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Preface

The work presented in this thesis was initiated in August 2001, when I was enrolled
in the Ph.D. program of the University of Bergen (UIB). According to the regulations
of UIB, the first part of this thesis is a “summary” of the work I have done during my
Ph.D. studies and the future challenges within the described topics. This part is meant
to provide the overview of the entire research conducted and the relations between the
papers. In this sense there is inevitably repetitions between part I and II, however there
is also additional information and discussion on the individual results that are presented
in the papers in part II. The second part, which is the main outcome of my studies, is
a collection of four research papers, which are all currently either published or are in

revision and review for publication in international journals.

The focus of this thesis is the unusual seismic behavior in the subduction zones, with
two case studies in Colombia and Iran. The first part of this thesis, includes 6 sections.
The first section briefly explain the objective of the thesis and the challenges that we
faced and strategies that we made to overcome the problems. The second section ex-
plain the unusual high rate of dense seismic activity in the subduction zone throughout
the world and focuses in one the most disputable one in Colombia. More details of our
investigations in this topic are addressed in the first and second papers. The third sec-
tion explain the unusual low rate or lack of seismic activity at the slab interface of the
Makran subduction zone in the southeast of Iran and southern Pakistan. The details of
our investigation in Makran are addressed in the third and fourth papers. The fourth sec-
tion discusses our observation and the fifth section is the summary of our achievements.

The sixth section is an outlook of what needs to be done in the future.
In the second part of the thesis, I estimate my contribution to the papers to be as follows:

The first paper, “Characteristics of dense nests of deep and intermediate depth seismic-

ity”, which has been published in 2003, in Advances in Geophysics, 85%.



The second paper, “An insight into the Bucaramanga nest”, which is in revision in

Tectonophysics, 90%.

The third paper, “The Makran subduction zone (Part I): Current state of crustal stress”,

which is in review in BSSA, 85%.

The fourth paper, “The Makran subduction zone (Part II): Seismogenic behavior in the

fore-arc setting”, which is in review in BSSA, 90%.
Zoya Zarifi,

November 2006



Abstract

Subduction zones, usually, are plate boundaries with the highest level of seismic activity.
However, the distribution of seismicity in these plate margins is not uniform in the fre-
quency and magnitude. Some margins produce frequent earthquakes of only moderate
size, some experience great earthquakes separated by periods of little to moderate size
activity, while others may have no plate boundary earthquakes during historical time.
In the latter it is difficult to ascertain if the subduction zone is strongly coupled or the
slab is subducting aseismically. In addition, the distribution of the seismic activity at
intermediate depths does not follow a uniform pattern. The abundance of intermediate
depth earthquakes show a marked onset at a depth of 30-70 km and then decrease expo-
nentially with increasing depth. However, there are areas at intermediate depths (mostly,
deeper than 100 km) that experience a very high rate of stationary seismic activity, the so
called “earthquake nests”. The aim of this research is to address the unusual seismicity
observed in subduction zones with focus in mainly two areas. First part of the thesis
deals with the Bucaramanga nest in Colombia, where Nazca and Caribbean plates con-
verge towards the south American plate and subducting beneath the north Andes block.
This area has been marked with complexity in the tectonic settings, lack of volcanoes
and high rate of dense seismic activity at intermediate depths. The second part focuses
in the Makran subduction zone, in south east of Iran and southern Pakistan, where the
oceanic crust of the Oman sea is subducting beneath the Eurasian plate. In this area, the

slab interface has been marked with low rate of seismic activity.

In order to have an overview of the characteristics and the physical reason behind the
nature of the Bucaramanga nest, we first investigated all reported and possible earth-
quake nests in the world. A general investigation in geometrical, seismological and tec-
tonical aspects of earthquakes nests in Romania (Vrancea), Afghanistan (Hindu Kush),

Colombia (Bucaramanga) and a few reported possible nests in Fiji, Ecuador and Chile-



Argentina border reveal that among all these nests, the smallest and the most active is
the Bucaramanga nest. On the other hand, the nature of the Bucaramanga nest is the
most disputable compared to the other earthquake nests. We studied the local seismicity
obtained from National Network of Colombia from 1993-2001 in and around the Bu-
caramanga nest. The local data reveals two slabs subducted in the north and south of
the Bucaramanga nest. The dip angles of the slabs in the north and south of the Bucara-
manga nest are different (about 25°in the north and 50°in the south). The dip angle of the
Bucaramanga nest is about 29°, in a good agreement with the northern slab. However,
the result we obtained from focal mechanism stress inversion of moderate size earth-
quakes in the nest, shows that Bucaramanga is experiencing down dip extension, where
the plunge of o3 is more in agreement with the dip angle southern slab. The fault mech-
anisms of earthquakes in the Bucaramanga nest show considerable non-double couple
components which reveal source complexity in the nest. Also some variation in the
mechanism of earthquakes in the nest can be observed based on Harvard catalog. Us-
ing a 3D Finite Element Modelling (FEM), with elastic lithosphere and inviscid fluid
mantle, we show how collision between the two slabs could concentrate and modify the
stress field. The concentrated stress field can explain the high rate of seismic activity in
the area of the nest and the modified stress field can answer the variation in the observed
focal mechanisms and the source complexity of the earthquakes in the Bucaramanga
nest. We therefore suggest that the collision between the subducting slabs is the cause

of the Bucaramanga nest.

In the second part of thesis, we studied the Makran subduction zone to address the
reason for the low rate of seismic activity at the slab interface. In Makran, the oceanic
crust of the Oman sea subducts with a very low angle beneath the Eurasian plate. It
is bounded to the west by continent- continent collision between Arabia and Eurasia
and to the east by continent- continent collision between Indian and Eurasian plates.

This subduction zone exhibits different seismic behavior in its fore-arc setting from the



west toward the east. The entire eastern Makran has been ruptured throughout history
by large earthquakes and currently is experiencing very low seismic activity in its fore-
arc setting. However, the western Makran looks quiet and there is only one known
earthquake in historical time, which could have occur in this region. The overriding
lithosphere in Makran is marked with segmentation along the Sistan suture zone. The
seismicity in Makran shows a steeper slab in the west compared to the east. The absence
of seismicity in the fore-arc setting of the western Makran prevents any estimate about
the dip angle of slab where it starts bending beneath the overriding lithosphere. However,
we used the free air gravity anomaly in the trench area of the western and the eastern
Makran to show that the western Makran is experiencing more negative anomaly than
the eastern Makran. This indicates steeper dip angle in the western Makran compared to

the eastern Makran, where slab bends below the overriding lithosphere.

We have also investigated the present state of crustal stress in the overriding lithosphere
in Makran by using focal mechanism stress inversion. We expanded the area of inves-
tigation to the collision zone between Arabia and Eurasia along Zagros to the west and
to the collision zone between Indian and Eurasian plates to the east in order to find out
any possible influence of the stress field of the collision zones into the Makran stress
field. The results show a clear rotation in the direction of the compressional stress axis
from the west toward the east of Makran, where the western Makran is under the influ-
ence of Arabian-Eurasian collision zone and the eastern Makran is under the influence
of Indian- Eurasian collision zone. Furthermore, to investigate any possible interaction
between the Sistan suture zone and the low angle slab, we studied the source of three re-
cent intermediate depth earthquakes at 80, 72 and 58 km depth around the Sistan suture
using body wave inversion. The results show no source complexity for the earthquakes
at 80 and 72 km depth, but a complex source for the earthquake at 58 km depth. This

may indicate that Sistan suture has a thick root and meets the slab around 58 km depth.

In order to address the absence of seismic activity in the fore-arc setting of the western



Makran, we used the free air gravity anomaly and removed the effect of gravity anomaly
perpendicular to the trench. The residual gravity anomaly now is under the influence of
shallower structures. We produced Trench Parallel Gravity and Topography Anomaly
(TPGA and TPTA, respectively) maps. The TPGA and TPTA maps show that the whole
western Makran fore-arc setting is marked with TPGA < -50 mGal and TPTA< -750 m.
Based on other studies, the areas in the fore-arc setting with the TPGA< -40 mGal and
TPTA < -750 m are prone to the strongest earthquakes. The high coefficient of friction
(i.e. strong coupling) in the slab interface can explain this phenomena. The western
Makran is separated from the eastern Makran, by a small area of strongly positive TPGA
and TPTA. The TPGA and TPTA in the eastern Makran are different from the west,
which may confirm heterogeneous frictional properties along the fore-arc setting. We
used a 2D elastic-viscoelastic Finite Element (FE) model to show how a high coefficient
of friction in the contact zone controls the shear stress build up in the interplate interface.
We assigned high coefficient of friction to the area with the most negative TPGA (<-50
mGal) and TPTA (-750 m) in the western Makran. The result shows that it takes several
hundreds of years until the shear stress reaches the yield point. This may explain why

western Makran is not experiencing seismicity at the present time.

