N the fault parallel velocity decreases from 28-30 mm/yr
on profile A-A’ to 15-20 mm/yr on profile C-C’. Assuming the far-field to the north
is pinned to zero, as would be the case in a Eurasia-fixed reference frame, the fault
parallel velocities show an eastward decrease in relative velocity between the region
north of the fault and the region to the south, which would result in decreasing fault
slip rate.

The GNSS study of Yavaşoğlu et al. (2011), which overlaps with the eastern edge of
our fault parallel InSAR velocities estimated a fault slip rate of 20.5±1.8 mm/yr, which
is directly comparable with our estimate of 21 mm/yr (14-27, 95% CI) for the eastern
profile (C-C’). In general our estimates are comparable with the slip rate estimates
from GNSS studies in this region, which range between 17 and 34 mm/yr (e.g. Oral
et al., 1993, Noomen et al., 1996, Ayhan et al., 2002, Reilinger et al., 2006). However
our rate of 30 mm/yr to the west are at the faster edge of the spectrum of published
estimates.

An important limitation of the simple dislocation models used in this study is that
it assumes the elastic properties of the crust do not vary along the fault, which is not
always the case for faults in the field. These differences may arise due to changes in
fault geometry, geology and the presence of fluids (e.g. Perrin et al., 2016). Variations
in crustal rheological could change the strain accumulation on the fault, which would
result in slightly different slip rates. However, the simple elastic dislocation model
matches the data well and is able to give a first order estimate of the fault slip rate and
locking depth.

3.6 Fault creep along the central NAF

To investigate the pattern of aseismic creep along the central NAF we plot short profiles
extending 5 km either side of the fault at regular locations (every ∼5 km) along the
central NAF (Figure 3.10b), projecting the LOS velocities from within 2.5 km onto
each profile. We fit two straight lines through the velocities on either side of the fault,
taking into account of the covariance, and determine the offset at the fault trace, which
corresponds to the LOS creep rate.

Our results (Figure 3.10a) clearly show that a ∼130 km section of the central NAF
is undergoing aseismic creep at average rate of ∼4 mm/yr in the LOS for descending
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Figure 3.10: (a) The variation in LOS fault creep rate along the central NAF with the
creep calculated by determining the offset in LOS velocity across the fault at the locations
indicated in (b). The ascending tracks are shown with open circles while the descending are in
solid circles. (c) The fault creep rate decomposed into the east-west and vertical components,
with the north component constrained by the interpolated GNSS north velocities (Figure S4),
for locations with both ascending and descending information. Positive creep values in E-W
indicate right-lateral motion, while positive values in the vertical represent subsidence of the
north with respect to the south side of the fault. All error bars indicate 1 σ uncertainty.
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and ∼3 mm/yr for ascending. The extent of creep is in agreement with the ∼125 km
estimated by Cetin et al. (2014) but larger than the ∼70-80 km estimated by Cakir
et al. (2005) and Kaneko et al. (2013). We find no fault creep above our noise level
(∼1 mm/yr in the LOS) west of about 31.2◦E and east of about 33.5◦E.

Hussain et al. (2016) showed that creep estimates can be contaminated by vertical
motions. To test this we use the estimated north-south component of motion from the
interpolated GNSS velocities (Figure C.4) along with the creep estimates from both
ascending and descending tracks to calculate the east-west and vertical components of
motion using Equation 3.3. We calculate the fault parallel component of the creep rate
assuming the fault strikes at N81◦E.

Figure 3.10c shows our estimated fault parallel (in red) and vertical (in blue) com-
ponents of motion for the fault creep rate. There appears to be little vertical motion
along the creeping segment. The maximum fault creep rate is 14 ± 2 mm/yr along a
portion of the fault located ∼30 km east of Ismetpasa. The average rate for the entire
creeping section is 8± 2 mm/yr.

3.7 Discussion

3.7.1 Iterative unwrapping benefits and limitations

Our new iterative unwrapping procedure reduces the number of unwrapping errors in
the overall small baseline network and thus improves the InSAR coverage as more cor-
rectly unwrapped pixels are added to the network instead of being discarded. However,
it is clear that the process cannot fix all unwrapping errors (Figure 3.5). We find that
there is a sharp increase in the total number of error-free pixels within the first 8 it-
erations after which the improvements are small. Therefore, to minimise unwrapping
errors from the network some interferograms with particularly poor unwrapping still
need to be removed. An efficient procedure would be to run the unwrapping process
for 8-10 iterations, remove any particularly bad interferograms (therefore modifying
the input to the unwrapping algorithm) and repeat the iterations.

Traditionally, interferograms with unwrapping errors have either been discarded
(e.g. Pinel et al., 2011, Hussain et al., 2016) or have been fixed manually (e.g. Hamlyn
et al., 2014, Pagli et al., 2014). Manual fixing requires drawing a polygon around
the unwrapping errors in every interferogram and adding or subtracting an arbitrary
integer multiple of 2π until the phase sum around an interferometric loop equals to
zero. This can be a very time-consuming and labour intensive process. The strength
of our procedure is that the process is automated. However, as we show in Figure
3.4, our procedure cannot fix all unwrapping errors and so does require some manual
intervention in discarding (or correcting) particularly bad interferograms.

An important limitation using our technique is that it requires a redundant small
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baseline network in order to compute the phase sum around closed interferometric
loops. We cannot automatically detect unwrapping errors in individual isolated inter-
ferograms.

The aim of this method is to fix pixels that are unwrapped correctly. By adding
a high cost to amending the unwrapped values for these pixels, the hope is that the
next iteration of unwrapping will correctly unwrap the phase of nearby pixels. The
method does not address the cause of the unwrapping error, however, which in some
cases cannot be overcome simply by repeating the unwrapping process. Hence some
pixels remain badly unwrapped after any number of iterations.

Another limitation is that we inherently assume a “error-free” pixel, i.e. a pixel that
undergoes loop closure, is unwrapped correctly. There may be special circumstances
in which this may not be the case. Consider the simplest loop consisting of three
acquisitions A, B and C with interferograms AB and BC along the forward arc and
CA on the return arc. If a particular set of pixels in either one of the forward arc
interferograms (AB or BC ) has an unwrapping error and these exact same pixels have
the same magnitude error but with the opposite sign in interferogram CA then those
pixels will still undergo loop closure and be classed as “error-free” in our technique.

However, in reality most interferograms are a part of multiple interferometric loops.
And so if this error occurs in one loop and not the other our method can still detect it, i.e
interferogram BC is part of triangular loops ABC and BEC. Our unwrapping procedure
becomes more robust with greater network redundancy. However care should be taken
not to introduce interferograms with large perpendicular and/or temporal baselines as
they are likely to have unwrapping errors.

3.7.2 Interseismic slip rates

Our horizontal velocity field created by combining velocities from seven InSAR tracks,
in both ascending and descending geometries in a GNSS-fixed Eurasia reference frame
(Figure 3.7) confirms the right-lateral sense of motion expected from the North Anato-
lian Fault. Our simple elastic dislocation models fit the fault parallel velocities within
the 95% confidence range (Figure 3.8) with a statistically significant decrease in fault
slip rate from 30 mm/yr (25-34, 95% CI) in the east, through 28 mm/yr (23-33, 95%
CI) to 21 mm/yr (14-27, 95% CI). Our estimated locking depths of 13 km (6-20, 95%
CI), 13 km (5-22, 95% CI), 17 km (10-25, 95% CI) show no such pattern. Our statis-
tical test to discard the hypothesis of a constant slip rate assumes the the uncertainty
attributed to the data is correct. If the uncertainty were underestimated due to the
possibility that the apparent change in slip rates could result from other physical mech-
anisms such as other deformations or change in crust rheology, the level of confidence
could be overestimated (e.g. Duputel et al., 2014).

The positive trade-off between the fault slip and locking depths means that a de-
creasing fault slip can be compensated by a decreasing locking depth near the fault.
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Figure 3.11: Fault parallel velocities for each profile shown in Figure 3.8 with the velocities
in pale blue, pale red and pale green corresponding to profile A-A’, B-B’ and C-C’ respectively.
Our best fit (MAP solution) model is shown by the bold line through the velocities. It is clear
that there is a far field decrease in velocity from profile A-A’ to profile C-C’.

