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The Earth’s crust i1s deforming continuously due to plate tectonics.
Deformation at plate boundaries causes volcanoes and most destructive
earthquakes. Monitoring such deformation is essential to gaining an insight

into the mechanisms of plate tectonics.

Detformation analysis 1s one of the most important aspects of geodetic research.
Space geodesy, with which long baselines can be measured to millimetre
accuracy, plays an important role in determining crustal deformation
parameters, since deformation 1n general, means a change in geometric
configuration. The main deformation monitoring problem 1s to determine the
spatial relationship of a set of object points relative to a number of reference
points. Ideally reference and object point observations are made at regular
intervals. After mathematical adjustment of each epoch’s observations, which
includes ‘data snooping’, a displacement vector is obtained by simply
differencing the estimated coordinates at consecutive epochs. The use of this

method also however, increases the noise level.

In this thesis, the author proposes a deformation analysis technique which
mainly uses a Kalman Filter. However, Kalman filter estimation may not be
optimal if local movement occurs between observation epochs. 1o overcome
this kind of deficiency, two sub-optimal filters have been proposed: Fading
Memory Filter and Adaptive Kalman Filter for a System with Unknown
Measurement Bias. These two filtering techniques have been used in this
research and tested on real/simulated data based on the EASTMED project. In
addition to this, data from the EUREF Permanent GPS Network, and from the

UK Tide Gauge Monitoring Project are also processed and the result presented.



Chapter 1

Introduction

Monitoring the Earth’s deformation is important in order to understand
geodynamics. The movement of the Earth’s crust comprises both global and
local elements. Global 1n this context means tectonic motion and local means
local motion (e.g. earthquakes). Tectonic motion is described by the plate
tectonic theory. This divides the lithosphere into a number of rigid plates,
which move relative to one other. Plate tectonic motion is generally governed
by convection currents. This motion causes earthquakes, faults, plate
boundaries and volcanoes. Hence, precisely monitoring Earth deformation is a
primary task 1n geodesy. Global motion models (e.g. NNR-NUVEL-1) describe
plate velocities based on the data from earthquakes, transtorm fault azimuths
and spreading rates (Argus and Gordon, 1991). However, there is little
knowledge of the mechanism that creates earthquakes, which may be
associated with strain accumulation. One method of determining strain is to

directly monitor the relative movements of the Earth’s crust using geodetic

methods.

Classical and space geodesy play important roles in determining crustal
deformation parameters, due to the fact that deformation, in general, means a
change in geometric configuration. Classical geodesy, unlike space geodesy,
does not provide precise measurements over long distances. However, since the
1960°s space geodesy (VLBI, SLR and GPS) has been widely used for
monitoring crustal movements, enabling precise vector measurements to be

made between ground stations anywhere on the Earth (Davies, 1997). One of

the aims of modern space geodesy is to monitor crustal movements.

A number of research centres have developed various deformation analysis
techniques. In general, deformation monitoring by geodetic methods can be

divided into two parts: firstly, estimation of coordinates of stations which
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constitute the network and elimination of noisy data (data snooping), and

secondly, defining the reference frame (or datum). Definition of the reference
frame can be further split into two categories: the conventional definition of a

reference frame, and reference frame definition using the IGS stations and the

precise International Terrestrial Reference Frame (ITRF).

Classical deformation analysis techniques in general use reference frames that
are defined in conventional ways, either by an absolute or a relative network.
I'he Hannover approach (Heck et al, 1983), is a conventional analysis
technique. In this approach, a reference frame for a relative network is provided
by a congruency test. The Delft approach, which uses the B-method of testing
(Baarda, 1968) 1s used to define a relative network. In the Munich approach,
(Chrazanowsky et al, 1981) and the Generalised approach (Chen, 1983), the
reference frames are solved in a similar way to the previous methods. These
methods differ in the use of test statistics, but have a common element 1n the
calculation of the displacement vector, where the simple coordinate differences
are taken. Significance tests are then applied to determine whether the
movement occurred has actualy occured. The determination of displacement
vectors 1s straightforward and simple, but this process also increases the noise
level associated with the displacement vector. Simple differencing is also used
in the Nottingham Approach (Dodson, 1977), and by many others such as
Segall et al (1993) and Drewes et al (1995). An alternative technique used by
some research groups uses linear regression to derive the station velocities.
This is simple, but is sensitive to large movements and smoothes them out. For

example, EUREF uses linear regression method to derive the velocities of the

stations'in the EUREF Permanent GPS Network.