Observation of intermediate depth earthquakes with normal mechanism indicates that
the eastern Makran is in the mature stages of an earthquake cycle. We used a 2D elastic-
viscoelastic FE model to study deformation in the overriding plate within a single cycle
of earthquake, where the slab interface coupled heterogeneously. We used the rupture
zone of the strongest earthquake in the eastern Makran in our model as the area of the
strongest coupling in the slab interface. The result shows that the deformation is more
pronounced in the overriding lithosphere above the strongly coupled segment. Consid-
ering different length for the cycle of earthquakes, we conclude that the shorter the cycle
of earthquakes the faster is the rate of deformations, so the rate of deformation in the

eastern Makaran should be faster than the western Makran. Since most of the inter-
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plate interface in Makran is onshore, the area of the stronger coupling can be located by

continuous geodetic observations in the future.
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Summary 21

1. Summary

1.1. Introduction

As the Oceanic lithosphere moves away from an oceanic ridge, it cools, thickens and
becomes more dense because of thermal contraction. Although the basaltic rocks of the
oceanic crust are lighter than the underlying mantle rocks, the colder subcrustal rocks in
the lithosphere become sufficiently dense to make old oceanic lithosphere heavy enough
to be gravitationally unstable with respect to the hot mantle rocks immediately under-
lying the lithosphere. Along the subduction zones where two plates converge, due to
gravitational instability the oceanic lithosphere sinks in the Mantle (Turcotte & Schu-
bert, 2002). Japan, Izu-Bonin-Mariana, Philippine, South America, Cascadia, Aleu-
tian, Kuril-Kamchatka, New Brtitian-Solomon, New Hebrides, Tonga-Kermadec-New
Zealand, Lesser Antilles, Aegean, Indonesia and Makran are all convergent margins
marked by subduction zones. The subduction of the oceanic lithosphere gives rise to two
different types of orogenic belts depending upon the nature of the overriding lithosphere
(Dewey & Bird, 1970). Subduction beneath the oceanic lithosphere results in formation
of an island arc and its associated tectonic features, while subduction beneath continental
lithosphere gives rise to a linear mountain belt on the overriding plate margins, which
runs parallel to the subduction zone. The subduction zones have been studied exten-
sively for a number of reasons: first, the corresponding plate interfaces are responsible
for some of the largest earthquakes ever recorded (Becker, 2002). Second, subduction
process is thought to be related to the tectonic processes in the overriding plates, like
formation of orogens in compressive regimes, volcanism and back arc spreading in ex-
tensional regimes (Becker, 2002). Third, because slab pull is a large (Forsyth & Uyeda,
1975) or the largest (Lithgow-Bertelloni & Richards, 1995) contribution to the forces

that driving the tectonic plates.

In the present thesis, our main motivation is to understand the deformation processes
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Figure 1: Areas of high and low level of seismic activity investigated in this research. The red
circle, corresponds to the location of the Bucaramanga nest in Colombia, and the blue
circle corresponds to the Makran subduction zone in the southeast of Iran and southern
Pakistan. The green circles are the locations of the earthquake nests which have been
reviewed.

along the subduction zones as expressed by the anomalous seismic activity.

Seismicity in subduction zones occurs as a result of four distinct processes: first, in
the outer rise, the earthquakes occur in a response to the bending of the lithosphere as
it begins its descent. Second, the contact area between the overriding and the under-
thrusting plates (shallower than 40 km), where the earthquakes occur due to compres-
sional deformation. The slab interface is usually prone to the largest earthquakes ever
recorded. Third at depths between 70-300 km, where it appears that faulting occurs
during the rapid dehydration of Serpentinite or Amphibolite and fourth at depths below
300 km, where earthquakes mechanism is believed to be the sudden phase change from
olivine to spinel, known as anticrack faulting (Kearey & Vine, 1996). It appears that
high rate of seismic activity in shallower depths of subduction zone (at the outer rise and

slab interface) decreases exponentially with increasing depth (at the intermediate and
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deep depths) (Frohlich et al., 1989; Kirby et al., 1996). However, it has been observed
that the frequency and magnitude of seismicity is not always following the general rule
mentioned above. There are areas at intermediate depths, in both style of subduction
zones, which are marked with highly concentrated and continuous seismic activity (the
so called ’earthquake nest’). Among them, Central America (Carr & Stoiber, 1973),
New Zealand (Blot, 1981a), New Hebrides (Blot, 1981b), Aleutians (Engdahl, 1977),
Colombia (Schneider et al., 1987; Shih et al., 1991b), Romania (Oncescu, 1984, 1986;
Sperner et al., 2001), Hindu Kush (Chatelain er al., 1980; Burtman & Molnar, 1993)
are well known for their unusual high rate of seismicity. The seismicity in earthquake
nests are related to the melting in the upper surface of the underthrusted slab close to the
active volcanoes (e.g. many places around Pacific and Indonesian arcs)(Carr, 1983) or
to the complexity in the tectonic setting and processes like slab break off or collision be-
tween subducted slabs (e.g. the cases in Vrancea nest in Romania and also Hindu Kush
nest in Afghanistan) (Sperner et al., 2001; Santo, 1969). The latter, usually takes place
where the oceanic lithosphere subducts beneath an continental lithosphere. Among all
these earthquake nests at intermediate depths, the nature of the Bucaramanga nest in
Colombia is more disputed. Different researches dealt with the nature of this nest and
associated it with melt migration (Schneider et al., 1987; Shih et al., 1991b), concentra-
tion of stress field (Van der Hilst & Mann, 1994) or tearing of slab (Cortes & Angelier,
2005). Although, all proposed mechanisms partially explain some characteristics of the
nest but still some questions cannot be answered. These are related to non existence of
volcanic activity in and around the Bucaramanga nest, variation in the mechanism of
earthquakes and complexity in the source of earthquakes. As part of this research, we
study all earthquake nests related to complexity in the tectonic setting and then concen-
trate on the Bucaramanga nest to find a proper explanation to the observed characteristics
of the nest. In order to investigate the Bucramanga nest, we studied the local seismicity

and mechanism of earthquakes and proposed an explanation to the nature of this nest.
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Further, using a 3D FE model, we demonstrate that the proposed process is feasible.

Papers 1 and 2 in this research focus in this topic.

The unusual pattern of seismicity is not just associated with intermediate depths. There
are also subduction zones which have not experienced large earthquakes in their slab
interface in the modern time, like Cascadia and Lesser Antilles (Atwater, 1995; Fluck
et al., 1997; Adams, 1990; Stein et al., 1982). In some others, like the western Makran,
subduction zone marks an area with almost lack of seismic activity (Byrne et al., 1992;
Carayannis, 2006) in the slab interface. According to Pacheco et al. (1993), any unit of
area along the plate interface is in one of the three possible state of frictional behavior:
(1) stable, where the region slip stably without accumulating strain, (2) conditionally
stable, where the region slips stably during the inter-seismic period between large earth-
quakes and (3) unstable, in region which are taken to be fully coupled. In the case of
the above mentioned subduction zones, it is hard to ascertain that the slab interface is
associated with which state of frictional behavior, stable or unstable. Numerous stud-
ies have associated Cascadia with unstable state of frictional behavior (Adams, 1990;
Atwater, 1995; Satake et al., 1996; Hyndman & Wang, 1995) and there are suggestion
about stable state of frictional behavior in the Lesser Antilles subduction (Stein et al.,
1982). In the western Makran, however, there is no clear explanation about the lack of
seismic activity (Farhoudi & Karig, 1977; Byrne et al., 1992; Carayannis, 2006). The
Makran subduction is a zone of convergence where the remnants of Neo-Tethys oceanic
lithosphere is subducting beneath the continental lithosphere of Eurasian plate (Byrne
etal., 1992). In an attempt to explain the lack of seismic activity in the western Makran,
we investigated the tectonic and seismogenic behavior of Makran subduction zone. In
this research we address the state of stress, the gravitational anomaly in the fore-arc of
Makran, a rough estimate of rate of shear stress build up in the western Makran and the
deformation associated with the cycle of earthquakes in the eastern Makran. In papers 3

and 4, we use inversion methods and FE modelling to address and explain the problem.
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All areas of investigation in this thesis are shown in Figure 1.
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2. Unusual subduction zones- high rate of
concentrated seismic activity at intermediate depths