This would explain the large confidence intervals for these parameters and could ex-
plain the lateral variation in these parameters. However, if we assume the velocities in
the far field to the north are zero, as we would expect with velocities in a Eurasia-fixed
reference frame, then the far-field plate velocities (velocities to the far south on each
profile) do appear to be decreasing eastwards along the fault, from ∼30 mm/yr in pro-
file A-A’ to ∼20 mm/yr in profile C-C’ (Figure 3.11), implying that the lateral change
in these parameters are real variations along the fault. This pattern is also observed in
the GNSS velocities (Figure 3.8).

There is a relatively sharp change in fault-parallel velocity south of the NAF (Figure
3.7) that coincides with the B-B’ profile line. The feature does not correspond to a
track boundary (Figure 3.1). Figure 3.12 shows the fault parallel velocities projected
onto profile D-D’ that shows this gradient between 100 km and 140 km. It is clear
that the variation along the profile broadly matches the GNSS velocities, although the
gradient at 120 km is steeper in the InSAR than the GNSS. This might be due to local
atmospheric residuals in the InSAR velocities. The gradient does not correspond to
any topographic changes along the profile.

Ergintav et al. (2009) showed that the 1999 earthquakes resulted in postseismic
deformation as far as Ankara, which is less than 100 km south of the NAF in this
region. Therefore, the faster velocities to the west of the study region could be due to
postseismic deformation from the 1999 earthquakes with the sharp gradient representing
the eastern limit of postseismic deformation.

The largest recent earthquakes on the central portion of the NAF in recent times
were the 1943 Tosya (Mw 7.7), the 1944 Bolu-Gerede (Mw 7.5) and the 1951 Kursunlu
(Mw 6.9) earthquakes (Figure 3.13). Our fastest slip rate of 30 mm/yr corresponds
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to the peak coseismic slip region of the 1944 earthquake while the central profile with
28 mm/yr corresponds to the 1951 earthquake slip, and the easternmost profile with
the slowest slip rate of 21 mm/yr covers the 1943 earthquake rupture. In the case of
the two largest earthquakes the coseismic surface slip decreases to the east. Previous
studies have shown that overall coseismic slip decrease is indicative of off-fault strain
dissipation (e.g. Manighetti et al., 2005). If this pattern of off-fault strain dissipation
also occurs during the interseismic period then our model, which assumes all the slip
occurs on the fault, would overestimate the slip rate on the fault. However, it remains
unclear if distributed off-fault fault deformation occurs during the interseismic period.
A dense network of long-term continuous GNSS measurements around the fault would
help determine if this is an important mechanism of long term strain dissipation.

The change in slip rate along the fault could also arise from east-west extension
within Anatolia. Earthquake moment tensors show significant number of earthquakes
within Anatolia (Figure 3.7b), several with normal faulting mechanisms, implying that
there is ongoing internal deformation within Anatolia. Aktuğ et al. (2013) also found
significant ongoing deformation within Anatolia from detailed analysis of GNSS veloc-
ities in central Anatolia, which were more consistent with east-west elastic elongation
rather than a rigid-body rotation (Reilinger et al., 1997, McClusky et al., 2000) or
simple transport (Reilinger et al., 2006).

The average fault slip rate across the central NAF from our three profiles is 26
mm/yr, which is similar to the slip rate determined using GNSS alone for the region
(e.g. Reilinger et al., 2006, Nocquet , 2012).

3.7.3 Fault creep

Our estimates of fault creep rate by direct offset measurements of LOS velocity across
the fault reveal that a ∼130 km portion of the central NAF is undergoing aseismic
creep that reaches the ground surface.
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Figure 3.13: Fault slip rate estimates from our elastic dislocation models (Figure 3.8) and
aseismic creep rate (Figure 3.10) shown against coseismic surfce slip distribution (after Stein
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Over the InSAR time interval, the fault creep rate has a maximum of 14±2 mm/yr
around 30 km east of Ismetpasa, which is slightly slower than the value determined by
Cetin et al. (2014), who found the maximum creep to be 20 ± 2 mm/yr at the same
location. This discrepancy can be explained by the fact that they used LOS velocities
from a single look direction (descending). Using our descending velocities alone, which
is the same dataset used by Cetin et al. (2014), we estimate a similar maximum fault
creep rate of 21± 2 mm/yr.

This study is a confirmation that where available, both ascending and descending
information can be used to estimate accurate and unbiased values of creep or other
surface deformation that is not contaminated by vertical motions

Our average creep rate for the entire portion of the creeping sections is 8±2 mm/yr.
This is similar to our MAP solution from our elastic model for profile B-B’ (10 mm/yr).
Our estimate for the average fault creep rate is similar to recent estimates by Karabacak
et al. (2011), Ozener et al. (2013), Kaneko et al. (2013) and Cetin et al. (2014) who
estimate average creep rates of 6-9 mm/yr, 7.6± 1, 9 mm/yr and 8± 2 mm/yr respec-
tively. Our MAP solution for the depth extent of aseismic fault creep (9 km) is deeper
than the 5 km estimated by Cetin et al. (2014) and 4 km estimated by Rousset et al.
(2016). However, our 95% confidence bound on this parameter is large (1-20 km). It is
possible that we are biased towards deeper depths because we resample our velocities to
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a 1km by 1km grid, which could be insensitive to very shallow creep depths. However,
Hussain et al. (2016) showed that changing the creep depths over a large range (4 km
to 12 km) only results in a small difference in the shape of the profile close to the fault,
which is below the estimated uncertainty in the fault parallel velocities. Therefore, it
is more likely that the large confidence bound on the creep depth extent is due to the
noise in the data.

The average creep rate is about a third of the average fault slip rate (26 mm/yr)
for this portion of the NAF implying that strain is still accumulating along the fault.
Shallow aseismic creep reduces the rate of interseismic strain accumulation by 30-40%
compared to if the fault was fully locked. Assuming a uniform steady-state creep rate
of 8± 2 mm/yr down to 6± 3 km depth (average of Cetin et al. (2014), Rousset et al.
(2016) and our MAP solution) along the entire 130 km creeping segment of the fault
and 26 mm/yr (21-32, 95% CI) down to a locking depth of 14 (7-22, 95% CI) km,
in 200 years (approximate earthquake repeat time (Stein et al., 1997)) the creeping
segment of the fault will have accumulated strain equivalent to an earthquake with
moment magnitude between 7.4 and 8. This large range is mostly due to the large
confidence range for our model parameters. Using the average MAP solution from the
three profiles gives a strain deficit equivalent to a moment magnitude 7.7 earthquake
in a 200 year period.

3.8 Conclusion

We have presented a new iterative unwrapping technique for small baseline InSAR
processing that can be used to iteratively identify and mitigate unwrapping errors,
therefore increasing the number of correctly unwrapped pixels in the small baseline
network and improving the InSAR coverage compared to methods where unwrapping
errors are rejected or masked. We have used this technique to process Envisat SAR
data from 7 tracks in both ascending and descending geometries spanning the time
window between 2003 and 2010. The footprint of our tracks cover the entire central
portion of the North Anatolian Fault in both viewing geometries. We combine the
InSAR LOS velocities with published GNSS to create a horizontal velocity field for
the region (assuming negligible vertical motions). Profiles through the fault parallel
velocities reveal an eastward decreasing fault slip rate (30 mm/yr, 28 mm/yr and 21
mm/yr) with no such pattern in the locking depths (13 km, 13 km, 17 km). Direct
offset measurements of LOS velocity across the fault reveal that a ∼130 km portion of
the central NAF is undergoing aseismic fault creep that reaches the ground surface at
an average rate of 8 ± 2 mm/yr. The maximum creep rate of 14 ± 2 mm/yr is slower
than previous estimates, which were biased by using data from only a single satellite
look direction. We conclude that shallow aseismic creep on the central section of the
NAF reduces the rate of interseismic strain accumulation by 30-40% compared to if
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it was fully locked. Nevertheless, the fault is still accumulating strain and remains
capable of producing a large earthquake in the future.