A precise method is needed to derive station velocities from epochal geodetic
measurements. This is one of the main aims of this study. The chosen precise
method is Kalman Filtering. This method has already been used 1n many
studies such as Donnellan et al (1993), and Feigl et al (1993). Although

Kalman Filtering is a precise method. suitable for crustal detormation

|-
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monitoring it is in fact sensitive to the large movement induced by earthquakes
which are associated with crustal movement. Hence the filter is contaminated
for a number of epochs after the earthquake has occurred. The treatment of this
1s the main aim of this study and adressed using two adapted sub-optimal

filters. These are the Fading Memory Filter and the Adaptive Kalman Filter for

a System with an Unknown Measurement Bias.

The author was also 1nvolved in a project called the East Mediterranean GPS
Geodynamic Project (EASTMED). One of the main aims of this project was to
monitor the crustal deformation occurring in the East Mediterranean region.
This project produced data from two GPS campaigns (October and November
1995). Between these two campaigns the Nuweiba earthquake (Mw=7.1)
occurred. In the thesis, these data were used in association with the NNR-
NUVEL-1 plate motion model as input to a simulation experiment. These data
are used to test the proposed deformation analysis technique. Two disparate
data sets were also used for further test purposes, taken from the EUREF
Permanent GPS Network and the UK Tide Gauge Monitoring Project.

In this thesis, the main objectivies can be summarised as follows,

e To develop an approach for monitoring crustal deformations by

using the Kalman filter method.

e To study and select suitable statistical tests and step functions that

are convenient for the detection and treatment of an earthquake or

bias occurring between episodic measurements.
e To test and assess the approach using suitable data.

e To process GPS measurements from the EASTMED project, and

investigate if any stations were affected by the Nuweiba earthquake.

)



Introduction

Basic information about Earth deformations is given in Chapter 2 including,

plate tectonic theory, plate motion models and the possible direction of
movement of different plate boundaries. A tectonic plate motion model, NNR-
NUVEL-1 1s used 1n the simulation process, (which is described in Chapter 5).
Additionally, the tectonic setting of the East Mediterranean Region and
information on vertical land movements are given. (as background to Chapters
> and 6). Chapter 3 covers the high precision GPS techniques which were used
by the author to observe and process the GPS data from the EASTMED
Project. In Chapter 4, the method proposed to anélyse the crustal deformation
using Kalman filtering 1s detailed. Hence the title of this thesis: Crustal
Deformation Monitoring by the Kalman Filter Method. Chapter 5 describes the

data sets used and in Chapter 6, results and analyses are discussed.



The main objective of this Chapter is to give a background on FEarth
deformations, which can be divided into two groups, global and regional

deformations. Global deformations, as can be understood from its name,

involve very large areas or plates. The movements of large plates can be
described by the theory of plate tectonics which divides the lithosphere into a
number of plates using data from paleomagnetic studies, seismological studies
and many others. Therefore, the theory of plate tectonics provides very clear
motion models at the plate boundaries. Regional deformations, however,
involve smaller areas where the motions of small plates are controlled largely

by the forces of large plates, but are not clearly delineated.

T'he theory of plate tectonics resulted from a combination of adequate parts
from the hypotheses of both continental drift and sea-floor spreading.

Therefore, in order to understand the Earth’s deformation, these two

hypotheses are essential.

The theory of plate tectonics has been used for a couple of decades to form
plate motion models for global reference frames. For instance, the velocity
fields of ITRF90 and of earlier realisations of the International Terrestrial

Reference Frame (ITRF) were obtained by using an absolute geophysical plate

motion model, 1.e. "AMO0-2" (Boucher and Altamimi, 1996). Moreover, most
results of individual studies are compared to plate motion models. However,

these models represent the results over a number of different data and difterent
time periods. For this reason most geodesists prefer current motions obtained
mainly by using space geodetic techniques, 1.e. VLBI, SLR, and GPS. For

example from ITRF91 to ITRF94 the respective velocity tields have been
adjusted by a combination of velocities resulting from VLBI, SLR and GPS

(since 1993).
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Consequently, this Chapter reviews the theory of plate tectonics and gives
details on the tectonic setting of the East Mediterranean, as a background to the

results presented in § 6.1. The Chapter is concluded with some background on

vertical land movements, also in relation to the results presented in § 6.3.