For the details of this section, please refer to paper 1

2.1. Earthquake nests

A nest is defined by stationary seismic activity concentrated in a small volume, so that
the seismic activity in this volume is substantially larger than in the surrounding areas.
A seismic nest, with its continuous mode of seismic activity is different from swarm
activity which take place occasionally. Within this definition two classes of nests can be
defined. (A) intermediate or deep nests related to tectonic processes (e.g. slab break off
and collision) in subduction zones and (B) shallow or intermediate depth nests related to
volcanic activity in the overriding lithosphere and melt generation and migration in the
mantle wedge. For the latter, there are numerous reports from the different parts of the
world close to active volcanoes. Japan, Central America, New Zealand, New Hebrides
and Aleutians are all marked with this kind of seismic activity (Usami & Watanabe,
1980; Carr & Stoiber, 1973; Blot, 1981a,b). However, the class (A) earthquake nests,
don’t have an unique explanation for their nature. The aim of the first paper is to give
an overview of nests in class (A) which are related to tectonic processes and usually
show no volcanic activity in their surroundings. Within this framework there are three
well recognized nests, the Bucaramanga in Colombia, the Vrancea in Romania and the
Hindukush in Afghanistan (Tryggvason & Lawson, 1970; Dewey, 1972; Schneider et al.,
1987; Frohlich et al., 1995; Oncescu, 1984, 1986, 1987; Sperner et al., 2001; Ojeda &
Havskov, 2001). A few more have been suggested in Chile-Argentina border, Ecuador,
Fiji, Italy and Burma (Tryggvason & Lawson, 1970; Schneider et al., 1987). Figure 2
shows the location of recognized nests discussed in our first paper. In the next sections,

the general feature of these nests will be explained briefly.
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Figure 2: Location of known (red circles) and possible (green circles) nests in the world. The
Bucaramanga nest is located in Colombia, the Hindu Kush in Afghanistan and the
Vrancea in Romania.

2.2. Known nests

We used the ISC (1964-2000) and Harvard (1976-2003) catalogs in order to compare
the common characteristics of the known nests in Colombia (Bucaramanga), Romania
(Vrancea) and Afghanistan (Hindu Kush). Further, we review other studies to have a
better understanding about the nature of these nests and to use our knowledge as a guide
to recognize the other possible earthquake nests in the world. In the following sections,

we address and compare the characteristics of each of the known nests.

2.2.1. Bucaramanga nest

The Bucaramanga nest, which is located in the north east of Colombia, is an intermedi-
ate depth nest centered around 160 km depth at about 6.8°N and 73.1°W (Tryggvason
& Lawson, 1970; Schneider et al., 1987; Dewey, 1972; Frohlich et al., 1995; Ojeda &
Havskov, 2001). The seismological characteristics of this nest are shown in Table 1. The
majority of earthquakes inside the Bucaramanga nest have thrust mechanism (Based on
Harvard CMT catalog), however variation in the mechanism of earthquakes in the nest is
also considerable. The tectonic framework of Colombia is very complex. Many authors

have discussed it but no clear conclusions have been reached (Taboada et al., 2000; Kel-
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logg & Vega, 1995; Malave & Suarez, 1995; Van der Hilst & Mann, 1994). Based on
one of the latest tectonic models for Colombia made using local seismology, tectonics
and global tomography, Taboada et al. (2000) have mentioned that, there are four plates
which converge in this region: The North Andes block as part of the South American
plate, the Panama block, the Caribbean and the Nazca plates. The tomographic image
obtained by Van der Hilst & Mann (1994) suggests that there are two slabs in the eastern
Colombia and the western Venezuela. The northern slab dips in a direction of 150° at
an angle of 17° extends to a depth of 275 km and correlates with the subducted late Cre-
taceous oceanic plateau of the Caribbean plate. Further south, a second slab dips at an
angle of 50° in a direction of 125° continues to a depth of at least 500 km and correlates
with the subducted oceanic crust of the Nazca plate. There is no clear explanation about
the physical reason behind the existence of the Bucaramanga nest. The most favored
explanation, mainly based on variable observed focal mechanism of earthquakes in the
Bucaramanga nest, is related to the generation and migration of fluids or to dehydration
reactions. This means that the region is weakened by active fluid migration and mo-
bilized by the heating and shearing along the subducting lithosphere (Schneider et al.,
1987; Shih et al., 1991a). On the other hand, the existence of a complex stress field
near the contact of the two subducted slabs could possibly explain such a dense seismic

activity (Van der Hilst & Mann, 1994).

2.2.2. Vrancea nest

The Vrancea region in Romania is situated in a complex tectonic zone, which is charac-
terized by clustered intermediate depth seismic activity (Oncescu, 1987). The Vrancea
nest is located at 45.7°N and 26.5°E. The seismological characteristics of Vrancea are
explained in Table 1. The mechanism of earthquakes (Based on Harvard catalog) in the
Vrancea nest all show thrust faulting. The Vrancea seismic region is a complex tectonic

zone, where the driving mechanism of intermediate depth events has been understood as
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Table 1: Summary of the observed seismicity in the known nests. V is volume of the nest and
V) is the normalized volume, where Vy =

VHindu Kush

‘ Nests ‘ Bucaramanga ‘ Vrancea ‘ Hindu Kush ‘
Location 6.8°N,73.1°W | 45.7°N,26.5°F | 36.5°N,71°F
Depth (km) 150-170 70-180 170-280
Size(ISC) (km?) 33x35%35 25%x55%110 60x80x100
Size(local) (km?) 8x4x4 20x50x110 55%x30x120
Normalized volume 0.084 0.32 1
ISC) (V)

Total number of events 2708 249 7096
Events M,> 4.8 462 57 956
Number of events with 5500 178 956
My> 4.8 per (V)

Average number of 1.1 0.13 2.2
events with M,> 4.8

per / month

b value 1.17 1.0 1.43
Largest reported event 6.4 6.4 6.5
M, in nest

Largest reported event 5.7 5.0 6.0
M, in surrounding area

Seismic moment 1.27E+23 1.48E+24 4.13E+24
release rate inside the

nest (Nm/Y)

Seismic moment 2.44E+22 1.66E+21 6.82E+22
release rate around the

nest (Nm/Y)

collision between three tectonic units, the Eastern-European platform, the Moesian sub-

plate and the Inter-Alpine sub-plate (Oncescu, 1987). Bleahu et al. (1973) and Oncescu

(1984) suggested that there is a NE-SW oriented paleo-subduction that is now decoupled

from the crust and generating intermediate depth seismic activity of the Vrancea nest at

the limit of the separation.
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2.2.3. Hindu Kush nest

The Hindu Kush nest in Afghanistan is one of the most intriguing seismic zones of the
world, because a large number of earthquakes occur in a limited zone (Nowroosi, 1972).
The majority of these events are centered at 36.5°N, 71°E, within 175-250 km depth.
The seismological characteristics of Hindu Kush are explained in Table 1. Based on
Harvard catalog the mechanism of earthquakes inside the nest is thrust faulting. There
are different views about the Hindu Kush tectonics. Some researchers suggested that
the configuration of the Hindu Kush seismic nest defines a contorted Wadati-Benioff
zone that dips to the north in the western end under Hindu Kush but dips southward
at the eastern end of the zone under Pamir (Lukk & Nersesov, 1965; Lukk & Vinnik,
1975; Billington et al., 1977). The opposing dips and a increase of seismicity where
the two segments meet, imply that the zone consists of two distinct slabs with opposing
directions of subduction (Fan et al., 1994), but the possibility of a single contorted slab
cannot be ruled out (Billington et al., 1977). It seems that collision between two slabs
from opposite direction or a contorted slab have concentrated the stress field and produce

this high level of seismic activity.

2.3. Possible nests

There are some suggestions about other possible nests around the world. For example,
Tryggvason & Lawson (1970) indicated that some dense source of intermediate and
deep events in Burma and Italy might be earthquake nests. Also, Schneider et al. (1987)
suggested that some clusters of events in Fiji, Ecuador and at the Chile-Argentina border
may indicate earthquake nests. In the following sections, we used the common criteria
for the three well-known nests to evaluate if the suggested seismicity can be considered
nests like Bucaramanga, Vrancea and Hindu Kush. There are few published research

paper about these nests and the comparison will therefore be based on global data. This
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cannot be conclusive since some nests may not be visible using global data. In fact, the
recorded earthquakes in the ISC catalog failed to show any concentrated seismic activity
in Burma and Italy, so we concentrate our research on those nests that can be addressed

using global seismicity.

2.3.1. Fiji nest

There is a suggestion that the deep earthquakes in Fiji occur as multiple events, i.e. small
numbers of events closely grouped in space and time (Isacks ef al., 1967). Among the
reported location of multiples, at 22.2°S and 179.5°W, we found concentrated seismic
activity in the depth interval of 570-620 km, which may indicate an earthquake nest.
Table 2 explains the characteristics of the Fiji nest. The dominant mechanism of earth-
quake in the nest is thrust faulting, which is strange for deep earthquakes (Richardson &
Jordan, 2002). There is no explanation for such a high rate of seismic release in a small
volume in Fiji, but according to Isacks et al. (1967), this possible nest is located in an

area where there is some distortion in the depth distribution of deep earthquakes.