Appendix: Automatic selection of interferometric loops

In this study we created an algorithm that automatically selects and computes the
phase sum around closed interferometric loops. This method is based on the methods
developed by Biggs et al. (2007) andWang et al. (2009). For simplicity, we assume
interferograms are always generated as the difference of the earlier and later SAR
acquisitions. Given a small baseline network of such interferograms our algorithm has
4 main steps:

1. For each acquisition date t1, determine all other acquisitions it connects to. To
avoid duplication we only consider acquisitions forward in time, i.e. t2, t3, t4, . . .
where ti > t1

2. Determine all possible triangles that can be made involving t1, using the connect-
ing interferograms and ensuring the nodes remain in chronological order. E.g.
the triangle T123 consists of the interferograms φ1,2, φ2,3, and φ1,3

3. The first two interferograms (φ1,2 and φ2,3) are classed as being on the “forward
path” of the interferometric loop, while the last interferogram is on the “return
path”. Therefore the phase sum around the loop for a correctly unwrapped pixel
is: φ1,2 + φ2,3 - φ1,3 = ε, where |ε| < 1

4. Progress through all nodes within the small baseline network in this manner
attempting to connect all interferograms with triangular loops. If any interfero-
grams remain at the end we use Dijkstra’s algorithm (Dijkstra, 1959) to determine
the shortest interferometric path through the network that connects the two nodes
of the remaining interferogram.
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and H. Özener (2002), Interseismic strain accumulation in the Marmara Sea region,
Bulletin of the Seismological Society of America, 92 (1), 216–229. 3.1, 3.5

Barka, A. (1992), The north Anatolian fault zone, in Annales tectonicae, vol. 6, pp.
164–195. 3.1

Barka, A. (1996), Slip distribution along the North Anatolian Fault associated with
the large earthquakes of the period 1939 to 1967, The Bulletin of the Seismological
Society of America, 86, 1238–1254. 3.1

Barka, A. A., and P. L. Hancock (1984), Neotectonic deformation patterns in the
convex-northwards arc of the North Anatolian fault zone, Geological Society, London,
Special Publications, 17 (1), 763–774. 3.1

Bekaert, D., R. Walters, T. Wright, A. Hooper, and D. Parker (2015c), Statistical
comparison of InSAR tropospheric correction techniques, Remote Sensing of Envi-
ronment, 170, 40–47, doi:10.1002/2014JB011557. 3.2

Bekaert, D. P. S., A. Hooper, and T. J. Wright (2015a), A spatially variable power-law
tropospheric correction technique for InSAR data, Journal of Geophysical Research
(Solid Earth), 120, 1345–1356, doi:10.1002/2014JB011558. 3.2

Biggs, J., T. Wright, Z. Lu, and B. Parsons (2007), Multi-interferogram method for
measuring interseismic deformation: Denali Fault, Alaska, Geophysical Journal In-
ternational, 170 (3), 1165–1179, doi:10.1111/j.1365-246X.2007.03415.x. 3.3.1, 3.8

Cakir, Z., A. M. Akoglu, S. Belabbes, S. Ergintav, and M. Meghraoui (2005), Creeping
along the ismetpasa section of the North Anatolian fault (Western Turkey): Rate
and extent from InSAR, Earth and Planetary Science Letters, 238 (1), 225–234. 3.1,
3.6
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Kozacı, Ö., J. F. Dolan, and R. C. Finkel (2009), A late Holocene slip rate for the central
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112 Chapter 4: Time-invariant strain accumulation and a strong lower crust

Abstract

Earthquakes are caused by the release of tectonic strain accumulated in the interseismic
period. Recent advances in satellite geodesy mean we can now measure this interseis-
mic strain accumulation with sufficient accuracy such that strain data can be useful
for seismic hazard assessment. However, it remains unclear whether these short-term
(decadal) geodetic observations can be useful when assessing the seismic hazard of faults
that accumulate strain over centuries to millenia. Here we show that interseismic strain
around a major continental transform fault reaches a near-steady state within a few
years after major earthquakes. We use InSAR observations acquired by Envisat be-
tween 2002 and 2010 to measure the rates of tectonic strain accumulation along the
entire North Anatolian Fault, where the time period since the last earthquake varies
from ∼7 years to ∼70 years. When combined with GNSS observations collected prior
to two major earthquakes in 1999, we show that the shear strain rate is independent of
the time since the last earthquake. Short-term geodetic strain observations can there-
fore usefully contribute to seismic hazard assessment. Geodetic observations for an
entire earthquake cycle can only be explained if a weak shear zone is embedded within
a strong lower crust with viscosity ≥∼1020 Pas.

4.1 Introduction

Early viscoelastic models of earthquake cycle deformation, based on sparse geodetic
observations around the San Andreas Fault suggest that strain rate varies as a function
of time throughout the earthquake cycle (Savage and Prescott , 1978, Thatcher , 1983,
Savage, 2000). The models predict a decreasing shear strain on the fault and a widening
deformation zone with time (e.g. Wright et al., 2013). If this is true then short-term
geodetic estimates of strain accumulation rate will not represent the long-term strain
rate; using observations from early in the cycle will overestimate the long-term strain
(and the seismic hazard) and those from late in the cycle will underestimate the strain
rate.

Earthquake recurrence rate has been shown to closely follow the strain rate on a
fault (e.g. Bird et al., 2010, Bird and Kreemer , 2015), therefore accurate estimates of
the long-term strain rates are critical for seismic hazard assessment and probabilistic
forecasting.

However, the long inter-event time in many large fault zones, typically hundreds
to thousands of years, means we do not have deformation observations with modern
instruments spanning a complete earthquake cycle for any single location (Meade et al.,
2013). Here, we instead use observations of surface deformation from different portions
of a single fault at different stages of the cycle, the North Anatolian Fault (NAF) in
Turkey. In the last 80 years the NAF has failed in 10 large earthquakes (Mw>6.5) that
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Table 4.1: Data coverage for each Envisat track used in this study.
Track Geometry Time span No. of Ifgs Ifgs ERA-I

images created used improvementa, %
64 Descending 20040103 - 20100327 21 61 27 13
293 Descending 20040119 - 20101004 20 46 28 3
21 Descending 20021106 - 20090930 25 76 35 8
250 Descending 20031212 - 20100723 38 115 59 1
479 Descending 20031228 - 20100704 30 90 50 12
207 Descending 20040113 - 20100928 40 88 53 10
436 Descending 20030703 - 20100318 36 96 65 2
164 Descending 20031206 - 20100717 44 104 75 1
393 Descending 20031013 - 20100104 29 70 59 -6
350 Descending 20030207 - 20100730 34 79 41 4
429 Ascending 20021204 - 20090819 21 63 29 4
157 Ascending 20030404 - 20080328 19 44 26 7
386 Ascending 20040229 - 20080727 12 29 17 -2
343 Ascending 20040610 - 20100415 14 27 20 6
71 Ascending 20040103 - 20090829 19 48 29 16
28 Ascending 20040728 - 20100707 14 30 21 10
128 Ascending 20041013 - 20100609 12 25 17 -3
a The percentage noise reduction for each track after the ERA-I weather model cor-
rection for tropospheric noise. We remove a ramp from each interferogram before
computing the standard deviation.

have ruptured over 1000 km of the fault with an average slip of ∼2–4 m (Barka, 1996,
Stein et al., 1997, Parsons et al., 2000).

We present the first high-resolution observations of surface deformation for the
entire continental expression of the NAF (∼1000 km) made using InSAR analysis of
data spanning 2002 to 2010. Using these data and GNSS observations collected before
the 1999 earthquakes, i.e. 245 years late in the cycle, and assuming the entire fault
behaves in a similar way, gives us geodetic observations spanning a full ∼250 year
earthquake cycle on the NAF. We show that strain accumulation reaches near steady
state within ∼10 years of an earthquake and discuss the implications for seismic hazard
assessment and the rheology of the continental lithosphere.

4.2 Surface deformation from InSAR

We mapped the surface deformation along the entire North Anatolian Fault with In-
SAR, using satellite radar data from the European Space Agency’s Envisat mission.
Our dataset consists of a total of 608 Synthetic Aperture Radar (SAR) images from 14
descending and 9 ascending satellite tracks that span the time interval between 2002
and 2010 (Figure 4.1a-b). Details of the data processing for each track are given in
Table 4.1 and the Methods section.
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Ascending and descending data are complete for the entire fault except for a gap in
ascending data between about 35◦E and 37◦E (Figure 4.1b), where too few acquisitions
were made in the ascending mode.