2.1 Continental Drift and Sea-Floor Spreading

Ever since man chartered the coastlines of continents around the Atlantic
Ocean 1n the 16th Century, the similarity of the coastlines of the Americas and
of Europe and Africa have been noticed. Abraham Ortelius in 1596 appears to
have been the first to note the similarity and suggests an ancient separation
(Kearay and Vine, 1996). In 1620, Francis Bacon in ‘conformable instances’,
commented on the similar form of the West coast of Africa and South
America. He also suggested that they were once together and had drifted apart.
In 1756, Theodor Christoph Liliental was another person to note the similarity
or ‘fit’ of the Atlantic coastlines of South America and Africa and to suggest
that they might once have been side by side. Then many more such as Snider in

1858, Taylor in 1910 wrote about the ‘fit’ of opposing continents and

speculated on its meaning (Ollier, 1981).

In 1915, Alfred Wegener stated that “Continents were once combined together
to form one single block, pangea, in the Late Carboniferous, since then they
have been moving apart from each other” and published his first book, “The

Origin of Continents and Oceans”. In Figure 2.1 he reconstructed the positions

of continents. In the book he gave evidence that was based on the distribution
of plants and animals, distribution of fossils, ancient deserts, glaciated rocks
and other geological reasons. However, he could not explain how this had

occurred. Therefore, he could not convince many scientists who were against

the idea of continental dnft.
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T'he scientists who were against the idea of continental drift were familiar with

the 1dea of the mobile Earth with a crust floating on a molten interior. Their

approach 1s based on the idea that if a catastrophic event powerful enough to
split a continental mass had occurred, then the newly generated margins would

be stretched and severely deformed and they could not possibly fit so well
(Wyllie, 1971).

In the 1950s, other evidence came from paleomagnetism, which is the study of
natural remnant magnetism in rocks. Rocks that contain a small amount of iron
oxide and sulphide minerals acquire a weak but permanent magnetism with an
orientation and polanty that is parallel to the Earth’s field at the location and
time at which the rock cooled through its Curie temperature, which is defined
as natural remnant magnetisation (Lambeck, 1988). Paleomagnetic studies
showed that there 1s a systematic difference between the position of the
magnetic pole. This results from the studies based on the same age rocks. Many
special-case explanations were tried to account for this reversed magnetism, but
as many more results were collected it became clear that the reversals were
world-wide events, synchronous in time and the magnetic history ot the last
few million years of Earth history could be built up. This implies that

continents had been drifting since their first magnetisation (Ollier, 1981).

More evidence results from the studies of the ocean floor. Sea-floor spreading
is a phenomena in which new oceanic lithosphere is created by the upwelling
and partial melting of materials from the asthenosphere at ocean ridges. As
ocean ridge gradually grows wider with the progressive creation of lithosphere,
the continents marginal to the ocean are moved apart. Because the Earth 1s not
increasing in surface area by any significant amount, the increase in size of
those oceans growing by the sea floor spreading would be balanced by the
destruction of lithosphere at the same rate in another. shrinking, ocean by

subduction at deep sea trenches situated around its margins.
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T'he driving mechanism of these movements was believed to be convection
currents in the sublithospheric mantle. These were thought to form cells in
which mantle ascended beneath ocean ridges, bringing hot materials to the
surface and giving rise to new lithosphere. The flow then moved horizontally
away from the ridge, driving the lithosphere laterally in the same direction by
viscous drag on 1ts base and finally descended back into the deep mantle at the

ocean trenches, assigning the subduction of the lithosphere (Kearey and Vine,

1996).

