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ABSTRACT |

During the fall of 2003, seisfnic daté weré collected in the easterﬁ Marmara Region on the
North Anatolian Fault Zone near {zmit rupture zone by a controlled source expefimeﬁt.
The fault_was clearly exposed on the surface and the thickness of fhe sediments in the basin
is expected to be greater thén several hundred meters, The data were acquired aloﬁg al2
km long north-south profile with a total.o_f 50 recorders equipped with 4.5 Hz geophones.
3-component geophones were used near the fault zone to detect trapped waves. The shot
spacing was 5 m and receiver spacing was varying from 10m to 20m. More than 180 shots.,.

* were fired using a vibroseis. Data were reéorded continuously with 100Hz sampling rate.

This study is a step towards a determination of a shallow P wave velocity structure on the
" NAFZ near Izmit rupture. We applied regularized inversion technique to the first arrival
travel times. More than 6500 picks froni 129 shot-gathers were used in the analysis. A
shallow P wave velocity image (<200m) from travel time tomography was obtained in the
Izmit basin. The results indicate a fault zone of approximately 100 m thick. A v'eldcity
contrast was detected betwéen the fault zone and surrdunding bldcks. The P wave velocity
on the southern block variés between a range 1.4 — 1.7 km/s and 1.7 — 2.0 km/s on the
northern block the {/elocity decreases to 1.4 km/s within the fault zone. 3-component.
recordings and fan shots indicates the presence of the fault zone ‘consistent with the.
. tomographic image. Previous seismological studies in the region also show that ‘the

thickness of the fault zone is.on the order of approximately 100m.
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OZET

2003 sonbaharinda, Marrn’éra bﬁlgesinih dogusunda, Izmit kirgt yaklnlarmda ‘Kuzey .
Anadolu Fay Zonu -lizerinde kontrollii kaynak déneyi ile sismik veri toplanmistir.
Basendeki sediman tabakalarinin kalinliklarmin, yiizlerce metre olmast beklenmekte ve
yizeyde fay izi rahathkla izlenmekteydi. Veri; 1.2 km uzunlugunda, kuzey-giiney
- dogrultulu bir prbﬁl boyunca, 4.5 Hz jeofonl.ara baglanmls,; toblam 50 adet kayltc;l ilev
toplanmustir. Kanal dalgalarini (trapped waves) goriintiilemek i¢in, 3 bilesenli jeofonlar fay .
.zonuna yakin yerlestirilmistir. Atl$ aralig1 5m olup kayitci arahklan 10 ile 20 m arasinda
" degismektedir. Vibroseis kullanilarak, 180den fazla atis yapilmis ve veri siirekli olarak
100Hz 6rnekleme aralifs ile kaydedilmistir. _

Bu calisma; Izmit kg1 yakinlarinda Kuzey Anadolu Fay1 lizerinde s1g P dalgast hiz
yapisini bellrlemeye yoneliktir. Ik vans zamanlarma regularlze edilmig ters g:ozum
yontemi uygulanarak, analizde 129 atis grubu ile’ 6500 den' fazla ilk varis zamam
kullanilmigtir. Izmit baseninde, seyahat zamam tomograﬁ51 kullanilarak sig P dalgasi
(<200m) hiz imaji elde edilmistir. Sonuglar, fay zonu genisliginiﬁ yaklasik 100m oldugunu
gostermektedir. Fay zonu ve cevreleyen bloklar arasinda hiz farkliliklari saﬁtanrf11$t1r..
| Giiney bloktaki P dalgasi luz1 1.4 — 1.7 km/s; kuzey bloktaki P dalgast mz1 1.7 — 2.0 km/s’
arasinda degisirken hiz fay zonunda 1.4 km/s’ye diismektedir. Bti‘lgede daha 6nce yapilmis

sismik ¢alismalarda da fay zonu genisliginin yaklasik 100 m oldugu goriilmiistiir.
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1. INTRODUCTION

Geophysical data have been usually interpreted by the use of forward and inverse modeling
techniques. Among these, tomography has become a standard tool to map the parameters
related to the earth structure. The word of ‘tomo’ was derived from the Greek for ‘section
drawing’. The technique is based on finding the velocity and reflectivity distribution from
a multitude of observations by the reconstruction of a field from the knowledge of linear

path integrals through the field (Clayton, 1984).