We transform all estimated LOS velocities to a Eurasia-fixed GNSS reference frame
by firstly resampling our InSAR LOS velocities onto a 1 km by 1 km regular grid. For
each track, we then determine the best-fit plane between the GNSS velocities projected
into the LOS and the InSAR velocities within 1km of each GNSS site, and remove this
from the InSAR rate maps.

To estimate the uncertainties in the data we calculate the RMS misfit in horizontal
velocities in the overlapping areas between neighbouring tracks (Figure D3), using the
average incidence angle ∼23◦ and assuming negligible vertical motion. The residuals
between neighbouring tracks are approximately Gaussian with mean values close to
zero. The average RMS misfits between these independent estimates of horizontal
velocities are 4.1 mm/yr for descending tracks and 5.5 mm/yr for ascending tracks,
giving empirical uncertainties of ∼3 and ∼4 mm/yr respectively fr the individual tracks.

For pixels with both ascending and descending LOS velocities, we invert for the
east-west and vertical components of motion using the smooth, interpolated north
component of the GNSS velocities (Figure D4) to constrain the north-south component
in the inversion (e.g. Hussain et al., 2016 in revision). While most of our region of
interest is covered by both ascending and descending data (blue polygons in Figure
4.1c), some areas have only ascending or descending data. For these locations we also
assume no vertical motion, allowing us to still invert for the east-west component of
motion.

Our resulting velocity field is shown in Figure 4.1c. The east-west velocities clearly
show strain accumulation along the entire NAF with the expected right-lateral sense
of motion. There is no systematic pattern in vertical velocities across the fault (Figure
D5)

4.3 Variation in strain accumulation along the NAF

To investigate the spatial variation in strain accumulation we plot profiles of fault
parallel velocity at regular locations along the fault (every ∼50 km) and use simple
dislocation models to estimate fault slip rate and locking depth. We use a screw dis-
location model (Savage and Burford , 1973) for most of the fault (with a rotation term
as in Hussain et al. (2016 in revision)). For sections with shallow fault creep (identi-
fied by Hussain et al. (2016) and Cetin et al. (2014)), we also solve for creep rate and
maximum creep depth (see Methods for details).

The results (Figures 4.2, 4.3 and D8) show the variation in slip rate and locking
depth along the NAF. There is no clear spatial correlation in slip rate or locking depth
with the location of previous large ruptures along the NAF. We see a general pattern
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Figure 4.1: The line-of-sight (LOS) velocities for the descending (a) and ascending (b) tracks
used in this study. The maroon vectors are published GNSS velocities from the Global Strain
Rate Model (Kreemer et al., 2014). (c) The east-west component of motion decomposed from
the LOS measurements and the interpolated GNSS north velocities, see text for details. The
polygons indicate regions with both ascending and descending data. The pale regions outside
the polygons are covered by only ascending or descending data.
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Figure 4.2: A selection of profiles used to estimate the fault slip rate and locking depth (red
points in Figure 4.3). All 22 profiles are shown in Figure D8 in the supplementary material. The
red points are the fault parallel InSAR velocities projected from within 25 km perpendicular
distance onto each profile. The blue points are the fault parallel component of the GNSS
velocities. The black dashed line is our maximum a posteriori probability (MAP) solution with
the grey shaded area representing the 95% confidence interval.

of westward increasing slip rates from an average 22± 3 mm/yr on the eastern section
of the NAF to 30 ± 3 mm/yr in the west (Figure 4.3b). Our maximum a posteriori
probability (MAP) solutions for the locking depth show no clear variation along strike.
Although slip rate and locking depth estimates covary (e.g. Wang et al., 2009), the slip
rates are not greatly affected by locking depth (Figure D6). Our profiles show that
surface strain is localised with about 90% of the interseismic deformation occurring in
a roughly 70 km wide region centred on the fault.

If we assume no internal deformation within central Turkey then the projection of far
field GNSS velocities onto the fault gives the estimated slip rate from GNSS alone with
no required prior assumption on the deformation model. These velocities are indicated
by the purple lines in Figure 4.3b for five broad profiles (∼150 km wide, Figure D7),
which show good agreement with the MAP slip rates from the joint inversion.

We use our estimates of the slip rate and locking depth for each of our profiles to
estimate the shear strain rate along the fault caused by motion below the locked seis-
mogenic crust, ensuring we propagate the full covariance information. Our estimates
of the strain rate (Figure 4.3d) show no clear spatial correlation with any previous rup-
tures, with the strain rates consistent with a near constant value of ∼0.5 microstrain/yr
along the fault. Interseismic strain rate therefore appears to be independent of time
since the last earthquake for most of the earthquake cycle.
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The surface coseismic slip distributions of major earthquakes (Mw>6.5) along the NAF since
1939 (Stein et al., 1997, Barka et al., 2002, Akyuz , 2002).
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4.4 Discussion and Conclusions

Viscoelastic-coupling models of the earthquake cycle, with repeating earthquakes in an
elastic layer overlying a viscoelastic half space, predict a decreasing shear strain with
time after an earthquake (Savage and Prescott , 1978, Thatcher , 1983, Savage, 1990).

The key parameter that controls the temporal behaviour of these models is τ0:
the ratio of Maxwell relaxation time (2η/µ) to inter-event time (T ), where η is the
viscosity of the lower crust and µ is the shear modulus. Models with τ0 � 1, i.e.
Maxwell relaxation time � inter-event time, predict a rapidly decreasing strain rate
with time, while models with τ0 & 1 predict a constant strain rate with time (Figure
4.4).

We compare our observations with predictions of the strain rate variation with time
for different lower crustal viscosities using the viscoelastic-coupling model for the NAF
using T =∼250 years (Stein et al., 1997) and µ = 3 × 1010 Pa (Figure 4.4). τ0 values
of 0.01, 0.1, 1 and 10 correspond to lower crustal viscosities of ∼1018 Pas, ∼1019 Pas,
∼1020 Pas and ∼1021 Pas respectively.

We also calculate the evolution of postseismic strain rates from GNSS observations
following the 1999 Izmit earthquake (Ergintav et al., 2009). These show velocities that
decay according to a 1/(t + c) law with strain rates small after ∼7-10 years (Figure
4.4).

After the initial postseismic period, the shear strain rates do not vary with time for
the North Anatolian Fault. Viscoelastic coupling models with low τ0 cannot explain
time-invariance for most of the earthquake cycle. A time-invariant strain accumulation
requires a strong substrate with a viscosity ≥1020 Pas.

No value of τ0 can explain the observed evolution of postseismic strain that dom-
inates the geodetic signals for the first few years following a large earthquake. The
observations fit a model in which velocities are proportional to 1/(t+ c), analogous to
a modified Omori law that governs aftershock decay (Omori , 1894). This is consistent
with either rate-and-state friction controlled afterslip on a deep portion of the fault or
viscoelastic relaxation of a power-law shear zone with a large stress exponent (Montési ,
2004).

Earlier geodetic investigations of the slip rate on the NAF treated the fault as ro-
tating along a great circle about an Euler pole located in the Nile delta (e.g. Reilinger
et al., 1997, McClusky et al., 2000). This method assumes all the relative motion be-
tween Eurasia and Anatolia is taken up on the fault, meaning that there is no internal
deformation within Anatolia. However Aktuğ et al. (2013) showed that there is signif-
icant deformation within central Anatolia. They computed linear gradients of 0.7–1.3
mm per 100 km along great circle paths about the Euler pole, which is mechanically
inconsistent with the assumptions of coherent transport or rigid body rotation. For the
NAF this linear gradient predicts a change in velocity of 6.3-11.7 mm/yr between the
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eastern and western most sections of the fault. Our estimates show an increase in fault
slip rate of 6 ± 3 mm/yr from an average 22 ± 3 mm/yr in the east to 28 ± 3 mm/yr
in the west (corrected for postseismic velocities, Figure 4.4b), which is consistent with
the prediction of Aktuğ et al. (2013) and implies east-west extension within Anatolia.

Our results imply that short term snapshots of the present-day strain accumulation
(as long as it is after the postseismic period) are representative of the entire earthquake
cycle, and therefore geodetic estimates of the strain rate can be used to estimate the
total strain accumulation since the last earthquake on a fault, and be used as a proxy
for the seismic hazard (Bird et al., 2010, Bird and Kreemer , 2015).