Some of the evidence for sea floor spreading is based on the magnetic field
anomalies resulting from the magnetometer surveys. The anomalies were
symmetrical about, and parallel to the ndge axes. Moreover, dating the mid-
Atlantic ridge showed that the outer layer of the ocean floor 1s younger than the

one underneath. All this evidence indicates that the ocean floor is spreading

(Lambeck, 1988).

2.2 Plate Tectonics

The theory of plate tectonics in which the Earth’s surface is divided into a
number of plates (or aseismic units) moving relative to each other and carrying
both the continental and oceanic crust, resulted from the combination of the
adequate parts of the hypotheses of continental drift and sea-tloor spreading.
Continental drift and sea-floor spreading indicated that movements of the
continents and of the sea-floor can be accepted as large-scale movements of
plates. The movements of plates may be governed by convection currents.
Convection is defined as the vertical transfer of the heat by a circulation of
movement of a gas, liquid or plastic solid. Veining Meinesz stated that
convection currents exist within the Earth’s mantle. He experienced large
negative anomalies from his gravity measurements in the East Indies associated
with the oceanic trench in Indonesia. He provided the relationship between

negative anomalies and convection currents 1n the Earth’s mantle that 1s how
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the Earth’s crust gets pulled down into the mantle by sinking convection
currents (Seytert and Sirkin, 1979).

In fact, a large amount of information on modern plate tectonics comes from
seismology and geomagnetism. The latter has already been mentioned above
In the concept of sea-floor spreading. Seismology involves using waves
produced by earthquakes. When an earthquake occurs it reveals two types of
clastic waves, namely body waves and surface waves. The former travel
through the earth and are of two types; P waves (compressional) and S waves
(shear waves). P waves are always faster than S waves, and S waves can not be
transmitted through a liquid. Surface waves that propagate along the earth’s
surface consist of two types, Rayleigh and Lowe waves. The former has a
motion within the vertical plane containing the direction of propagation, while
the second one has horizontal motion normal to the direction of the
propagation. Elastic waves can be detected by seismometers which respond to
ground movements. Figure 2.2 shows epicentres, which are the points above

the hypocentres where elastic waves are produced by an earthquake. These

occurred between 1961-1969.

__f‘——f‘ -y ™

Figure 2.2 Distribution of World Earthquakes 1961-196% (Condie, 1989)

10
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As can be seen from Figure 2.2, earthquakes occur along the rather narrow
belts on the plate boundaries between the lithospheric plates. There are three
types of seismic boundaries, distinguished by their epicentre distributions and
geological characteristics. These are constructive (ocean ridges), destructive

(trenches), and conservative (transform faults) boundaries (Rayson, 1990).

Constructive Boundaries: This type of boundary is where two plates separate
from each other. Magma and depleted mantle upwell between separating plates
giving rise to new oceanic lithosphere. Figure 2.3 represents the direction of

motion being, in general, perpendicular to the strike of the boundary.

Figure 2.3 Constructive Boundary

Destructive Boundaries: These boundaries are where two plates have
convergent movement. This type of boundary occurs under oceans and one
plate usually bends under the other plate and sinks to the mantle, which causes
the greatest depths. Since the Earth i1s not expanding significantly the rate of
lithospheric destruction at trenches 1s virtually the same as the rate ot creation

at ocean ridges. Figure 2.4 shows an example of this type of boundary and

possible deformations in the region.

v ——_Trench

lithosphere

Figure 2.4 Destructive Boundary
Conservative Boundaries: Conservative boundaries are where two plates shide

past each other without deformation, due to the plates having the same density.

The relative motion 1S usually parallel to the fault. In these boundaries, there

11
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are two possible movements namely sinistral and dextral. Sinistral movement 1S
known as left-lateral movement. Dextral movement is known as right-lateral

movement. Figure 2.5 shows the boundaries and their possible movements.

[(b) Sinistral

Figure 2.5 Conservative Boundary

According to the plate tectonic theory, plates are considered to be internally
rigid, and to act as extremely efficient stress guides. A stress applied to one
margin of a plate is transmitted to its opposite margin with no deformation of
the plate interior. Deformation then takes place only at plate margins. Therefore
the motion of the large plates are well characterised. However, since these
boundaries are dynamic, not only migrating about the Earth’s surface but
changing from one type of boundary to another, new plate boundaries can be

created 1n response to changes in the lithosphere (Condie, 1989).