Aki, Christofferson and Huseybe (1974) developed the first 3-D tomographic inversion
method called “ACH” for earth modeling and extended the techhique to determine earth’s
upper mantle velocity structure (Aki et al., 1976, 1977; Aki and Lee, 1976). Within the
following years, the method was applied to data from 25 arrays all around the world with
apertures ranging from 20 to 3000 km. The results of these studies showed significant 3-D

velocity anomalies, with significant implications on tectonics.

Hirahara (1977) obtained the upper man_ﬂe velocity structure u_hder Japan delineated the
subducting high velocity pacific plate. Clayton and Comer (1983) and Nolet (1985)
introduced the iterative matrix solvers, allowing a quantum jump in the number of model
pararheters. Following these developmehts, the method is rename.d as tomography. The
discovery of a global seismic imagé (Dziewonski énd Anderson, 1984; Tanimoto and
Anderson, 1984; Woodhouse and DzieWonski, 1984) which correlated well with the
~ pattern of geoid helped to enhance the believability of seismic tomographic image. The
studies convinced the seismological community to consider the seismic tomography as a

reliable tool for imaging the earth structure.



Significant progress on the speed and accuracy of travel time cofnputation has been made
in the following years leading to more robust algofithms. Vidale (1988, 1992) proposed
- Finite Difference solution to the eikonal equation in 2-D and 3-D complex media. The
* solution of eikonal equation (1988, 1992), the algorithm for calculating first arrival travel
times, was later modified to handle large sharp contrast properly (Hole and Zeit, 1994).
Zelt and Barton (1988) studied the Faeroe Basin using two different tomography methods
for determining 3-D veloci{y structure from first arrival travel time data and compared

~ backprojection and regularized inversion methods.

Tomography methods simply can be classified into the groups according to the type and
- distribution of source and receivers, according to the data sets used and according to the
inversion methods involved. The most common applications are earthquake tomography
and controlled source tomography (Hirahara, 1993). Tomographic methods can also be
classified according to the solution of the linear systems. Backprbjection tec_hniqué
requires no matrix inversion and can treat a large number of unknown parafneters in
contrast to the iterative accurate methods as algebraic reconstruction (ART) and

simultaneous iterative reconstruction (SIRT) techniques.

The rapid growth in the number of seismometers, combined ‘with increasing computer
~ power, allowed improvement in the type and quality of seismic images of the crust and
lithosphere. An example of improved imaging capability is the inversion of the full seismic
waveform, rather than solely traveltimes, in controlled source surveys (Hole et al., 2005).
Waveform tomography provides higher spatial resolution on the seismic images than any

other technique.



Among the oldest and most fundamentél problems in Seismo'logy is to understand the
nature of discontinuities within the fault zones and determining thé velocity depth relation
accurately. Major crustal faults are often marked by narrow, on the order of (10-100) m,
tabular or wedge-shaped low-velocity fault zones. The detailed analysis of fault zones
plays an important role in problems related to fault mechanics, rupture dynamics, wave
propagation and seismic hazard. Seismic observations near the fault zones show motion
amplifications, long period oscillations, head waves, and travel time anomalies. These
anomalies can be used to determine internal structure of fault zone layers. Therefore

seismic tomography can be used to image fault zone heterogeneities in a great detail.

Throughout the history, Istanbul and Marmara Region have always been one of the most
important centers of the wofld having rich cultural heritage from the ancient civilizations.
Unfortunately, a continental transform fault lies beneath these densely populated,
industrialized and intensively cultivated areas. Continental transform faults such as the
San-Andreas Fault in California, the Alpine Fault in NewZeland, the North Anatolian Fault
(NAF) in Turkey and the Dead Sea Fault Systems, involve complex structural and
sedimentary regimes. This complexity relates to the history of displacement along these

fundamental components of the global plate tectonic framework (Brew, 2001).