Previous studies have used the depth distribution of earthquakes in the continents
to suggest that the strength of the lithosphere resides in the upper crust (e.g. Maggi
et al., 2000, Jackson et al., 2008). However, our analysis of the strain rate shows that
the lower crust away from the fault zone is also strong, implying that seismogenic
thickness is not a useful indicator for crustal strength. A time-invariant strain rate for
most of the seismic cycle can only be explained if a weak shear zone is embedded within
a strong lower crust.
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4.5 Methods

InSAR data processing

We focus the Envisat SAR images using ROI PAC (Rosen et al., 2004) and use the
DORIS software (Kampes et al., 2003) to construct interferograms that minimise the
temporal and perpendicular baselines while producing a redundant network for each
track (Figures D1 and D2). We correct for topographic contributions to the radar
phase using a 90 m SRTM Digital Elevation Model (Farr et al., 2007) and account
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for the oscillator drift for Envisat according to Marinkovic and Larsen (2013). We
unwrap the interferograms using an iterative unwrapping procedure for small baseline
InSAR measurements described by Hussain et al. (2016 in revision). We correct each
interferogram for an estimate of the tropospheric noise using auxiliary data from the
ERA-Interim global atmospheric model reanalysis product (Dee et al., 2011, Bekaert
et al., 2015c). On average the ERA-I correction reduces the standard deviation of our
tracks by about 5% (Table 4.1). We use the StaMPS (Stanford Method for Persistent
Scatterers) small baseline time series technique (Hooper , 2008, Hooper et al., 2012) to
remove incoherent pixels and reduce the noise contribution to the deformation signal,
and calculate the average line-of-sight (LOS) velocity for each track. We present 1-
sigma uncertainties on the final velocities for each pixel, calculated using bootstrap
resampling (Efron and Tibshirani , 1986).

Our InSAR dataset includes 6 tracks published by Walters et al. (2014) (descending
tracks 78, 307, 35 and 493, and ascending tracks 171 and 400), which cover the eastern
section of the NAF (Figure 4.1). The interferograms for these tracks were created using
ROI PAC, with the InSAR corrections applied as discussed above, and the velocity
maps formed using the π-RATE software package (Wang and Wright , 2012). The main
difference between π-RATE and StaMPS is related to the selection of the pixels, while
the mathematical expression for the rate-computation does not change. See Walters
et al. (2014) for more details on the processing of these tracks.

Modelling profiles

We use the method described by Hussain et al. (2016 in revision) to fit a simple 1-D
elastic dislocation model to the fault parallel velocities (vpar), using a simple screw
dislocation model (Equation 4.1) for most of the fault to solve for slip rate (S) and
locking depth (d1). For creeping sections we also solve for the creep rate (C) and creep
depth (d2) (Equation 4.2).

vpar(x) =
S

π
arctan

(
x

d1

)
+ xθrot + a, (4.1)

vpar(x) =
S

π
arctan

(
x

d1

)
+ C

[
1
π

arctan
(
x

d2

)
−H(x)

]
+ xθrot + a, (4.2)

where a is a static offset, H(x) is the Heaviside function and θrot corrects for the
proximity of the profile points to the pole of rotation of Anatolia in a Eurasia-fixed
reference frame. θrot is calculated using the linear trend through the far-field GNSS
velocities on 5 broad profiles (Figure D7), and assuming the pole of rotation is fixed.
The values used and the longitude extent to which they apply are given in Table 4.2.

We find the best-fit values for each model parameter using a Markov Chain Monte
Carlo (MCMC) Bayesian sampler (Goodman and Weare, 2010, Hussain et al., 2016).
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Table 4.2: θrot values used for the rotation correction.
Profile IDa Lon. extent (◦E) θrot (mm/yr/km)

a 29 - 31.25 0.0255
b 31.25 - 33.5 0.0307
c 33.5 - 35.5 0.0138
d 35.5 - 38 0.0213
e 38 - 40 0.0308

a GNSS profiles shown in Figures 4.3b and D7.

The MCMC sampler explores the parameter space constrained by: −60 < S (mm/yr)
< 0, 0 < d1 (km), < 60, −30 < C (km), < 0, 0 < d2 (km), < 40, −40 < a (mm/yr)
< 40, assuming a uniform prior probability distribution over each range. For creeping
profiles an important constraint we impose is that the maximum creep depth cannot
be greater than the locking depth, i.e. d2 ≤ d1. Our MCMC model runs over 300,000
iterations and produces 48,000 samples of the posterior distribution from which we
estimate both the maximum a posteriori probability (MAP) solution and marginalised
probability distributions for each parameter.
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Chapter 5

Discussion and Conclusions

In this chapter I summarise the main findings of this thesis from Chapters 2-4, and
discuss future opportunities and pathways for using InSAR to probe deeper into the
earthquake cycle.

5.1 Summary of results and implications

5.1.1 Chapter 2

In Chapter 2 I used data from 5 Envisat tracks to investigate the spatial pattern and
temporal behaviour of aseismic creep on the Izmit section of the North Anatolian Fault
(NAF). Cakir et al. (2012) showed that this part of the fault was not creeping before
the 1999 Izmit earthquake (Mw 7.4), and concluded that fault creep was initiated as
a postseismic response to the earthquake. My InSAR dataset covers the time period
between 2003 and 2010 and shows fault creep to be localised on a ∼80 km section of
the Izmit rupture. Over the InSAR time interval, the time-averaged fault creep rate
has a maximum value of 11 ± 2 mm/yr near the city of Izmit. My estimate is slower
than the 27 mm/yr estimated by Cakir et al. (2012). This discrepancy arises mainly
due to a bias from their use of satellite data from only a single look direction, which is
unable to correct for contamination from vertical motions onto the line-of-sight (LOS).

I showed that fault creep has a steady-state rate of 5 mm/yr down to a maximum
depth of 8 km. Therefore, in terms of the moment budget and seismic hazard, the
effect of the shallow, aseismic slip in the past decade is small compared to that from
plate loading.

Using a rate-and-state friction model to project my displacement time series 200
years later into the earthquake cycle shows that the cumulative shallow slip is insuf-
ficient to account for the 2-3 m shallow coseismic slip deficit observed in the Izmit
earthquake. Therfore, distributed inelastic deformation in the uppermost few kilo-
meters of the crust or slip transients during the interseismic period are likely to be
important mechanisms for generating the shallow slip deficit.
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InSAR LOS measurements are most sensitive to motion in the vertical direction -
the average vertical component of the look vector is ∼0.9 compared to ∼0.4 for the east
component and ∼0.1 for the north component. Therefore, even small motions in the
vertical direction will strongly bias estimates of horizontal velocity if using information
from only a single look direction. For more robust analysis of horizontal surface de-
formation it is critical to have InSAR measurements in both ascending and descending
geometries, which can be used to decompose the velocities into horizontal and vertical
components of motion (either by assuming negligible north-south or fixing this with
GNSS velocities).

5.1.2 Chapter 3

One of the key limiting steps for robust InSAR analysis is the phase unwrapping pro-
cedure. In Chapter 3 I developed a new phase unwrapping procedure for small baseline
InSAR measurements. This method iteratively checks for pixels unwrapped correctly
in a previous iteration and applies a high cost to unwrapping across these pixels in the
next iteration. In this way the unwrapping algorithm uses the correctly unwrapped
pixels as a guide to fix unwrapping errors in subsequent iterations.

I applied this technique to data from 7 Envisat tracks across the central section
of North Anatolian Fault, a region of GNSS scarcity. Using information from both
ascending and descending LOS velocities I showed that a ∼130 km section of the NAF
in this region is undergoing aseismic creep, consistent with previous studies (Cetin et al.,
2014). However, I found a slight slower maximum creep rate of 14±2 mm/yr compared
to 20±2 mm/yr estimated by Cetin et al. (2014). I showed that this discrepancy arises
due to the bias from using data from a single satellite geometry; again highlighting
the importance of using both ascending and descending information when investigated
horizontal velocities.