2.3 Plate Motion Models

The Earth’s crust 1s moving continuously due to plate tectonics (Cox, 1986). In

plate tectonics, the Earth lithosphere 1s divided into a number of plates moving

relative to each other.

A plate tectonic model first introduced by Morgan, (1968) extended Wilson’s
transform fault concept based on Euler's theorem describing the relative
motion of two plates. Wilson’s transform fault is based on the two plates ( a
and b) on a sphere moving relative to each other. This movement happens

around a Euler pole (Ep) that has a datum common with the stable one of the

two plates as seen in Figure 2.6.
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Figure 2.6 Description of Euler Vector

This relative movement is expressed by three parameters, two of them are
location of the Euler pole (latitude @, longitude A) and the third one is rate of

motion (o). These three parameters are called the Euler vector.

Morgan divided the lithosphere into 13 plates bounded by the Mid-Atlantic
Ridge and the Mid-Indian Ocean Ridge (divergent), oceanic trenches
(convergent), great faults (transform) and active fold belts (collisional
boundaries). Figure 2.7 shows Morgan’s division of the lithosphere into 13
plates. The movements on the Mid-Atlantic Ridge, as mentioned earlier in the
concept of sea-floor spreading, are of the divergent type. Therefore, plates
move apart from each other. The Peru-Chile Trench, an example of a
convergent boundary, 1s the zone of descending oceanic crust and upper
mantle. The San Andreas Fault 1s an example of a transtorm boundary that
slides past each other or strike-slip, while the Himalayan mountain belts
demons-trate active folds (Seyfert and Sirkin, 1979: Condie, 1989). This was
followed by a number of global plate motion models, such as CH72 (Chase,
1972), RM1 (Minster, et al., 1974), PO71 (Chase. 1978), RM2 (Minster and
Jordan, 1978), NUVEL-1 (DeMets, et al., 1990) and NUVEL-1A (DeMets, et

al., 1994).
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Figure 2.7 Division of the Earth’s Crust into 13 Plates. The Unlabeled Plates
are: 9-Cocos Plate; 10-Caribbean Plate; 11-Baja Plate; 12-Juan de Fuca Plate:
and 13-Marianas Plate. (Seyfert and Sirkin, 1979)

There are two types of plate motion models; absolute plate motion models and
relative plate motion models. An absolute plate motion model, defined as
motion relative to mesosphere, can be obtained by various methods such as

using hotspots data, using no-net-rotation frame and using space geodetic

methods such as VLBI, SLR, and GPS.

Hotspots are believed to be stable in the deep mantle. When the plates moves
from one position to the other, hotspots stays stable in the deep mantle. That
makes a trace on the lithosphere as hotspots. Hotspot tracks form along small
circles around the Euler pole describing the motion of a plate relative to the
mesosphere. HS2-NUVEL-1 (Gripp and Gordon, et al., 1990) 1s an absolute

plate motion model obtained from hotspots data and the incorporation of

NUVEL-1.

Another method for obtaining the absolute plate motion i1s the one using no-

net-rotation frame. This method 1s based on the calculation of total torque

14



Deformations of the Earth

exerted on the mesosphere by the lithosphere due to different velocities of
lithosphere and mesosphere. This method assumes that the total torque is equal

to zero. This 1s given by a cross product as,

I=r x Dv=0 (2.1)

where T 1s the total torque, r is a radius position vector, v is a velocity of the
position on the plate and D is a drag coefficient (Cox, 1986). NNR-NUVEL-1
(Argus and Gordon, et al., 1991) is an example of a plate motion model using

no-net-rotation trame.

Relative motion defined as motion relative to an arbitrary fixed tectonic plate

can be obtained by various data, including geological seismic and geodetic.

Geodetic techniques can directly measure the relative plate motions. The
results from conventional geodetic methods may be inefficient for crustal
movement over the long baselines. However, space-based techmiques, ie
VLBI, SLR, and GPS, provide sufficiently high accuracy over long base lines

from which plate motions can be detected in a few years (Stein, 1993).