North Anatolian Fault has been interpreted as a transform fault originating from the late
Miocene collision of the Arabian and Eurasian plates (McKenzie, 1992). 1500 km long
fault extends from about Lake Van to Greece and splits into several branches in the
Marmara Region. The North Anatolian Fault system, which accommodates most of the
westward motion of Turkey, has a narrow and locélized character, clearly defined by the
predominantly strike slip sﬁrface along its entire 1000 km length,v which is associated with
series of major earthquakes'(Ambraseys," 2002). The NAFZ is remarkably similar to the
San-Andreas fault of California in its style of displacement, high seismicity, neotectonic
history, presence of creep and problems of seismic hazard evaluation (Baris, 1995). On the
other hand, significant contrasts between the two faults exist in their space time patterns of

seismicity and in their plate tectonic relationships (Allen, 1982; Turcotte, 1982).



Many examples of the tomography along the fault zones have been presented during the
last decade. Most of these. studies are related to the strike slip faults with clear surface
expressions and fault zones. One of the most striking examples of these types of the faults -
is North Anatolian Fault Zone. Following the August 17 1999 izmit earthquake the fault
zone properties in {zmit and Diizce areas have been investigated. Ben Zion et al. (2002)
discussed the subsurface structure of Karadere-Diizce branch of the North Anatolian Fault;
by using, a large seismic data set recorded by a local PASSCAL network during the six
months following the 1999 Izmit earthquake. They determined the depth of .trapping
structure using travel time analysis and waveform modeling. A seismic tomography study

in Eastern Marmara region was performed by Karabulut et al. (2003).

The primary purpose of this study is to determine a velocity structure on the North
Anatolian Fault in Sarimese near the Izmit rupture zone via 2-D tomography inversioﬂs.
Following the general overview, a controlled source experiment, data acquisition and
processing, travel time tombgraphy and the results of the analysis were briefly explained
-and a 2-D image of the fault zone was :presented. Conclusioné that are drawn from the

~ overall tomographic images interpreted in section 7.



2. GEOLOGY AND TECTONIC SETTINGS

2.1 Tectonics of thé North Anatolian Fault Zone

- Tectonically, Turkey lies within the Alpine-Himalayan orogenic zone. The area has been
divided into four tectonic units on paleotectonic period. These units are Pontides,
Anatolids, Tourids and Border folds (Ketin, 1966). According to plate tectonics theory in
the vicinity of the Anatolian block, the Eurasian, the African and the Arabian plates border
- each other. The relative motions of the Afrlcan Arabian and the Eurasian plates (Figure
© 2.1), mainly dominate the present tectonic reglme and the seismicity of Turkey. Northward |
motion of the Arabian plate relative to the Eurasian plate causes lateral escape of the
Anatolian block to the west and the northeastern block to the east, resulting in right lateral
motion along the NAF which is the boundary between the Eurasian and Anatolian plates
. and left-lateral motion along the EAF, which is another transform boundary between the
Anatolian and the Arabian plates (McKerizie, 1972; Arpat and Saroglu, 1972; Dewey and
‘Sengr 1979). |

* The NAFZ is the northern boundary of the westward moving Anatolian block and connects
the compressional regime in eastern Anatolia with the extensional regime in the Aegean
sea region (Barka, 1992; McKenzie, 1972; Sengér, 1979). The Anatolian and Northeast
Anatolian blocks are escapihg sideways due to collision between the.Arabian and Eurasian
plates which began 65 million years ago and is still continuing (Barka, 1992). The fault
zone is about 1500 km long extending from the Karliova triple juhction in Eastern Turkey
to Greece (Barka, 1992; Barka and Kadinsky-Cade, 1988). Recent studies have indicate
that the age of the fault is sometime between the late Miocene (about 13Ma) and early

middle Pliocene (Sengor et al., 1985, Dewey et al., 1986; Barka and Giilen, 1988, 1989).
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Figure 2.1.  Tectonic map of Turkey (Cagatay et al:, 1998 modified from Sengor et ai.,
1985) '