2.3.2. Ecuador nest

There is a report about the existence of a probable nest in Ecuador, which cannot be
clearly detected with global data (Schneider et al., 1987). By using ISC data, we found
a weak concentration of seismic activity at 1.5°S and 78°W/, at depth interval of 150-200
km. The characteristics of this nest are shown in Table 2. The mechanism of earth-
quakes inside this possible nest is normal faulting. The existence of Cotopaxi volcano
in Ecuador (at 0° 40'S and 78° 26 W) may suggest that the nature of Ecuador nest can be

different from the other nests addressed in our research, though this is uncertain.
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2.3.3. Nest at Chile-Argentina border

Sacks et al. (1966) and Schneider et al. (1987) have reported an intermediate depth nest
at the Chile-Argentina border in Socompa area, which has a famous volcano with the
same name. Although this nest may be related to volcanic activity, but this is uncertain,
and therefore we try to investigate the properties of this nest with the same criteria that
we used to study the other nests. We found, that the Chile-Argentina nest is located
at 24°S and 67.5°W in the depth interval between 168 and 220 Km. Table 2 explains
the characteristics of the possible nest in Chile-Argentina border. The Harvard catalog
shows normal faults as the dominant mechanism inside the possible nest at the Chile-
Argentina border. Like Ecuador nest, the mechanism of earthquake here is different

from the other nests in our research.

2.4. Earthquake nests - Overview

Regardless of the geographical location; the Bucaramanga, the Vrancea, the Hindukush
and even the Fiji nests, are all located in complex tectonic settings in subduction zones.
The b-value in these nests suggests normal tectonic activity (i.e. no swarm activity).
The largest reported earthquakes in all these nests have almost the same magnitude
(Mb=6.1-6.5), suggesting almost the same strength in the nest volume. The magni-
tude of the largest earthquakes in the surrounding area is less than the magnitude of the
largest earthquakes inside the nest. The seismic moment release in the nests is higher
than surroundings. The dominant mechanism of earthquakes in most of these nests is
thrust faulting, however, the variation in the mechanism of earthquakes in the Bucara-
manga nest is considerable. The mechanism of earthquakes in the Ecuador nest and
the Chile-Argentina nest have no correlation with the rest of earthquake nests addressed

in this research. Comparing the known nests based on ISC data reveals that the Hindu
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Table 2: Summary of observed Seismicity in the possible nests. V is Volume of the nest and Vy
is the normalized volume.

’ Nest \ Fiji \ Chile-Argentina \ Ecuador ‘
Location 22.2°5,179.5°W | 24°5,67.5°W | 1.5°S,78°W
Depth (km) 570-620 168-220 150-200
Size (ISC)(km?) 90x50x50 80x60x100 70x50x50
Normalized Volume 0.47 1.0 0.36
(V/VHmdu Kush)

Total number of events 277 776 173
Events with M;>4.8 156 102 28
Number of events with 332 102 77
My>4.8 per Vi

Average number of 0.36 0.23 0.06
events with M,>4.8

/month

b value 1.73 1.35 1.14
Largest reported event 6.1 6.1 5.9
(M)

Largest reported event 5.5 5.1 5.5
(M) in the

surrounding area

Seismic moment 2.22E+23 1.55E+23 1.19E+23
release rate inside the

nest (Nm/Y)

Seismic moment 5.22E+22 1.71E+23 8.10E+21
release rate around the

nest (Nm/Y)
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Kush nest has the largest volume comparing to the Bucaramanga and Vrancea nest. In
fact, the volume of Hindu kush is about 12 times more than Bucaramanga and 3 times
more than the Vrancea nest. We normalized the size of each nests to the size of Hindu
Kush nest. Then by looking at the seismicity per normalized volume, we realised that
the rate of seismic activity in Bucaramanga is about 6 times higher than in the Hindu
Kush and about 30 times higher than in the Vrancea nest. The Bucaramanga seismicity
is also significantly more than the seismicity in the possible nests. The physical reason
behind the nature of the nests is well explained in the Vrancea nest and has been re-
lated to the process of slab break off. In Hindu Kush, collision between two slabs from
opposite directions can be a possible explanation for concentration of the stress field
and release of high rate seismic activity, while the physical reason behind the existence
of the Bucaramanga nest has been explained as generation and migration of fluids or a
concentrated stress field in the area of the nest. The nature of the possible nest is less
studied and rather uncertain. In general, we conclude that the Bucaramanga nest is the
smallest and the most active nest compared to the others, and also attracts more debate
about its physical nature. Therefore, we further concentrate on the Bucaramanga nest,

which is investigated in detail in the second paper.

2.5. Insight into the Bucaramanga nest

For the details of this study please refer to paper2

In the second paper, we investigated the Bucaramanga nest using local seimicity from the
National Network of Colombia and reviewed all proposed mechanisms behind the nature
of the Bucaramanga nest. We analyzed the mechanisms of earthquakes and the state of
stress in the nest and furthermore proposed a different mechanism which may explain
the nature of the nest. Figure 3 shows that Colombia exhibits a complex deformation

with convergence of four plates: The north Andes block as part of the south American
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plate, the Panama block, the Caribbean and the Nazca plates. The northeast of Andes
block is marked with high level of seismic activity in the Bucaramanga nest and lack of
active volcanoes. We use this seismicity in the next section to view the 3D sections of

the subducted slab in this region.

2.6. Local seismicity in Colombia and the Bucaramanga nest

We used all local data in the period of 1993-2001 reported by the National Seismic Net-
work of Colombia to study the seismicity in and around the Bucaramanga nest. These
data are very valuable, because of their low detection threshold (M1=2.5) and their more
accurate location due to application of an improved velocity model (Ojeda & Havskov,
2001) in the process of relocation. Figure 4 shows that due to the low detection thresh-
old, lots of data could be recorded in the small volume of the Bucaramanga nest. The
lack of data in some periods is related to technical problem in the seismic network.

Figure 5 shows the 3D view of these data.

The existence of two slabs in the area of the Bucaramanga nest is obvious from the local
seismicity and it also has been suggested by many other researchers (e.g. Pennington
(1981); Van der Hilst & Mann (1994); Ojeda & Havskov (2001)) . The northern slab has
a dip angle of 25°, the dip angle of the slab in the area of the Bucaramanga nest is about
29° and in the south the dip of the slab is about 50°. These observations are generally in
agreement with the estimated dip angle for the subducted slabs based on Van der Hilst
& Mann (1994). The dip angle of Bucaramanga nest is clearly close to the dip angle of
the northern slab. Keeping in mind the existence and geometry of these two slabs, we
continued our research with concentrating on the possible reason behind the existence of
the Bucaramanga nest. In order to explain the nature of the Bucaramanga nest, we first
reviewed all proposed mechanisms by other researchers (e.g. Schneider et al. (1987);
Van der Hilst & Mann (1994); Cortes & Angelier (2005)), which is summarized in the

next section.
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Figure 3: The tectonic setting of Colombia. Seismicity is based on the National Seismic Net-
work of Colombia. The open black circle shows the location of the Bucaramanga
nest. The triangles are the location of active volcanoes. Plate boundaries are based
on Bird (2003) and velocity of convergence is based on NUVEL-1 model (De Mets
et al., 1990).
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Figure 4: The (a) daily and (b) yearly distribution of the earthquakes inside the Bucaramanga
nest.