By fitting a simple elastic dislocation model to three profiles along the fault I showed
that there is an eastward decrease in fault slip rate, from 30 mm/yr (25-34, 95% CI) in
the west to 21 mm/yr (14-27, 95% CI) in the eastern portion of the study area. This
corresponds to a change of 11± 3 mm/yr in fault slip rate over a distance of ∼200 km.
There is no such pattern in the locking depth.

The observed change in slip rate could be a result of postseismic deformation from
either the 1943 (Mw 7.7) and 1944 (Mw 7.5) earthquakes, or the 1999 Izmit (Mw
7.4) and Düzce (Mw 7.2) earthquakes. Ergintav et al. (2009) showed that the 1999
earthquakes resulted in postseismic deformation as far as Ankara, which is less than
100 km south of this region. Therefore, the rapid change in fault slip rate is probably
due to postseismic deformation from the 1999 earthquakes, although we cannot rule
out any long-term influence from the 1943 and 1944 earthquakes.
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Figure 5.1: A map of seismic activity in Turkey since 1970. Earthquakes shown are all events
greater than Mw 4.5. Data from the Global Centroid Moment Catalogue (GCMT).

5.1.3 Chapter 4

In Chapter 4 I combined InSAR data from 23 Envisat tracks (data from 2002 to 2010)
with published GNSS velocities to produce a horizontal velocity field for the entire
continental expression of the NAF (∼1000 km). Profiles through fault parallel veloci-
ties revealed that interseismic strain is localised on the fault with 90% of the surface
deformation occurring within a ∼70 km region centered on the fault. This is consistent
with slip on a single deep fault plane along the entire NAF (Wright et al., 2001a, Cakir
et al., 2014), although a shear zone narrower than about 70 km cannot be discounted.

I showed that the locking depth does not vary significantly along the fault with
an average value of 16 ± 4 km, and since each segment of the NAF is at a different
stage of the earthquake cycle, the locking depth is invariant with respect to the time
since the last earthquake. This observation is inconsistent with many earthquake cycle
models (e.g. Savage and Prescott , 1978, Thatcher , 1983, Savage, 2000), which predict
a increasingly wider zone of deformation around the fault with time. This translates
to a deeper locking depth with time, which we do not see for the North Anatolian
Fault. The implication of this is that strain accumulation reaches a steady-state fairly
rapidly after an earthquake (<7 years) after which strain is localised on a narrow shear
zone centred on the fault that does not vary with time. A time-invariant strain rate is
consistent with a strong lower crust in the region away from the fault with a viscosity
≥ 1020 Pas.

I also showed that there is an westward increasing fault slip rate from an average
22± 3 mm/yr in the east, to 28± 3 mm/yr on the western section of the NAF. These
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observations are inconsistent with simple block-like motion of Anatolia away from the
Arabia-Eurasia collision zone (Reilinger et al., 1997, McClusky et al., 2000), which
predicts a constant slip rate for motion along a great circle about the Euler rotation
pole. My observations are more consistent with Aktuğ et al. (2013), who showed that
there is significant internal east-west deformation within Anatolia. However, this study
is the first to translate this into changes in slip rate on the NAF itself.

This has important implications for seismic hazard in central Turkey. Figure 5.1
is a map of the seismicity in Turkey since 1970. It shows that most earthquakes are
clustered around the North and East Anatolian Fault and southwest Turkey, a region
of active extension. However, there are a numerous faults within central Turkey, with
a few that have produced earthquakes in the past few decades. An important future
piece of work would be to investigate the strain accumulation on these individual faults.
This will be very challenging as the strain rates on these faults are expected to be very
small and thus, surface displacement rates small compared to the NAF.

5.2 Locking depth and slip rate variation with time

In this thesis I have measured interseismic strain (slip rate and locking depth) across
the North Anatolian Fault. These measurements add to a growing catalogue of similar
geodetic studies on other large strike-slip faults since the first interseismic study by
(Wright et al., 2001a).

Viscoelastic models of earthquake cycle deformation on strike-slip faults predict
interseismic shear strain at the Earth’s surface close to the fault to decrease with time
after an earthquake (Savage and Prescott , 1978, Savage, 1990, 2000). At the same time
surface strain gradually broadens with time (Thatcher , 1983). In the case of the screw
dislocation model (Savage and Burford , 1973), this will give an apparent increase in
locking depth or a decrease in slip rate with time.

In Chapter 4 I showed that this does not appear to be the case for the North Antolian
Fault. In order to extend this test to a global dataset, I collected all published geodetic
estimates of fault slip rate and locking depth along major strike-slip faults, and the
time since the last large (Mw >6) earthquake (Table E.1).

Figure 5.2 shows the variation in locking and depth and slip rate with time. Most
estimates of the locking depth are between 8–21 km (grey region in Figure 5.2a), and
there is no clear variation with time. Therefore, my conclusions from Chapter 4 appear
to be consistent for a global dataset, implying that in general the lower crust in the
regions away from the fault zone is strong.

It is also clear that there is no obvious temporal pattern in fault slip rate, with
most measurements randomly scattered through time. This is consistent with the
observations of Meade et al. (2013), who showed that there is a good agreement between
long-term geological slip rates and short term geodetic slip rates on 15 continental
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Figure 5.2: (a) The variation in locking depth and slip rate (b) with time. Blue and black
circles are results from this study and red points are published estimates. Points with no error
bars indicate estimates that were fixed in the original inversion. See Table E.1 for details of the
data.
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strike-slip faults, implying that fault slip rates do not appear to change much during
the interseismic period.

5.3 Detecting fault creep

The last decade has seen a trend towards closer investigations of near fault deformation
and has resulted in numerous publications of fault creep with a growing focus on its role
in releasing interseismic strain during the earthquake cycle (e.g. Schmidt et al., 2005,
Jolivet et al., 2012, Cetin et al., 2014, Hussain et al., 2016). In this thesis I have shown
that fault creep is an important deformation mechanism along the NAF, and we are able
to detect small displacement rates using a long time series of InSAR measurements.
I believe that careful investigations of other large faults, particularly those less well
studied in Tibet, will reveal more faults exhibiting creeping behaviour. The ultimate
aim is to produce a robust mechanism to detect either transient or long-term fault
creep. There are four possible ways to do this:

1. Use high temporal resolution InSAR measurements

2. Correct for long wavelength signals, assuming fault creep produces a short wave-
length deformation signal

3. Use a Network Inversion Filter to detect deviations from steady-state

4. Exploit measurements from other instruments

I elaborate on these suggestions below.

5.3.1 Use high temporal resolution InSAR measurements

In this study I have used data from the Envisat satellite mission, which gives a SAR
measurement of the same section of ground every 70 days on average. I have shown
that this is sufficient to detect long term aseismic creep on the NAF. However, I am
not able to detect transient slip episodes with a duration less than the satellite repeat
time.

Recently, Rousset et al. (2016) used data from the COSMO-SkyMed constellation,
which produces a SAR image every 1-16 days, to detect a transient creep episode
at the Ismetpasa section of the NAF between 2013 and 2014 (Figure 5.3). Using
this temporally dense dataset they were able to identify a major burst of aseismic
slip spanning 31 days with a maximum slip of 2 cm. Events such as these would be
impossible to detect with Envisat data.

The new Sentinel-1 satellite constellation (discussed in Section 5.5), when fully
operational, will provide a SAR image every 6-12 days for most of the tectonically
active regions around the world. I believe that with careful timeseries analysis of the
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Figure 5.3: Transient slip on the Ismetpasa section of the NAF measured with InSAR analysis
of high temporal resolution COSMO-SkyMed data. Image from Rousset et al. (2016).

temporally dense data from Sentinel-1, it would be possible to detect transient creep
events like the one observed at Ismetpasa on most creeping faults around the world.

5.3.2 Correct for long wavelength signals

In Chapter 2 I showed that fault creep has a small wavelength deformation signal (<10
km) compared to the broad signal (10s km) characteristic of interseismic deformation
(Figure 5.4). One way of detecting fault creep is to therefore correct high resolution
horizontal velocities obtained from InSAR, for the long wavelength interseismic defor-
mation.