 The NAFZ shows fishbone characters in middle and eastern parts and has a horse-tail
character in the Marmara region and the North Aegean regions (Barka, 1992; Sengér and
Barka 1992; Barka and Kandinsky-Cade, 1988). The NAFZ consists mainly of a single
strand between the Karliova to the Mudurnu Valley than splays into three strands in the
Marmara and North Aegean regions. The general trend of total displacement along the
main part of the NAFZ decreases from 40 + 5 km in the east to 25 + 5 km in the west
(Barka, 1981, 1985, 1992; Yilmaz, 1985; Koc;yigif, 1989; Barka and Giilen, 1988). The
total slip in the Marmara Region is about 30 & 5 km due to the influence of extension in the
Aegean and Western Turkey (Oral et al., 1993; Barka, 1992). The slip rate of the NAFZ is
1 cm/year between Karliova and Erzincan; 0.7 — 0.8 cm/year between Erzincan and Niksar
and 0.5-0.6 cm/year between Niksar and Bolu. The slip rate along the western part of the
NAFZ for Marmara Region is 2.4 cm/year (Oral et al., 1993). Therefore, the Marmara
region is characterized by an active tectonic zone under the influence of the transitional

and extensional regimes.



2.2 Local Geology

Marmara Region geologicélly divided into three parts, namely, Istranca masif, Istanbul
zone and Sakarya Zone (Ketin, 1973; Okay, 1986). Between. Istanbul zone and Sakarya
Zone the Intra-Pontid suture exists which roughly follows the northern strand of the NAF.

The Istranca Massif consists of sandstone, quartzite, shale, limestone and late Permian
granitoid deformed and metamorphosed’ during the late Jurassic. Its contact with the

Istanbul zone further east is covered by Eocene sediments.

The Istanbul zone is characterized by a well developed, unrhetamorphosed and little
deformed continuous Paleozoic sedimentary sﬁccession extendihg from Ordovician to the
carboniferous overlain with a major unconformity by latest Permian to lower most Triassic
continental red beds (Hosgoren, 1997). The Istanbul zone is very distinctive from the
neighboring tectonic units in its stratigraphy, absence of metamorphism and lack of major
deformation. The Intra-Pontide suture of Late Triassic-Early Jurassic age separates

vistanbul and Sakarya zones. Istanbul zone has a Paleozoic basement (Hoggoren, 1997).

On the other hand, Sakarya zone does not have a Paleozoic basement. The Sakarya zone is
characterized by a variably metamorphosed and strongly deformed Triassic basement
called the Karakaya complex overlain with a major unconformity by Liassic conglomerates
’ énd sandstones which passes up to middle Jurassic lower cretaceous limestones and upper
cretaceous flysch (Hosgﬁren; 1997). Karakaya corﬁplex of Triassic age made up of
strongly deformed and metamorphdsed basic volcanic rocks, limestones and greywackes
with limestone olistoliths from the basement to the undeformed post Triassic sediments of

Sakarya Zone (Hosgoren, 1997).

The Izmit gulf is an east-west trending active graben, which is dynamically affected by the
interaction of the NAFZ and the Marmara Graben systems (Seymen, 1995) is bounded by

two hbrsts: The Kocaeli Peninsula to the north and the Armutlu Peninsula to the south



showing completely different geomorphological features and by well-defined fault scarp
(Ketin, 1967, Okay 1986).

The Armutlu Peninsula is a narrow linear east-west trending niountain range ‘extending’
between two fault-controlled gulfs and two lakes formed along the North Anatolian Fault
Zone (Yimaz et al., 1995). The Armutlu Peninsula and the surrounding regions within
Northwest Anatolia comprise three geologically different zones: southern, central and
northern. The southern zone corresponds to the Sakarya continent and essentially consists
of thick Mesozoic sedimentary successions (Figure 2.2) (Yilmaz et al., 1995). The centeral
zone mainly consists of the Iznik metamorphic assemblage and Geyve metaophiolite. The
northern zone is known as the Armutlu metamorphic assemblage and essentially consists
of slightly metamorphosed rocks, interpreted as the Rhodope-Pontide basement (Y1lmaz et
al., 1995). B
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Figure 2.2. Local Geology of Marmara region, red rectangle shows the study area
(modified from Yilmaz et al., 1995). '

The contact between the equivalent metamorphic and non-metamorphic units of the central
and southern zones is sharp everywhere and is defined by a high angle fault which at