2.7. The Bucaramanga nest and proposed mechanisms behind its
nature

There are different views about the physics behind the existence of the Bucaramanga
nest. It was Schneider er al. (1987), who, for the first time, studied the mechanism of
micro earthquakes inside the Bucaramanga nest and related the variation observed in
the stress field to fluid migration. Years later, Van der Hilst & Mann (1994) showed
a tomographic image of the two slabs with two different dip angle in the area of the
Bucaramanga nest. They believed that Bucaramanga was located in the southern slab
with a steeper dip angle. They observed a low velocity zone, below the Bucaramanga
nest, in the mantle wedge and they related this observation to the possible scenario for
existence of the Bucaramanga nest described before by Schneider ef al. (1987). How-
ever, according to Van der Hilst & Mann (1994), the Bucaramanga nest may also be
produced by complex stress field near the contact of the southern and northern slabs.
On the other hand Chen et al. (2001), proved that there is no correlation between fluid
migration, volcanism and intermediate depth earthquakes in Colombia. Also, no vol-
canic activity can be observed around the Bucaramanga nest. So, the idea of a complex

stress field in the area of the Bucaramanga nest received more credit. Cortes & Angelier
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Figure 5: 3D sections of local seismicity in Colombia. The index shows the location of the 3D
sections. (a) the southern slab, (b) the Bucaramanga nest and (c) the northern slab.
The line in the Bucaramanga nest shows the dip angle of the Bucaramanga nest.
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(2005) related this concentrated stress field to the process of slab break-off. However,
comparing the Bucaramnga nest with a clear example of slab break off, the Vrancea
nest in Romania, does not show consistency. The variation in the mechanism of earth-
quakes cannot be observed in the Vrancea. Also, the seismicity in the surrounding area
of the Bucaramanga nest is not present in the Vrancea. The observed high percentage of
CLVDs (based on Harvard CMT solution) in Colombia can not be seen in the Vrancea
nest, however the high percentage of CLVDs are also present in the Hindu Kush nest.
Existence of CLVDs in the nest is representative of complexity in the source of the
earthquakes. Normal faults, which can be observed in the Bucaramanga nest, are not
the expected mechanism for the earthquakes at intermediate depth (Richardson & Jor-
dan, 2002). It has been explained that the normal faults at intermediate depth, indicating
the final stages of a mature cycle of earthquake in a strongly coupled subduction zone
(Dmowska et al., 1988; Taylor et al., 1996; Zheng et al., 1996). However, the low ve-
locity of convergence (1.4 cm/yr (Freymueller et al., 1993)) in the northern slab and the
steep dip angle of the southern slab prevent strong coupling in the slab interface (Ruff,
1989; Taylor et al., 1996) and consequently cannot explain the observation of normal
faults at intermediate depth. As a result, we propose a different possible nature for the
existence of the Bucaramanga nest, which can explain the concentration and variation of
the stress field. In the next section, we investigate how collision between two slabs can

explain the nature of the Bucaramanga nest.

2.8. Collision between two subducted slabs - a possible
explanation for the existence of the Bucaramanga nest

Using the traces of the trenches and the local seismicity in the northeast of Colombia,
we constructed a 3D model of the slabs in this part of the north Andes block. These
two slabs meet each other approximately at 155 km depth, which is the depth of the

Bucaramanga nest. Our constructed 3D model is in good agreement with the schematic
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Figure 6: Schematic model and the boundary conditions in the FE model. P is the hydrostatic
pressure and g is the gravitational acceleration. The northern slab is considered to be
stationary and the southern slab is subducting with the relative velocity between the
two slabs.

block diagram obtained by Van der Hilst & Mann (1994) based on tomographic images.

Figure 6 shows our constructed model.

We made a 3D FE model using Ansys-ED (2005) to simulate the collision between
two elastic slabs, one of which (the northern) is stationary comparing to the other. The
southern slab is subducting with the relative velocity between these two plates. These
two slabs meet eachother in the area of the Bucaramanga nest and experience frictional

sliding in the contact zone. The mantle is considered to be an inviscid Newtonian fluid,
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so the action of viscous drag on the lithosphere is ignored. Based on this assumption,
the effect of the mantle has been constrained to the hydrostatic pressure applied to the
lithosphere, where they are in contact (Hassani et al., 1997). For the elastic lithosphere
we solved the equation of equilibrium and Hooke’s equation. The stress-strain state of

an elastic body is described as below (Shemenda, 1994):

Jij:EI//(l—l—I/)(l—21/)[1(6)(52'j—|—E/(1—I/)€ij, (1)

where, ¢;; 1s the strain tensor, [ (e) = ¢;;6;; 1s the first invariant of the strain tensor, £ and
v are the moduli of elasticity and the Poisson ratio. The increase in weight of the slab
at 100 km and 300 km depth have been considered due to the amphibolite to eclogite
and olivine to spinel phase changes respectively (Lin & Van Keken, 2005). The net
balance between the gravitational forces and the hydrostatic pressure of the fluid mantle

is calculated based on equation (2) (Marotta & Mongelli, 1998):

Fret = dpgScos(0), (2)

where dp is the difference in density between the lithosphere and mantle, S is the thick-
ness of the lithosphere and 6 is the dip angle of the subducted lithosphere. We also
considered Coulombs friction law in the contact zone of the two slabs (3), changing
the coefficient of friction (1) we found out that the magnitude of stress build up in the
contact zone would be changed. We present our result by assuming x4 = 0.5. Based on

Coulombs’ law:

T = [iO0n, 3)

where 7 is the yield stress and o, is the normal stress. The elastic thickness of lithosphere
has been considered in our modelling (McNutt & Menard, 1982). We monitored the col-

lision for 10000 years (maximum relaxation time for the oceanic lithosphere (Turcotte
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A=38000 E=158562 1=279124 M=399686 Q=520248
C=98281 G=218843 K=339405 0=459967 R=550388

Figure 7: Volume distribution of von Mises stress in the location of collision between the two
slabs (the Bucaramanga nest).
& Schubert, 2002)). The results show (Figure 7 and 8) how collision can concentrate

and modify the stress field and may explain the nature of the Bucaramanga nest.

We conclude that the dehydration reaction at intermediate depths can lower the strength
of the lithosphere and the concentrated stress field in the collision zone can give rise
to the concentrated seismic activity that is observed in the area of the Bucaramanga
nest. The subduction of slab under its own weight and the modified stress field due
to the collision can also explain the variation in the mechanism of earthquakes in the
Bucaramanga nest. The earthquakes with non-double couple component and away from
volcanoes usually are related to the complexity in the source (Aki, 1979). Collision can

produce such a complexity in the process of faulting.
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Northern slab

Southern slab

Figure 8: Redrawn sample of tensile and compressional tensors in and around the Bucaramanga
nest. The red lines show the compressional and the black lines the tensional stress
tensors.

3. Unusual subduction zones- low rate of seismic
activity in the slab interface

Some subduction zones do not show frequent seismic activity in the fore-arc setting
and this makes it difficult to determine whether they have very strong or very weak
coupling in the slab interface. There is ongoing dispute over the type of coupling in
Makran, especially in the western part (e.g. Byrne et al. (1992); Carayannis (2006);
Nowroozi (1971)), which has no seismic activity at present and may have experienced
large earthquake in historical times. In the next sections of this research, we study the
Makran subduction zone using seismicity, focal mechanism, gravity and FE modelling

in order to find a proper explanation for its unusual seismic behavior.

3.1. Makran subduction zone - overview

The Makran subduction zone in the southeast of Iran and southern Pakistan marks a
zone of convergence where the oceanic crust of the Oman sea is subducting beneath

the Eurasian continent since the early Cretaceous (Farhoudi & Karig, 1977). Makran is
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bounded to the west by the continent- continent collision of the Arabian and the Eurasian
plates and to the east by the continent-continent collision between the Indian and the
Eurasian plates (Figure 9). The rate of convergence along the Makran boundary in-
creases slightly from the west towards the east (De Mets et al., 1990). The segmented
overriding lithosphere in the Makran consist two blocks, the Lut block in the west and
the Helmand block in the east. The volcanoes are situated further north in the eastern
part than in the western part of the Makran subduction zone (Figure 10). The relocated
data based on Engdahl & Villasenor (2002) show that eastern Makran is subducting with
a dip angle of about 8°, increasing to about 20°, where it bends into the asthenosphere.
The dip angle of the slab in the western Makran where it subducts below the overriding
lithosphere is not clear but it bends into the asthenosphere with a dip angle of about
30°. We examined the free air gravity anomaly perpendicular to the trench in the eastern
and the western Makran and the results show that the gravity anomaly in the trench area
in the western Makran is more negative compared to the east. This means that the dip
angle of the slab where it subducts beneath the overriding lithosphere is steeper in the

west compared to the east.

The present day seismicity in Makran is spars. Moderate to large magnitude earth-
quakes are either related to the down going slab at intermediate depths or superficial in
the eastern Makran (e.g. 1765, 1851 and 1945 earthquakes), while western Makran is
marked with almost no seismicity in the coastal area at present but might have experi-
enced a strong earthquake in 1483 (Ambraseys & Melville, 1982; Byrne et al., 1992),
however there is no solid proof for that (Figurell). Page et al. (1979) have suggested
that the presence of young marine terraces along parts of the western Makran, in Jask
and Konarak (Figure 11), provides strong evidence for the occurrence of great thrust
earthquakes in the fore-arc setting of the western Makran. However, other researchers
believe that the processes of formation of marine terraces is disputable and might not

necessarily be related to the occurrence of thrust earthquakes (Fitch & Scholz, 1971;
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Figure 9: Makran is bounded on the west by the continent-continent collision between Arabia
and Eurasia and on the east with the continent-continent collision between India and
Eurasia. The purple circles show the seismicity for earthquakes with AM,, > 5.0
from Harvard catalog (1976- present). The solid thick black line represents the plate
boundary based on Bird (2003).