In regions with good GNSS coverage, like Turkey, we can use the smoothed, in-
terpolated GNSS velocities to obtain the long wavelength smooth velocity field. This
has the added benefit of correcting for not only the long wavelength interseismic defor-
mation but also any other non-tectonic deformation patterns such as “block” rotation,
which is particularly strong in Turkey (see Chapter 3). Figure 5.5a shows the east-west
component of the smoothed GNSS velocity field created using the VELMAP software
(Wang and Wright , 2012), which inverts for the east and north component of the ve-
locity field at the corners of an arbitrary triangular mesh covering the area of interest.
This method assumes a constant strain rate within each triangle, see Wang and Wright
(2012) and Walters et al. (2014) for more details of this technique.

Removing the smoothed GNSS velocities from the InSAR velocity field (Figure
5.5b) should theoretically remove all long wavelength variations leaving only small
wavelength noise and local tectonic signals (Figure 5.5c). It is clear that atmospheric
noise dominates the residual signal. However, it is still possible to see the sharp offsets
in residual velocity across the fault at the Ismetpasa and Izmit sections of the NAF.
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The removal of long wavelength signals obviously depends on the choice of smooth-
ing strength when creating the GNSS velocity field. In this case I have used Laplacian
smoothing with a smoothing factor (κ2) equal to 10−1.8. This value represents a com-
promise between the solution roughness and the misfit with the observed GNSS.

A truly automatic system would need to be able to differentiate sharp changes in
residual velocities that are due to atmospheric signals and those due to tectonic defor-
mation. Currently, this is not yet possible, mainly because the atmospheric residuals
are large. It is possible that advances in atmospheric correction techniques will help
reduce this noise, thus increasing the signal-to-noise ratio of small wavelength tectonic
deformation.

5.3.3 Network inversion filters

Another possible method for detecting fault creep is through time-dependent modelling
of continuous geospatial datasets, otherwise knows as a Network Inversion Filter (NIF).
The Network Inversion Filter technique was first developed for GNSS timeseries mea-
surements by Segall and Matthews (1997) who showed that the method can be used
to detect temporal variations in fault slip. The underlying principle for a network
inversion filter is to detect anomalous departures from steady-state deformation.

Bekaert et al. (2016) adapted the original NIF approach to also include InSAR
time series information, and showed that the method can accurately detect transient
slow-slip events on subduction zones. In this case the steady-state signal is due to
interseismic loading, and any transient slip episodes due to slow-slip events result in a
departure from this steady-state, which the NIF can detect automatically.
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In the case of transient fault creep, the NIF seems like a logical application. In
these cases the departure from steady-state due to transient creep episodes could be
automatically detected using this approach. However, it would be difficult to investigate
long-term fault creep using the traditional NIF, e.g. at the Parkfield segment of the
SAF or the Ismetpasa segment of the NAF (e.g. Jolivet et al., 2015). This is because
long-term fault creep is often at steady state with the interseismic loading (Bürgmann
et al., 2000). Although it might be possible to use far-field GNSS measurements to
constrain the interseismic deformation on the fault plane in the NIF and use near-field
measurements to detect departures from this signal that would be due to fault creep.

Therefore, the NIF could be adapted to automatically detect creeping faults using
geodetic data and would be worth investigating in the future.

5.3.4 Creepmeter measurements

Original creepmeters consisted of a coil of wire nailed to two posts across a fault.
Slow movements along the fault would increase the length of the wire, which could be
measured and translated to slip on the fault (e.g. King et al., 1973).

Today creepmeters are a little more sophisticated in the sense that the measure-
ments are done electronically. But the principle of measuring the displacement of a
wire (or a graphic rod) stretched across a fault remains the same. Creepmeters have
been successfully used to show transient slip events and temporal changes in fault creep
on the San Andreas Fault in Califronia (e.g. King et al., 1977, Roeloffs, 2001).

Creepmeters have recently been installed across the Izmit and Ismetpasa sections
of the NAF, in a collaboration between Turkish and US scientists. Preliminary results
from a year’s data have revealed interesting and varied temporal behaviour in aseismic
slip. The Ismetpasa creepmeter shows periods of constantly increasing aseismic slip
(i.e. constant creep rate) as well as creep events and periods of no aseismic slip (Figure
5.6).

The double creep events, seen as the two jumps in aseismic slip just before 1/5/15
each occurred over 1 day. It would be impossible to detect such small events with
current InSAR measurements.

Installing and managing creepmeters can be a time consuming and expensive task.
Nevertheless, creepmeter studies complement information from InSAR. Local studies
with creepmeters (along with near-fault GNSS instruments) can be used to examine
the detailed temporal evolution of aseismic slip at specific locations along a fault, while
InSAR is able to map aseismic creep on a much larger spatial scale.

5.4 Evolution of scale

Figure 5.7 compares the study region of the first interseismic InSAR study by Wright
et al. (2001a) with that of Walters et al. (2014) and this study. It is clear that in-
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terseismic deformation studies using InSAR (usually combined with GNSS) have been
growing in scale over the last decade and a half. Original studies focused on a small
fault or a small section of a large fault (∼100 km long), while now we are able to
do country scale InSAR analysis (∼1000 km long), an order of magnitude larger than
original studies. The next step is to produce InSAR velocity fields on continental scale,
and ultimately map continental strain globally with InSAR.

5.5 Towards a global strain map

Earthquake hazard maps such as GSHAP, the Global Seismic Hazard Assessment Pro-
gram, are commonly based only on seismic catalogues. These maps are used by inter-
national agencies, e.g. the World Bank and other UN agencies, to improve disaster risk
and a resilience. The insurance industry uses these hazard maps in probabilistic fore-
casting models to calculate seismic risk and set insurance premiums. However, geodetic
measurements are only now slowly starting to be exploited by the insurance industry
in their hazard models (Grossi , 2005).

The Global Strain Rate Map (GSRM) is a project to ‘determine a globally self-
consistent strain rate and velocity field model, consistent with geodetic and geologic
field observations’ (Kreemer et al., 2003, Kreemer et al., 2014). The model uses GNSS
velocity measurements to calculate strain rates across most of the tectoncially active
regions of the world.

Bird et al. (2015) and Bird and Kreemer (2015) showed that earthquake occurrence
rate correlates with regions of high strain rates. Therefore, for accurate seismic hazard
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Walters et al, 2014

Wright et al, 2001a

Figure 5.7: The evolution in scale for InSAR studies. The study regions of Wright et al.
(2001a), the first interseismic InSAR study, and Walters et al. (2014) are shown to scale.

assessment it is important to have accurate maps of strain rates across all major faults.
However, the spatial resolution of GNSS measurements globally is extremely variable,
from 5-10 km in California to 100s km in Tibet and central Asia. Although this is
still useful for large-scale estimates of crustal deformation it is difficult to translate
that to strain rates on individual faults. This is particularly important for detecting
hidden faults that are currently not yet mapped, but are still accumulating strain to be
released in a future earthquake. For example, the faults that caused the Mw 6.5 Bam
(Iran) and Mw 7 Darfield (New Zealand) earthquakes could not have been identified
before they failed using traditional geological techniques; both occurred on strike slip
faults in areas of active sedimentation and did not create any long-term signatures in
the landscape.

InSAR velocity maps are complementary to GNSS velocities, because they are at
a much higher spatial resolution (∼30 m for C-band InSAR), and they contain in-
formation about vertical motions, which are often not published for GNSS datasets.
Therefore, combining global measurements of strain rates from InSAR and GNSS is a
logical step forward to a more detailed understanding of seismic hazard globally.

In April 2014 the European Space Agency launched the Sentinel-1a satellite (Figure
5.8), the first of a series of dedicated C-band radar satellites (Sentinel-1b was success-
fully launched in April 2016). There are 4 key reasons why the Sentinel-1 mission will
be a game changer for mapping surface deformation in the tectonically active regions
of the world:
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Figure 5.8: Artist’s impression of the European Space Agency’s Sentinel-1 C-band radar
satellite. Figure courtesy of ESA.

1. The mission will be a 20 year operational program designed for InSAR, providing
a long time series of measurements

2. There will be systematic acquisitions over all active deformation belts around the
world

3. The satellites will have a 12 day revisit of most points around the globe, giving
30 images per satellite per year, and a 6 day revisit for many regions with two
satellites

4. The satellites will travel in a narrow, well-defined orbital tube, which will reduce
baseline related decorrelation errors

Since 1900, 90% of all earthquake-related deaths have occurred in regions that are
straining at rates above 12 nanostrains per year. Wright et al. (2010) calculated that
for a revisit time of 6 days and for a 20 year mission on descending and ascending
tracks, Sentinel-1 will be able to measure the strain rate in 99.8% of these straining
regions (assuming complete coherence). This effectively means that with a 20 year time
series of Sentinel-1 measurements we would be able to accurately map seismic hazard
in regions responsible for 90% of all earthquake deaths.