Plate motion models which use geological and seismic data, are based on the
estimation of Euler poles of each pair of plates and their angular velocities
corresponding to each Euler pole. An example is the NUVEL-1 model, (Table
2.1). NUVEL-1 divides the Earth’s lithosphere into 13 assumed-rigid plates.
These plates described by their Euler poles and their corresponding angular

velocities. An estimation of an Euler vector is based on the inversion of plate

motion data.
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Table 2.1 NUVEL-1 Euler Vectors (DeMets, et al., 1990)

Plate Name Lat(N) Long(k) w(deg/m.a oy (Rad/m.a) oy (Rad/m.a) ®z(Rad/m.a
African 59.160 -73.174 0.9695 0.002511 -0.008303 0.014529
Antartican 64.315 -83.984 0.9093 0.000721 -0.006841 0.014302
Arabian 59.658 -33.193 1.16l6 0.008570 -0.005607 0.017496
Australian 60.080 1.742 1.1236 0.009777 0.000297 0.016997
Caribbean 54 .195 -80.802 0.8534 0.001393 -0.008602 0.012080
Cocos 36.823 -108.629 2.0890 -0.009323 -0.027657 0.021853
Eurasian 6l.066 -85.819 0.8985 0.000553 -0.007567 0.013724
Indian 60.494 -30.403 1.1539 0.008555 -0.005020 0.017528
Nazca 55.578 -90.096 1.4222 -0.000023 -0.014032 0.020476
N.American 48.709 -78.167 0.7829 0.001849 -0.008826 0.010267
S.American 54.999 -85.752 0.6657 0.000494 -0.006646 0.009517
Additional Euler vectors (Pacific plate fixed)

J.de Fuca 35.0 26 .0 0.53 0.00681 0.00332 0.00531
Philipp1l 0.0 -477.0 1.0 0.0118% 0.0128 0.000

Each named plate moves counterclockwise relative to the Pacific Plate. The
Juan de Fuca-Pacific 3.0 Ma Euler vector is taken from Wilson (1988) and the

Philippine-Pacific Euler vector is taken from Seno et al, (1987).

Figure 2.8 shows the geometric division of the lithosphere into a number of

plates. This model is represented by a set of angular velocity vectors defining
the motion of each plate relative to one arbitrarily fixed plate. The angular

velocity vectors are determined in a spherical coordinate system together with

their rotation rate and Euler pole.
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Figure 2.8 Plate Motions and Assumed Geometry for the NUVEL-1 Global
Relative Plate Motion Model (DeMets, et al, 1990)

Table 2.1 shows the Euler vectors relative to the Pacific Plate. The relative
velocity of one plate to another at any point along their boundary 1s the cross
product of the appropriate angular velocity vector and the point position vector

(Smith and Turcotte, 1993). It is given in terms of spherical coordinates 1.e.,

Latitude and Longitude, by

AQ = At.o.cos D.sin(A — A)

2.2
AL = At.o.(sin @ — cos(A — A).tan ¢.cos D) (>:2)

where

o 1s the rate of rotation

® is Latitude of the Pole of Rotation

A 1is the Longitude of the Pole of Rotation

o is the Latitude of a location whose velocities are in question

)\ is the Longitude of a location whose velocities are in question

or in three-dimensional cartesian coordinates (X, y. Z), by

17
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AX = 0(y).z—w(2).y

Ay =®(z). X —o(X).Z (2.3)
AZ=0(X).y-w(y).X

where,

O(X)= ®.cosP.cosA

0(y)= ®.cos®.sinA

®(z)= ®.s1nd

X, Y, Z are the cartesian coordinates of a location whose velocities

are 1n question

T'here are two disadvantages of the conventional global plate motion models.
One of them 1s the assumption that the plates are thought to be rigid. The other
1s the fact that different data types that represent the motions of plates

averaged over different time periods are combined.

In the NUVEL-1 model there are three types of data used. These are namely;
transform fault azimuths, earthquake slip vectors and spreading rates (DeMets

et al., 1990). These three types of data will be briefly described here for

completion.