Byrne et al., 1992).

Observation in eastern Makran shows that the rate of seismicity in the westernmost of
the 1945 earthquake ruptured zone has been increased (Quittmeyer & Jacob, 1979). This
area almost corresponds to the easternmost of the rupture zone of the 1851 earthquake
and there is speculation about recurrence of a future earthquake in this area (Byrne
et al., 1992; Carayannis, 2006). Makran has experienced a Tsunami after the 1945
earthquake (Byrne ef al., 1992; Carayannis, 2006), and probably this was not the first
tsunami experienced in the Makran subduction zone. There are some indications that

the 1765 earthquake was also followed by a tsunami (Ambraseys & Melville, 1982).



46

Figure 10: A general view of the Makran subduction zone and its surroundings. The solid black
arrows show the direction and magnitude of convergence based on GPS observation
(Nilforoushan et al., 2003). The open black arrows show the convergence velocity
based on NUVEL-1 (De Mets et al., 1990). The white triangles show the location of
volcanoes. The seismicity is based on ISC catalog (M, > 4.5).
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Figure 11: Ruptured area of strong earthquakes in the eastern Makran based on (Byrne ef al.,
1992). Jask and Konarak are the site of observed marine terrace in the western
Makran (Page et al., 1979).

Therefore understanding the seismogenic behavior of the Makran subduction zone is

important.

The aim of this research is to better understand the state of stress in the overriding
lithosphere in Makran and the influence of the collision zones on the Makran stress field.
We also try to provide a good understanding about the seismogenic behavior of the slab
interface in the Makran subduction zone. We explain how the overriding lithosphere
experiences deformation within a cycle of earthquake. These are discussed in detail in

papers 3 and 4.

3.2. Current state of crustal stress in Makran - focal mechanism
stress inversion

For the details of this study please refer to paper 3
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Figure 12: The maximum horizontal-compressional stress obtained from the focal mechanism
stress inversion. Clearly the state of stress is changing from the western to the eastern
Makran. The western Makran stress field is under the influence of the stress field
associated with the collision zone between Arabia and Eurasia, while the eastern
Makran stress field is influenced by the Indian-Eurasian stress field.
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We used the focal mechanism of shallow earthquakes (depth < 45 km) in Makran and
also in the collision zones between the Arabian-Eurasian and Indian-Eurasian plates to
study the current state of stress in the region. The aim is to investigate the state of stress
in the overriding lithosphere in Makran and to observe any possible influence of the
collision zones on the Makran stress field. The sources of data are mainly Harvard CMT
solutions, but in the Maktran region, we also used other published focal mechanisms
for the earthquakes (e.g. Byrne et al. (1992); Dziewonski et al. (1983); Quittmeyer
& Kafka (1984)). We used an approach based on the Michael (1984, 1987a,b) and
Michael (1991) method to determine the spatially uniform time averaged component of
the stress field in the region. The final result of stress inversion show that the direction
of compressional stress axis is rotating along the Makran subduction zone. The western
Makran stress field is under the influence of the collision between Arabia and Eurasia,
while the eastern Makran stress field is affected by Indian-Eurasian collision. Figure 12
shows the direction of the compressional stress axis in the entire region. The variance of
inversion everywhere is less than 0.17, suggesting appropriate fit with a homogeneous
stress field. The maximum variance is associated with the Makran region, which may be

related to uneven source of data that has been used here.

3.3. Source analysis of intermediate depth earthquakes around
the Sistan suture zone

For the details of this study please refer to paper 3

We analysed the source and the mechanism of three recent intermediate depth earth-
quakes around the Sistan suture zone using body wave inversion. The Sistan suture zone
connects the two segmented blocks, Lut and Helmand, on the overriding lithosphere
(Figure 11). It is believed that the Sistan suture zone provides evidence for subduction

of part of the Neo-Tethys to the east beneath the Helmand block when these two blocks
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Figure 13: Location of the three intermediate depth earthquakes, which occurred recently in the
Makran slab and around the Sistan suture zone.

were once separated (Tirrul et al., 1983). Our main concern is to know whether the
Sistan suture has a thick root and may meet the Makran slab at intermediate depths. In
general we look for complexity in the source of the earthquakes in the area around the
Sistan suture zone. Figure 13 shows the location of the recent earthquakes that we stud-
ied in this research. Depth of earthquake in 14/01/2003 is about 80 km. The 24/08/2003
earthquake occurred at 72 km depth and the last earthquake in 2005 occurred at 58 km

depth.

In order to do body wave inversion we used the Kikuchi & Kanamori program (Kikuchi
& Kanamori, 2003) and the Broad Band P and SH waves from stations of the Incorpo-
rated Research Institutions for Seismology (IRIS). To avoid the upper mantle triplication
and interference from the core phases, waveforms in the distance range of 30° — 75° have
been used (Maggi et al., 2000). The amplitude of P and SH waves are corrected for the
effect of geometrical spreading and attenuation by adopting ¢* value of 1.0 s for P waves
and 4.0 s for SH waves. t* is the travel time divided by the quality factor in a region

of uniform attenuation. We used the spherical average velocity structure based on the
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AK135 model (Montagner & Kennet, 1995) and a rupture velocity of 3 km/s. In the
process of inversion, the weight of P waves is 10 times more than that of SH waves. The
result of body wave inversion shows no source complexity for the two earthquakes at 80
and 72 km depth, however the earthquake at 58 km depth (on 13/03/2005) has a com-
plex source (Figure 14a,b). The result is comparable with the Harvard CMT solution
for this earthquake, which shows more than 50% non-double couple component. This
may indicate that at intermediate depths around 58 km, there is a source of complexity.
This may be related to the thick root of the Sistan suture zone, which meets the low dip
angle slab at that depth and produce the source of complexity. However, this is just an

indication and cannot be confirmed without a detail tomographic investigation.

3.4. Western Makran as a strongly coupled segment of the
subduction zone

For the details of this study please refer to paper 4

Western Makran does not experience seismic activity at present. The seismogenic be-
havior of the western Makran, created uncertainty about the type of coupling in this
section of slab interface. In the 4th paper we try to show that the only possibility in the
western Makran is strong coupling. The following sections explain our observations on

our modelling and interpretation of the western Makran.

3.5. Trench Parallel Gravity and Topography Anomaly (TPGA and
TPTA)

Recent studies (Song & Simons, 2003; Wells et al., 2003; Hackney et al., 2005) demon-
strate that great earthquakes occur predominantly in regions with a strong negative
Trench Parallel Gravity and Topography Anomaly (TPGA and TPTA) [TPGA< -40
mGal and TPTA < -750 m]. TPGA and TPTA maps can be constructed by removing
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Figure 14: Result of body wave inversion for intermediate depth (58 km) earthquake of
13/03/2005. (a) Source time function of the event which shows complexity (b) Ob-
served (top) and produced synthetic (bottom) seismograms.
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the average of regional gravity anomaly perpendicular to the trench. The reason for
making this residual map is to remove the effect of slab buoyancy and mantle rheology
from the free air gravity data. The constructed residual map (TPGA map) will then be
under the control of shallower structure in the slab interface. The TPTA map usually
follows the TPGA map since the free air gravity anomaly has positive correlation with
the Topography. Song & Simons (2003) argue that the observed correlation between
TPGA and TPTA imply increased shear traction caused by an increase in the static co-
efficient of friction. This means that in areas with highly negative TPGA and TPTA, the
overriding lithosphere is strongly coupled with subducting lithosphere and it is dragged
down with the subducting slab. This cause the negative topography and consequently

free air gravity anomaly in the fore-arc setting.

3.6. Results and interpretation of TPGA and TPTA in Makran

We construct the TPGA and TPTA map in the fore-arc setting of the Makran subduction
zone. Figure 15 shows the result of our investigation. It is obvious that the entire western
Makran fore-arc is located in areas with TPGA <-50 mGal and TPTA <-750 m. The
western Makran is separated from the eastern Makran with areas of positive TPGA and
TPTA. This area is located along the Sistan suture zone in the fore-arc setting. The area
of the 1851 and the 1945 earthquakes correspond with the positive TPGA and TPTA,
which needs explanation. In general there is a good agreement between the TPGA and
TPTA maps everywhere in the fore-arc setting of the Makran subduction zone except for

the area of the 1765 earthquake.

Based on other researches (Song & Simons, 2003; Wells et al., 2003; Hackney et al.,
2005), which were carried out in the Pacific and the Java, we related the observed nega-
tive TPGA and TPTA in the western Makran to a high coefficient of friction in the con-
tact zone (e.g. strong coupling between the overriding and subducting plates) between

14-26 km depth along the slab interface. The depth interval of this strong coupling in
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Figure 15: (a) The TPGA and (b) TPTA map in the Makran fore-arc setting.
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the slab interface is estimated based on geometry of the slab, which we obtained from

seismicity.