- present corresponds to one of the branches of the NAFZ (Yilmaz et al., 1995). -



The Armutlu metamorphic assemblage‘ ‘being part of the Rhodope-Pontide fragment,
originally belonged td the Laurasian continent (Sengér and Yilmaz, 1981; Sengor et al,,
1985 ; Okay et al., 1994) In contrast the Iznik metamorphic assemblage, a part of sakarya
~ continent, belong to the Gondwanaland (Sengér and Yilmaz, 1981 ; Altiner and Kogyigit,
1992). Therefore the Geyve ophiolite, which is sandwiched between the two collided
continental fragments, represent a suture zone and is referred to aé the Intra-Pontide suture
(Sengor and Y.Y1lmaz, 1981). | | .

The Armutlu Peninsula and the surroundihg regions represent a collisional mountain belt
. along which the Rhodope-Pontide fragment collided with and was thrusted over The
Sakarya continent. The Geyve metaophiolite that. is - sandwiched between the two

continents therefore represents the ophiolite suture zone known as the Intra-Pontid suture.

The northern part of [zmit Gulf essentially consists of young shallow sediments, beneath
~ these lie a Triassic and Paleozoic sandétone, clay stone and mamn. The southern zone.
corresponds to an olistolitic complex, which is corhposed of Eosen volcanics (schist,
serpantinit and andesit). Izmit Gulf and Sapanca Lake used to bé connected to each other.
In time, among them is filled up with widespread bog material about 30 — 35 km, and 30 — -
40 m thick sediments accumulated ovef the bog material. Under the experiment area,

alluvium deposits and Pliosen sediments of rivers and lakes exist up to 40 meters.

2.3 Seismicity in the Region

The distribution of seismiciiy within the Alpine-Himalaya system is not homogeneous, the
seismic activity being mostly concentrated along the piate boundaries. Boundaries between
the Black Sea, Anatolian, Africian and Arabian plates are dofninantly responsible for the
seismic activity of Turkey. The Marmara region is a tectonically active transition zone
between the dextral strike-slip regime of the North Anatolian Fault (NAF) and the
extension regime of the Aegean Sea. The North Anatolian Fault Zone has been subjected

to repeated moderate and strong earthquakes, as recorded in historical documents and



literature (Soysal et al., 1981; Ergin et al., 1967; Okamoto et al., 1970; Sipahioglu, 1982;
Ambraseys, 1975; Pinar et al., 1952).

| MARMARA REGION |

Figure 2.3.  Active faulting and historical earthquakes in the Marmara region (modified
from Barka, 1997). Black lines: active faults recognized by geology and geophysics. Red
lines: surface ruptures of earthquakes of this century. Yellow ellipses: estimated rupture

areas of historical earthquakes.

Marmara region is one of the most tectoriically active regions on the NAFZ regarding the
number of strong earthquakes (Figure 2.3). 17 August 1999 izmit (Mw=7.4) and 12
November 1999 Diizce(Mw=7.2) earthquakes are the latest and the most destructive ones

which caused significant damage and thousands of human loss.

Ambraseys et al. (2002) examined the seismicity of the Marmara Sea in northwest Turkey
over the last 2000 year using the historical records. Seismic moment release accounted for
the known right-lateral shear velocity across the Marmara region observed by Global
Positioning System measurements. The long term seismicity in the Marmara Sea region
shows that large earthquakes are less frequent than predicted from the 100-yr long
instrumental period (Ambraseys, 2000). Compared with the other parts of the NAF,.the
Marmara sea region has been one of the rather high seismicity in the twentieth century,
releasing a total moment of 6.4*10”" dyne cm, more than half of which comes from the

earthquakes of August 1912 in Ganos and August 1999 in izmit, with the central Marmara
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Basin in between contributing only % 8 of the total seismic moment released (Ambraseys,
2000).

The epicentral area of the Izmit earthquake has been seismically very active and thé

location of the mainshock falls onto the center of a lohg—standing small earthquake cluster |
called the Izmit swarm activity that has been studied by Cram'pin-‘et al. (1985) and Evans et .
al. (1985). The 1992 Landers, California, earthquake, showed the similar aftershock
activity and focal mechanisms (Haukson et al., 1993) with the 1999 Izmit earthquake.