Transform Fault Azimuth: A transform fault azimuth 1s described by an
horizontal angle between the North pole and the direction of a great circle that
is tangent and parallel to the transform fault at a locality where the transform
fault is. In Figure 2.9 transform fault azimuth 1s represented. An Euler pole
azimuth corresponding to the transform fault azimuth 1s 90° plus the azimuth of
the transform fault. A transform fault azimuth averages the direction of plate

motion over an unknown time interval, which may be several millions of years

long (DeMets et al, 1990).
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Figure 2.9 Transform Fault Azimuth. Euler pole E is on the Great Circle
Perpendicular to the Trend of Transform. P is the Pole of Great Circle <BE>
(Cox, 1986)

Earthquake Slip Vector: An earthquake slip vector provides the same
information as a transform fault azimuth does but over a known time interval

that 1s over years, tens of years or hundreds of years depending on repeat
cycles. Farthquake slips vectors are found from the radiation pattern of seismic

waves from earthquakes along transtorms. They describe the relative motion of

the plates on opposite sides of the transforms.

When an earthquake happens, 1t transmits seismic waves in certain directions.

The directions of these seismic energy are directly related to the stresses

released at the time of an earthquake and indirectly to the direction of plate

motion.

Descriptions of point seismic sources from analysing the radiation pattern of an
earthquéke are of two types. One of them is in terms of an angular description
of the nodal planes in the P radiation from a purely slip motion on a fault. The
other is the description of source by the six independent components of the
moment tensor inversion of body and surface waves, which are assumed to
have a common dependence on time. As a result of this, a fault geometry 1s

yielded. This is described in the focal mechanism by focal sphere parameters:
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the azimuth of the fault plane, strike and dip component of the fault (Udias et
al, 1988).

The orentation of the fault, direction of fault movement, and size of an
earthquake can be described by the fault geometry and seismic moment. The
differing shapes and directions of motion of the waveforms recorded at

different distances and azimuths from the earthquake are used to determine the

fault geometry.

Spreading Rates: In plate tectonics, a chronometer used to determine isocrons
on the seatloor is provided by the Earth’s magnetic field. The heart of the
timing system 1s located in the Earth’s liquid core where the geomagnetic field
1s generated by electrical currents. This chronometer 1s binary in the sense that
it has two stable states: a normal state in which the magnetic field 1s directed
toward the North, and a reversed state in which the field 1s directed toward the
South. For at least two billion years the field has switched back and forth
between these two states at irregular intervals that may be as short as 20
thousand years or as long as several tens of millions of years or more. The
geomagnetic field aligns the ferromagnetic domains in rocks on the seatloor as
they cool from a molten state at ridge. From sensitive magnetometer readings

made at the sea surface, it is possible to “read the magnetic memory” of the

rocks on the sea floor.

The seafloor is generally magnetised in stripes of alternating polarity. Like tree
rings, the stripes are of varying widths, and ages can be determined by a
comparison with a standard pattern of known age as determined by isotopic

dating. As a result, a spreading velocity can be determined.
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2.4 Tectonic Setting of the East Mediterranean

I'he Mediterranean province is one of the areas where adequate explanation of
plate boundaries is expected due to the belief among geologists that a large
ocean, [etnys, once existed between Eurasia and Africa during the Cretaceous

and early Tertiary periods. Therefore, the present tectonic setting of the area is

believed to be the remnant of this ocean.

The tectonic setting of the East Mediterranean region is largely governed by
three major plates together with some small plates (McKenzie, 1970). These
plates are the African, Eurasian and Arabian plates (Figure 2.10). Present day
tectonic deformation of the area is closely related to the northerly motion of the
African-Arabian plate relative to Eurasia and to the medial to late Eocene
events(23-50 ma) in the Red Sea. During this period, Africa and Arabia
combined as a single plate closing the back arc basin of the Tethys (Hempton,
1987). Then the process of combination continued forming subduction of
Africa underneath Eurasia. As this continued, the extension in the Red Sea and
Gulf of Aden formed by the separation of Arabia from Africa, caused a
convergence of the Arabian plate against Eurasia. The stresses by the
convergent motion were relieved by the extrusion of continental wedges along
transform faults. Consequently, Anatolion strike slip faults formed (Barka and
Hancock, 1984). Westward lateral motion of the Anatolian plate 1s due to the
forces concerned with the Eurasia/ Arabia collision. The Anatolian Fault that
extends from East to West defines the Northern boundary of the block. In the
Marmara Sea, the boundary spread out series of parallel fault systems
extending into the Northern Aegean Sea. The westerly motion of Anatoha
relative to Eurasia, continental collision by the Adriatic plate against Northwest
Greece and Albania, and by Arabia against Eurasia, and the subduction at the