3.7. FE modelling of shear stress build up in the contact interface
of the western Makran

We used a 2D elastic-viscoelastic FE model to investigate the rate of shear stress build-
up in the slab interface of the western Makran. We considered Coulomb’s friction law
(equation 3) in the contact zone between the overriding and subducting plates. We
changed the coefficient of friction along the slab interface, where the smallest coefficient
(n = 0.25) corresponds to the shallower part of slab interface and the largest coefficient
of friction (x = 0.85) belongs to the area of the strongest coupling between 14-26 km
depth. Velocity of convergence is based on GPS observation in the western Makran
(about 2.6 cm/yr (Nilforoushan et al., 2003)). The lithosphere has a elastic behavior in
our model (based on Equation 1) and the mantle act as a viscoelastic material, with the

following constitutive equation (Ansys-ED, 2005):

‘ de i A
o= /0 2G(t — ) odr + 1/0 K(t—7)"2dr, 4)

where o is the stress, e is the deviatoric part of the strain, A is the volumetric part of
the strain, G(t) is the shear relaxation kernel function, K(¢) is bulk relaxation kernel
function, ¢ is the current time, 7 is the past time and 7 is the unit tensor. The kernel

functions are represented in terms of Prony series which assumes that:

G =G+ Z Gi eXp(;é), (5)

=1 i

nk _t
K=Ko+> K; exp(T—K), (6)

=1 7
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Figure 16: Geometry and boundary condition of the mechanical model in the western Makran.

where G, and G; are shear elastic moduli, K, and K;are bulk elastic moduli and TZG and

7/ are the relaxation times for each Prony component. The model used in the western

Makran is presented in Figure 16.

The result of modelling shows that the processes of shear stress build up in the contact
zone is very slow. It takes almost 1400 years until the shear stress in the strongly coupled
part of the slab interface reaches the yield point. However, this calculation cannot be
the representative of the recurrence time for an earthquake, since we did not consider
any complexity regarding the frictional behavior, pre existing stress or loading due to
occurrence of other earthquakes in this segment of subduction. Figure 17 shows the

result of numerical modelling.

3.8. Makran and mature stages of an earthquake cycle

For the details of this study please refer to paper 4.

Normal faults are the dominant mechanism of earthquakes at intermediate depths in
the Makran subduction zone (Figure 18). These earthquakes are mainly concentrated
in the area at intermediate depths, which corresponds to the rupture zone of the 1851
earthquake in the fore-arc setting and also in the western Makran. The existence of nor-

mal fault mechanism at intermediate depths has been explained first by Dmowska et al.
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Figure 17: Result of FE modelling in the western Makran. The depth range of strongly coupled
segment is shown by the dark blue line.

(1988) using a 1D Finite Element (FE) model and later has been developed further with
a 2D FE model by Taylor et al. (1996). Dmowska et al. (1988) suggested that “the di-
rect evidence of tensional stress acting on the down going slab in the latter portion of
the earthquake cycle, at depths starting from just below the zone of thrust earthquakes
(about 40 km depth) and reaching to 200-250 km depth, is the occurrence of earthquakes
with a normal mechanism in many zones around the world. Such intermediate term pre-
cursory shows that this particular part of the subduction zone entered the mature stage
of an earthquake cycle”. Dmowska et al. (1988), Taylor et al. (1996) and Zheng et al.
(1996), argued that depending on the degree of coupling, the coupled part of the slab
interface undergoes periodically repeated large slip of oV}, 7., where « is the seismic
coupling factor (the ratio of sudden slip in earthquake to total slip within a cycle), V}; is
the velocity of convergence and T, is the time period of one cycle. They assumed that
the remaining part of (1 — «)V},T.. of total convergence V},1.,. in a cycle is accommo-

dated by sliding at constant rate of (1 — o)V}, , which is the sliding rate in modelling of
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Figure 18: Mechanism of shallow earthquakes (gray) in the fore-arc setting and intermediate
depth (black) in the Makran subduction zone. The rectangles are the rupture zone
of large earthquakes in the eastern Makran based on Byrne et al. (1992). Jask and
Konarak are the site of observed marine terraces in the western Makran.

earthquake cycle.

According to Zheng et al. (1996) The preconditioning slip history, up to and including a

large earthquake is expressed as:

1 t
Ay = (1 — Oé)vplt + {5 + [T]a%chyc}a (7)
cyc

where Auw is the slip, ¢ is time and [%yc] is a staircase function. Based on Taylor et al.
(1996), the slip can be separated into two parts, the steady slip and the perturbation slip,

as Au = Austeady + Auperturb with Austeady = ‘/;)lt’ and
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Lyt
Tcyc Tcyc

1
AUperturb = {5 + [ }anchyCa (8)

where Ay, averages, in time, to zero over one whole seismic cycle and is associated
with the temporal variation in coupling (Zheng et al., 1996; Taylor et al., 1996). This
term drives the time dependencies of deformation in the overriding lithosphere above
the slab interface which can be monitored by geodetic observations (Zheng et al., 1996).
We use the Awype, 4 as a load on the slab interface, when we model deformation in the

overriding lithosphere within a cycle of earthquake.

3.9. FE modelling of deformation in the overriding lithosphere
within an earthquake cycle

The source of the 1945 earthquake in the eastern Makran has been studied by Byrne et al.
(1992). According to that study the average slip associated with the 1945 earthquake
was about 6-8 m. The 1851 earthquake had a magnitude slightly less than the 1945
earthquake (Byrne et al., 1992). Therefore, we used the fault geometry and the minimum
slip associated with the 1945 earthquake as an input to model the deformation within a
cycle of earthquake in the overriding lithosphere. This modelling can help us to estimate
and compare the rate of deformation in the overriding lithosphere above the segments

associated with the 1945 and the 1851 earthquakes.

Since we don’t have any clue about the length of earthquake cycle in the eastern Makran,
we used three cycles of earthquakes in our modelling. The length of cycles is 200, 250
and 300 years. Following research by Zheng et al. (1996) in the Shumagin subduction
in Alaska, we considered a heterogeneous coupling in the slab interface and associated
the maximum local coupling factor to the ruptured length of the 1945 earthquake. The
seismic coupling factor is changing locally, with the ratio of 1.5:3:2.5 , where 1.5 is
along the shallow aseismic segment of the slab interface, 3 is associated with the rupture

length of the 1945 earthquake and 2.5 is associated with the area below the rupture zone
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Figure 19: Model of the eastern Makran used in this study. The geometry of the slab is based
on the observed seismicity.

of the 1945 earthquake in the slab interface. The seismic coupling factor « 1s 0.70 for
Teye = 200 years, 0.56 for Ti,. = 250 years, and 0.48 for T,,. = 300 years. Using a 2D
elastic-viscoelastic model, where load in the slab interface considered to be Aupeypyrp
for the local value of a, we found the deformation in the overriding lithosphere within
a cycle of earthquake. In our model, the aseismic portions of the slab are considered
to be viscoelastic (based on Equations 4, 5 and 6) with a short relaxation time, to avoid
any stress build up in those portions. These portions are between 0-17 km and 80-110
km. The rest of the lithosphere is elastic (based on equation 1) and the mantle reacts as

a viscoelastic material. The model is presented in Figure 19.

Figure 20 shows that in the beginning of the cycle the overriding lithosphere experiences
uplift, in the middle of the cycle no deformation can be associated with the overriding
lithosphere and close to the end of the cycle, the overriding lithosphere is experiencing
subsidence. The deformation is more pronounced in a distance of 200-350 km away
from the trench where it is associated with the strongest coupling in the slab interface.
Considering different lengths for the cycle of earthquake, we could observe that the rate

of deformation is faster, when the length of cycle is shorter.

We also compared the present state of deformation in the segments of the 1945 and the
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Figure 20: Vertical displacement away from the trench (0 distance) for different time within a
cycle of earthquake with 200 years length. The maximum vertical displacement is
associate with the area above the strongly coupled segment of the slab interface.