Many local seismic networks in the Marmara .region were ope.rated following the Izmit
earthquake. Ozalaybeyb et al. (2002) made an extensive seismic survey and examined the
largest earthquake sequence recorded in the history of Turkish earthquakes. They used a
local network called ESRI consisting of 54 stations. The aftershock activity spread over an
40 km wide and 170 km long area. Most of the events are locatéd between 5-17 km depth
and have strike-slip fault characteristics. There is a lack of seismicity above 4 km (Figure
2.4).

Karabulut et al., (2002) perfofmed a seismic study along the coastlines and islands of the
Izmit Bay-Cinarcik basin to clarify the seismic activityA that took place after the earthquake.
The aftershbck distribution indicates three clusters similar to the other studies. One ciuster
is linear, extends from 1zniit Bay to Hersek Peninsula, and defines the fault plane of the
.main fupture called Central cluster. The s¢¢0nd one is Armutlu cluster and the third one is
' Tuzla cluster. The focal mechanism solu_ﬁbns indicaté sti‘ike-slib faulting along the main
branch of the Izmit rupture »aAnd normal faulﬁng wifhi"n the two swarms (Karabulut et al.,
2002). In the light of these. conclusi(;ns, they show fllat slip partibning in the region was a

plausible mechanism to explain these observations.
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Figure 2.4. Distribution of seismicity and the depth cross section of the Izmit
earthquake from 17 August to 20 October 1999 (Tubitak Catalogue (Ozalaybey et al.,
2002)).

Another noteworthy study on the seismic activity near the eastern termination of the izmit
rupture in the hours preceding the 12 November 1999 Diizce earthquake has been done by
Bouchon and Karabulut (2002). They used recordings from four stations installed nearby
the eastern termination of the izmit rupture. They analyzed the seismic activity during the
5 hour before the 1999 Diizce earthquake. The records clearly show the presence of three
groups of events. One of the groups originates from the middle of the Izmit rupture and
consists of aftershocks of the M 5.7 Sapanca Lake earthquake, the second largest

12



~ aftershock in the Izmit sequence (Bouchon and Karabﬁlut, 2002). A second group 6f
- events is spread over the 30 km long eastern segment of the izmit rupture, and the third
| group of events oécurs Beyond the termiﬁétion of the Izmit rupture and clusters around the
hypocenter of the Diizce earthquake (Bouchon and Karabulut, 2002). They found out that
six precursory shocks ranging in magnitude from 0.9 to 2.6 occurred just before the

~ destructive 1999 Diizce earthquake.

2.4 Previous Studies on the Fault Zone

The North Anatolian fault zone is a majdr tectonic feature with a well defined fault trace
and established history of seismicity. The fault trace is well defined along the 1000 km
long central portion between longitudes 31° and 41°E (Toks6z et al., 1979). Farther
westward the extension of the fault is not easy to define becalisé it appears to break into
two or possible three branches. Most of the intermediate and large magnitude earthquakes

occur along the west portion of the fault, the zone of immediaf[e concern for scientists.

- A multidisciplinary observation has been made in the western part of NAFZ by Honkura, |
et al. (1999) to define the physical characteristics of iimit earthquake. They have made an:

intensive field surveys before during and after the [zmit earthquéke. They have studied on
the distribution of fault slip and examined the seismicity of the area. They made
magnétotelluric surveys to obtain the resistivity structure of the area and realized that
resistivity is very low below the northern branch to a.depth of 10 km whereas no marked

- feature was found for southern branch (Honkura et al., 1999).