Figure 5.9 shows what is now possible with just 18 months of data from the Sentinel-
1a satellite. The east-west velocity field is consistent with the velocities I determined
using 8 years of Envisat data over the same region (see Chapter 4).
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b

a

Figure 5.9: (a) The east-west component of the velocity field over Turkey created using 18
months of data from the Sentinel-1a satellite. Courtesy of Richard Walters. (b) The east-west
velocities created using 8 years of Envisat data (this study).
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5.6 Future work

5.6.1 Disaster response

It is clear that the Sentinel-1 mission will be extremely important for global InSAR
processing. Now that both Sentinel-1a and 1b are in orbit and acquiring data, the
maximum amount of time between two radar acquisitions over the same region is 6
days. Most satellite tracks overlap considerably, therefore in reality the time difference
between measurements of the the same region is no more than a few days.

Rapid response after natural disasters, such as earthquakes and tropical storms,
is important to support rescue, humanitarian, and reconstruction operations in crisis
areas. Therefore, rapid damage mapping after a disaster is crucial, i.e., to detect the
affected area, including grade and type of damage. Plank (2014) showed that analysis
of Sentinel-1 data could produce these products in a timely manner and thus, aid in
post-disaster recovery.

The key challenge for this is producing systems that are able to handle very large
data volumes and process this rapidly and efficiently, produce useful derived products,
such as damage maps and displacement maps, and deliver them in a timely manner to
the organisations/people in the field after a disaster.

The “Looking inside the Continents from Space (LiCS)” project based at Leeds
University and has the ambitious aim of creating a system that is able to process all
Sentinel-1 SAR data continuously and produce useful derived products, such as time
series measurements, velocity maps and interferograms.

5.6.2 Atmospheric corrections

For the Envisat satellite, the MERIS spectrometer provided the most accurate mea-
surements of the troposphere and because the instrument was located on the same
satellite and acquiring data at the same time as the radar data it required no complex
interpolations, which often degrades the data quality. Unfortunately the Sentinel-1
satellites do not have onboard spectrometers similar to the MERIS instruments. And
in any case, these only worked in cloud-free conditions, while atmospheric errors are
often largest during cloudy, turbulent weather conditions, during which spectrometers
do not work.

In this thesis I have corrected all interferograms using delay maps derived from the
ERA-I weather model. Although these are not as good as the spectrometer estimates
(Bekaert et al., 2015c) (for my Envisat tracks I achieved about a 6% reduction in noise
by applying this correction), the corrections can be applied to all interferogams during
all weather conditions.

Other correction methods include a linear correction based on topography (e.g.
Wicks et al., 2002, Elliott et al., 2008), a power-law correction (Bekaert et al., 2015a),
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using other spectrometers such as MODIS (e.g. Li et al., 2009), and deriving delay
maps from other global and local weather models (e.g. Jolivet et al., 2014). Despite
the many different correction techniques available, the largest source of noise in InSAR
interferograms is still the contribution from the atmosphere. Bekaert et al. (2015c)
showed that different correction techniques work well in different regions. Currently,
there is no best “one size fits all” correction method that can be applied globally.

I believe that future work towards producing a robust method for reducing at-
mospheric noise in radar interferograms would consist of a weighted-correction of a
combination, if not all, of these techniques. Each technique could be weighted accord-
ing to specific weather conditions and/or geographical location. An important step
towards this goal would be to accurately assess the effectiveness of each technique on
a global dataset. Walters et al. (In prep) have taken the first step and are currently
working to produce a global map comparing the effectiveness of the ERA-I weather
model correction for InSAR.

5.6.3 Rheology of the crust from fault creep measurements

As discussed in Section 5.3, the new Sentinel-1 mission will enable closer and more
detailed studies of surface deformation in the regions close to the fault trace. I believe
that closer examinations of large strike-slip faults will reveal more faults with sections
partially or fully creeping. Although most post-seismic afterslip decays within a few
days to a few years (Bürgmann et al., 2001, Ergintav et al., 2002), some persist for
decades, e.g. the Ismetpasa section of the North Anatolian Fault, which is thought to
have started creeping after the 1944 earthquake (Cakir et al., 2005).

An interesting question is: Why do some strike-slip earthquakes result in long-term
fault creep while in others the creep decays within a few months? This difference could
be due to variations in crustal rheology resulting from spatially variable geology, the
presence of fluids or changes in frictional properties on the fault. A detailed study of
the displacement time series of afterslip that decays within months after an earthquake
compared with that of long term creep as well as its spatial pattern would be a first step
towards addressing this question. The displacement time series could be investigated
using the Network Inversion Filter approach discussed in Section 5.3, while includ-
ing measurements from creepmeters and GNSS. Sophisticated visco-elastic modelling
and/or rate-and-state friction modelling could then be used to explore how frictional
properties vary during these two different slip histories.

5.6.4 Detecting hidden faults

Earthquakes in the continental interiors are generally distributed over large zones hun-
dreds to thousands of kilometres wide. These zones commonly contain many separate
faults, each accumulating slip at only a few tenths to a few millimetres per year (Eng-
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land and Jackson, 2011). It is therefore not surprising that previously unidentified
faults rupture regularly, resulting in the loss of life and/or property. The 2003 Bam
earthquake (Mw 6.5) in Iran and the Canterbury earthquake (Mw 7) in New Zealand
are type examples of such earthquakes.

One of the exciting possibilities from global measurements of surface velocities is
the ability to identify regions of localised strain accumulation that do not correlate with
previously identified active faults. One of the key challenges with this is the need to
differentiate displacements due to tectonic loading on an unknown fault with that due
to other processes such as subsurface water level changes or anthropogenic activities.

However once robustly identified, the strain accumulation rate on these faults can be
measured and catalogued, which will provide important information for more accurate
seismic hazard analysis and forecasting models.

5.7 Concluding remarks

In this thesis I have shown that InSAR is a valuable tool for the large scale analysis
of interseismic deformation along continental strike-slip faults. I have demonstrated
the importance of using observations from both ascending and descending geometries
along with GNSS measurements to create an accurate map of the surface velocity field
across a region. Careful analysis of velocities close to the fault trace has enabled a
detailed invsestigation of the creeping behaviour of the NAF near Izmit and Ismetpasa.
These techniques are general and can be applied to all strike-slip faults globally. The
archived ERS-1/2 and Envisat data remain an extremely valuable resource that can
and should be used to extend InSAR time series measurements back to the early 1990s.
Together with the new Sentinel-1 data sets, this provides an unprecedented opportunity
to explore tectonic deformation over several decades. Atmospheric delays remain the
major challenge to exploiting Sentinel-1 data for global strain mapping, the mitigation
of these delays are an important goal for the InSAR community.
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Figure B.1: Four examples of interferograms before any atmospheric corrections and after the
ERA-I correction has been applied. The source of each interferogram (track and date span)
is shown in vertical on the side. From a visual inspection it is clear that the application of a
ERA-I weather model correction for the troposphere results in a decrease in variance across
each interferogram. See Figure S2 for a details of the improvements for every interferogram.
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red bars indicate the standard deviation of the unwrapped small baseline InSAR displacements
(with an orbital ramp removed) for each interferogram without any atmospheric corrections.
The blue bars indicate standard deviations after the ERA-I weather model correction. In all
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Figure C.1: Baseline vs time plots for each of the tracks used in our study. The combination
of dashed and solid lines represent all the interferograms created. The solid black lines are the
interferograms used to estimate the average line-of-sight velocity over the time period.
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Figure D1: Baseline vs time plots for each of the descending tracks processed in this study.
The combination of dashed and solid lines represent all the interferograms created. The solid
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Figure D8: Fault parallel velocity profiles with our MAP model solution. x-axis is distance
from fault (km) and y-axis the fault parallel velocity (mm/yr). Locations are the indicated by
open circles in Figure 6b in the paper with location 1 corresponding to the western most point.
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