1851 earthquakes (Figure 21) for different cycles of earthquake. Clearly if the cycle of

earthquake 1s 300 years, we should observe very little deformation at the present time

in the overriding lithosphere above the 1851 earthquake. That is because the segment
would be almost in the middle of earthquake cycle. This cannot be the case in this
segment. The concentrated normal faults show the induced extensional stress at inter-
mediate depths in this segment. According to Taylor et al. (1996), this induced stress
would be almost zero in the middle of cycle, and no normal faulting should be observed
at intermediate depths. So 300 years length for cycle of an earthquake with almost the
same magnitude of 1851 is quite long. It also means that the area of 1945 earthquake
may be reactivated in a shorter time compared to 300 years that has been proposed by

Byrne et al. (1992).
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Figure 21: The comparison between the present day deformation in the overriding lithosphere
above the rupture zones of the 1945 and the 1851 earthquakes for (a) 7¢,. = 200 (b)
Teye = 250 and (¢) Tt = 300 years.
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4. Discussions

The main characteristics of earthquake nests reveal that they are associated with concen-
tration of the stress field in a small volume. They occur as a result of long term tectonic
process, which can be due to slab break off (e.g. the Vrancea nest), collision between
subducted slabs (e.g. the Bucaramanga or Hindu Kush nests) or an abrupt change in the

geometry of the subducted slab (e.g. the possible nest in Fiji).

It seems that a process like slab break off at intermediate depths concentrate the down
dip tensional stress in the earthquake nest, The negative buoyancy of slab (Chappel &
Tullis, 1977), the concentrated tensional stress due to tearing of slab and the active pro-
cess of dehydration embrittelment (Hacker ef al., 2003) create right environment for
occurrence of numerous earthquakes with thrust mechanism in the nest, like in the case
of the Vrancea. In the case of collision between two subducted slab, it seems that both
negative buoyancy and direction of collision are the controlling parameters in the mech-
anism of earthquakes. If collision be able to explain the nature of the Bucaramanga and
the Hindu Kush nests, direction of collision may explain the differences in the observed
mechanism of the earthquakes in these two nests. The seismicity in the case of Hindu
Kush, indicates collision from opposite direction, while the Bucaramanga nest seems
to be created due to frictional slip of two subducted slabs beside each other with dif-
ferent orientation. If existence of CLVDs at intermediate depths can be explained by
source complexity, it seems that collision can perturb the stress field and produce the
non-double couple earthquakes. This may be explained by the fact that the high percent-
age of CLVDs are present both in the Bucaramanga and the Hindu Kush nests and don’t

exist in the Vrancea nest (Based on Harvard Catalog).

Studying Makran subduction zone shows that collision zones in the east and the west of
the Makran subduction zone can modify the state of stress in the overriding lithosphere

and influence the stress field. Non-existence of large earthquakes does not necessarily
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indicate weak coupling in the slab interface. In fact, the observed highly negative TPGA
and TPTA in the fore-arc setting of the western Makran can indicate high coefficient
of friction and hence strong coupling, according to Song & Simons (2003), in the slab
interface. The high coefficient of friction and the low velocity of convergence can slow
down the process of shear stress build up and affect the seismogenic behavior in the fore-
arc setting. According to Song & Simons (2003), the Kamchatka earthquake in 1952 is
located in an area with both positive and negative TPGA and TPTA. Our investigation
also show that both large earthquakes in the eastern Makran in 1851 and 1945 are lo-
cated in the areas with positive TPGA and TPTA. Although, it has been shown that the
total seismic moment release decreases by increasing the magnitude of TPGA almost
world wide (Song & Simons, 2003), but in some areas like those mentioned above this
observation cannot be justified. According to Pacheco et al. (1993), irregularities in the
subducting slab such as subduction of a sea-mount can associate the slab interface to
unstable frictional behavior. Unstable frictional behavior indicates strong coupling in
the slab interface. Subduction of sea-mounts can produce high TPGA and TPTA in the
fore-arc setting and should be considered as a likely mechanism for producing the 1851

and the 1945 earthquakes in Makran or the 1952 earthquake in Kamchatka.

Observations in the subduction zones with strong coupling in the slab interface show
that the stress change within a cycle of earthquake and the intermediate depths normal
faults can be a good indicator of the mature stages of an earthquake cycle (Malgrange
et al., 1981; Dziewonski & Woodhouse, 1983; Lovison, 1986; McNally et al., 1986).
A recent earthquake supporting this hypothesis, is the Nov. 2006 earthquake in Kuril,
which has been predicted by Dmowska & Lovison (1988). In subduction zones with
several known large earthquakes in the slab interface, like Makran, the measurement of
rate and magnitude of deformation in the overriding lithosphere can help to understand

which area of slab interface is closer to the future large earthquakes.
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5. Conclusions

We summarize the result of our investigations in the area of unusually high and low level

of seismicity in subduction zones as follow:

e Earthquake nests, which are not associated with volcanic activity, have a b-value
of less than 1.73 suggesting no swarm activity in the nest. Their largest reported
earthquake is of moderate magnitude (M;,=5.9-6.5), their moment release is higher
than that of the surrounding areas and they mostly experience thrust faulting as the

dominant mechanism inside the nest.

e Reviewing all earthquake nests not related to volcanic activity has revealed that the
Bucaramanga nest is the smallest, the most active and the most disputed earthquake

nest.

e The local seismicity in Colombia suggests that two slabs with two different dip
angles (25° in the north and 50° in the south) exist in the area of the Bucaramanga
nest. The dip angle of the Bucaramanga nest (29°) is more in agreement with the

northern slab.

e The focal mechanism stress inversion of moderate size earthquakes shows that the
Bucaramanga nest is experiencing down dip tension where the plunge of o3 is in

good agreement with the dip angle of the southern slab.

e The concentration of seismic activity in a small volume of the Bucaramanga nest,
the variation in the mechanism of earthquakes and the complexity in the source
of earthquakes inside the nest, can be explained by collision between the two sub-
ducting slabs in the area of the Bucaramanga nest. We used a 3D FE model to test

this idea.
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e The Makran subduction zone experiences two different states of stress in its over-

riding lithosphere. The overriding lithosphere stress field in the west is under the
influence of collision between Arabia and Eurasia and in the east under the influ-

ence of collision between India and Eurasia.

The Sistan suture zone, which is the boundary between the two segments (Lut and
Helmand blocks) in the overriding lithosphere, may have a thick root. It is possible
that the root of the suture zone meets the low dip angle slab at intermediate depths
around 58 km and produces complexity in the source of earthquakes occurring in

that depth.

The high negative TPGA and TPTA (<-50 mGal and <-750 m) in the western
Makran suggest strong coupling in that region. It means that the overriding litho-
sphere is dragged down by the subducting lithosphere due to a high coefficient
of friction in the slab interface. We used a 2D elastic-viscoelastic FE model to
show that shear stress build-up in the western Makran is a slow process and it may

explain the lack of seismic activity in this region at the present time.

The eastern and the western Makran, in the fore-arc setting, seem to be separated

by an area with high positive TPGA and TPTA.

The existence of normal faults at intermediate depths in the Makran subduction
zone indicate the stages of a mature cycle of earthquake in mainly two segments.
The segment of the western Makran and the segment associated with the 1851

earthquake rupture zone.

We used a 2D elastic-viscoelastic FE model to estimate the deformation in the
overriding lithosphere above the slab interface with heterogeneous coupling for
different cycle of earthquakes. The result shows that deformation is more pro-

nounced above the strongly coupled part of the slab interface.
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e Our 2D FE modelling shows that the shorter the length of the cycle, the faster is
the rate of deformation. As a result we expect faster rate of deformation in the

eastern Makran compared to the western Makran.

e Considering the fact that in the middle of a cycle the induced extensional stress at
intermediate depth is insignificant and cannot explain the observed normal faults
in Makran, we constrain the recurrence time of earthquakes with the size of the

1851 event to shorter than 300 years.

e The overriding lithosphere in the beginning of the cycle experiences uplift and to-
wards the end of the cycle experiences subsidence. Assuming that the 1945 and
the 1851 earthquakes in the eastern Makran have almost the same magnitude, we
believe that at the present time, the overriding lithosphere above the 1851 earth-
quake should experience considerable subsidence, while the overriding lithosphere

above the 1945 earthquake experiences uplift.
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6. Future work in the areas addressed in this thesis

We consider our work as a starting step towards understanding the nature of unusual
seismicity in subduction zones. We believe we can achieve better results in the future if

we consider the following:

e Among the possible earthquake nests, Fiji nest looks unique. It is not clear why
earthquakes with thrust mechanism should be observed at that depth (570-620 km).
This area should be investigated from the seismological and tectonophysical point

of view in more detail.

e Since the two slabs around the Bucaramanga nest have two different age and evolu-
tion time, it seems appropriate that a more advanced 3D thermo-mechanical model
which also involve the thermal structure of the slabs be developed. The differ-
ence in the thermal structure of slabs may give rise to differences in the rate or

concentration of seismic activity in the collision zone.

e In order to understand any interaction between the Sistan suture zone and the sub-

ducted slab in Makran, a regional tomography investigation is necessary.

e In order to address the deformation within an earthquake cycle in the overriding
lithosphere in Makran more accurately and by using a 3D FE model, continuous

and dense geodetic observation in the future will be necessary.
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