Several segments of the rupture during the 17 August 1999 have been studied for different
aspects of the faulting. Ben Zion et al. (2002) discussed the subsurface structure of
~ Karadere Diizce Branch of the North Anatolian Fault by using a large seismic data set
recorded by a local PASSCAL network in the six months following the 1999 Izmit
earthquake. The traveltime and waveform analysis of the fault zone trapped waves .show
that the depth of trapping sti'ucture was shallow (3-4 km), and they defined some of the

fault zone parameters like thicknesses and velocities.
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Karabulut et al. (2003) performed a tomographic study in the Eastern Marmara region.
They used seismic refraction data and applied tomographic inversion method to the first
arrival travel times to obtain a 2D tomographic image of the NAFZ. The profile extends
from $ile to Gemlik along 120 km line and cuts NAFZ crossing the well defined seismicity
observed during the aftershock studies (Karabulut et al., 2002). A good correlation
between the seismicity and low velocity zones on the two branches of NAF was observed
(Figure 2.5).
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Figure 2.5. A tomographic image, upper figure shows the initial velocity model, middle
represents the P-wave velocity model obtained from tomographic inversion and the lower

one shows the hitcounts (Karabulut et al., 2003).

Aktar et al. (2004) made an extensive aftershock activity study across the 1999 izmit
earthquake rupture zone. They have made estimations of b-value across the rupture zone.
They reached a conclusion that high b-value zones correspond to asperities in the

mainschock rupture areas. The results agree with the existence of a deep asperity zone to
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the east of Sapanca and they added thét Yalova-Tuzla section is a pre-existing high

fractured filled with fluid and possibly reactivated by coseismic changes in stress.

After the occurence of two lé.rge size eanhquakes: in 1999, the region became very
. attractive for the scientists. A magnetotelluric survey was carried out in the fault rupfure-
area of the 1999 Izmit eartflquake with the purpose of imaging the lower crust upper .
‘mantle electrical resistivity structure by Tank et al. (2005). They acquired magnetotelluric
~data along north-south extending two profiles, which cross the northern and southerh
branches of the NAFZ. They have modeled the data'by using 2-D inversion. The results
show that there are three horizontal layers. First one is a low resistive zone between 0-5 km
depth under this layer lies a high resistive zone, where the hypocenters of the Izmit
earthquake and its aftershocks are located, betwéen 5-15 km depth under this layer another
low resistive zone appears. In addition, results indicate that there are three vertical layers.
The layers from south to north are high resistive zone representing the southern block of
the NAFZ, low resistive zone and again high resistive zone corresponds to the northern
block of NAFZ. According to these results, they have driven in to conclusions that
" earthquakes mostly occur in a high resistivity areas underlain by a low resistive zone.
These low resistive zones contain fluids that come from the partial melting occurring at
deeper conductors. They also added that the low resistive zones (fluid rich regions) trigger

the earthquake generation and responsible for post seismic creep.

Peng and Ben Zion (2005) analyzed the temporal variations of seismic velocity along the
Karadere-Diizce branch of NAF by using the earthquake clusters in the afterschock zones
of 1999 izmit and Diizce earthquake. A sliding window waveform cross-correlation
technique is used to measure travel time differences and evolving de-correlation in
waveforms generated by each set of the repeating events (Peng and Ben-Zion, 2005). They
found clear decays in the direct S waves and early S-coda waves, immediately after the
Dﬁice main shock, followed by gradual logarithmic-type recoveries. A gradual increase of
seismic velocities is also observed before the 1999 Diizce main shock, probably reflecting
post-seismic recovery from; the earlier Izmit main shock. A strong correlation between the
co-seismic delays and intensities of the strong ground motion generated by the Diizce main
shock implies that the radiated seismic waves produce the velocity reductions in the

shallow material (Peng and Ben-Zion, 2005).
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Overall results from all these studies states that western part of the NAFZ has a really
complex, heterogeneous, and fractured structure and provides a challenging environment

for new studies.
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3. METHODOLOGY

Inversion is a way of obtaining models, which adequately describe a data set (Lines and
Treitel 1984). The process is closely related to forward modeling, which uses mathematical
relations to synthesize the earth response for a given éet of model parameters. Among the
~several inversion methods, least square - inversion is mathematically the most robust
. technique when the recorded daté are ‘inaccurate, insufficient, and inconsistent (Jackson,
1972). '
Forward Modeling
N
R - JMM.J‘W"
’ N

Sty

x = Earth Model Parameters: t = Model Response
()

Inversion

» A ) ' i.
y = Geophysical Data: x = Model Estimate
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Figure3.1.  An illustration of the objectives of forward modeling and inversion (Lines,

1984).