Hellenic arc control the present-day kinematics of deformation in the eastern

Mediterranean (Oral, 1994).
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Figure 2.10 Simplified Tectonic Framework of East Mediterranean (Oral, 1994)

According to a study by Nooman et al, (1993) of the episodic crustal motions

in the geologicaly active Mediterranean region using satellite laser ranging

(SLR) techniques supports the hypothesis that the obliquely convergent motion

between the Arabian and Eurasian plates is largely partitioned into right-lateral

strike slip faulting in eastern Turkey and shortening

tarther North.

Another study done by Noomen et al., (1995) showed the deformation taking

place in the area as: the Northward motion of Arabia, the lateral escape to the

West of Anatolia, the NE-SW expansion in the Aegean Basin and the

Northward motion of Africa being transduced into the central part of the

Mediterranean.

The Arabian plate appears moving Northward and pushing Turkey (Figure

2.10). The motion of Eastern Turkey 1s characterised by distributed

deformation while the motion of Central/ Western Turkey by coherent plate

motion involving Westward displacement and counterclockwise rotation of the
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Anatolian plate. This difference in Eastern and Western T'urkey to collision of
Arabla may result from the different boundary conditions, the Hellenic arc
forming a free boundary to the West and the Asian continent and oceanic

lithosphere of the Black and Caspian Seas forming a resistant boundary to the
North and the East (Reilinger et al, 1997).

T'he East Mediterranean Region has undergone several destructive earthquakes
most of which are now close to modern population centers (Ambraseys and

Finkel, 1995). Most of these earthquakes resulted from the relative motions

between the African, Arabian and Eurasian plates.

The motion of the Arabian plate is constrained from several plate boundaries in
the region (Jestin et al, 1994). These boundaries are the Gulf of Aden, the Dead
Sea Transform Fault, the Red Sea, the Suez Rift and East African Rift.

The seismic slip rate calculated for the Dead Sea Transform Fault 1s 1-2mm per
year, which 1s an order of magnitude smaller than Arabia-African motion
(Salamon, 1993). Spatial distribution of earthquakes along the Israel-Jordan
section of the Dead Sea Transform Fault 1s also non-uniform (Figure 2.11).
Activity 1s mostly localised at large basins along its strike, 1e the Kinneret-
Hula, the Dead Sea and the Gulf of Eilat/Agaba, whereas the inter-basin
segments are quiet. This non-uniform strain release may indicate non-uniform

slip rates and strain accumulation along various sections of the Dead Sea

Transform Fault.

The Gulf of Eilat/Agaba is currently the most active segment of the Dead Sea
Transform Fault (Shamir and Shapira, 1994) and produced the Mw=7.1
Nuweiba earthquake in November 1995 with a mean dislocation of 3m

(Shamir, 1996). This level of activity implies that large strains are

accumulating along the Arava Valley segment of the Dead Sea Transtorm Fault

(Figure 2.11).
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The Nuweiba earthquake in 1995 1s important for this study since we have two

campaigns of GPS data (October 1995, and just after the earthquake, November
1995) from the East Mediterranean GPS Geodynamics Project(EASTMED).
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Figﬁre 2.11 Seismicty Along the Dead Sea Transform Fault: 1900-1996
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2.5 Vertical Land Movements

Up to now, this Chapter has dealt with the plate tectonic and plate motion
models, which are basically two dimensional. There remains a third part, the
vertical component, which is barely mentioned in plate tectonics. A good
reference for this 1s Lambeck, (1988). Vertical movements of the Earth’s crust,
either uplift or subsidence, occur local and world-wide, at plate boundaries, and
in plate interiors with an order of magnitude smaller than horizontal
movements. Major uplifts associated with the tectonics of continent-continent,
continent-ocean collision are examples of movements at plate boundaries.
Within plate interiors, there might be a number of causes for vertical
movements, 1.e. lateral varations in the thermal regime, th<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>