One of the main advantages of the least square inversion method is its applicability to “
almost any problem for which a model can be' constructed. It is much easier to solve the
forward problem that transforms a set of model parameters into a synthetic data set, than to

proceed in the opposite direction and soive the inverse problem (Lines and Trietel, 1983).
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Having found a method of finding the model response f from the parameters ¢, Jacobian

matrix of partial derivgtivés must be computed. These derivatives can be determined by
formal differentiation if the model response is simple enough. In other cases, partial
derivatives must be approximated by finite differences. This can be computationally
expensive. Apart from such difficulties, least-square modeling is very versatile and can be

adapted to a wide range of geophysical inverse problems (Lines d_nd Trietel, 1983).

3.1 Linear Least Square Inversion

A geophysical inverse problem can be described as the fit of finite set of observations to
‘the response of an idealized earth model. The main idea is to minimize the misfit between
the model response and observations. The model response can be either linear or nonlinear
function of the model parameters. If the system is nonlinear, it can be linearized by using

~ Taylor series expansion. Let the observations be represented by a vector,

y=col y1.y5. Y5 N - : 3.1
the model response is tﬁe vector,

- f= co( GFifo o 1) s , ’ (3.2
and the model is a function of p parameters,

| 0 =col 6,0, ..., 0,). | ', : (33)
- Let 67 be an initial estimate of the parameters and 7 ‘be the initial model response. If the

model response f is a linear function then the perturbation of the model response about 4

can be represented in matrix notation,

f=rf+zs, | - (3.4)
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where Z is the Jacobian matrix which includes partial derivatives of the objective function

‘with respect to model parameters

g =

U—agj ’ (3.5) ’

and 8 = 0 — 0’ is the parameter change vector which represents perturbations. The choice of

perturbations in 6 will be made so as to minimize the errors. The error vector e is defined

as
e=g-26 , (3.6)
where, g= f - f°.

In the simplest least square approach, we seek to minimize the cumulative squared error
S = e’ e with respect to parameter change vector d . Minimization of S with respect to &

requires that

~_=0. (.7)

Carrying out the differentiation with respect to & gives a linear system of equations called

‘normal equations’

AN/ - Z'g, . - (3.8)
whose solution for parameter change vector, o, is

5=(z7z)'z7g. | o (3.9)
Difficulties arise while finding the inverse of Z"Z if the matrix Z TZ is singular. In order

to overcome the difficulties Levenberg (1944) and Marquard (1963) introduced an
| 19



alternate approach to the least squares called ‘The Marquard-Lévenberg Method’. They
replaced the equation (3.9) with ’

s=(z"z+p)'z7g, o | | 610

) where [ is identity matrix and B is a constant value, named as ‘Marquard factor’ or

: _‘damping factor’, which may be adjusted to control the iteration step size. If f => «, J
tends to 6 Z'g which is an adjustment in the stéepest descent direction. If # = 0, J is the

Gauss-Newton adjustment vector. The objective of the process is to minimize the sum of
the squares of the residuals via steepest descent when the initial estimate of the parameters
- far from the minimum, and to switch to the rapid convergence of the Newton’s method as

the minimum is approached.

By using the equation (3.10), the paraineter changes are determined from the initial
 response estimates and an updated set of parameters are obtained to compute the new
model response. The iterative search for parameter estimates terminates until the error

reaches to smaller values than the specified value.

3.2 Regularized Inversion

Regularization is an approach by which constraints, in addition to the data, are applied to
an inverse problem to treat the. underdetermined part of the solution (Phillips and Fehler,
1991). Usually the constraints result in the final model satisfying some property in addition-
to fitting the data, this property is often chosen so that the model. has “minimum structure”
since we seek models that include only structure that is required to fit the data according to
its noise level (Scales et al., 1990). Minimum structure is usually measured in terms of

model roughness, e.g., second partial derivative (Parsons et al., 1996).
Regularized inversion minimizes an objective function (model response function) that

includes the norms that measure model roughness and data misfit. A tradeoff parameter is

also selected to provide the model with the least structure for'a given data misfit. It is
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important to understand that the final model for a nonlinear problem can be a minimum |

structure if only the starting rhodel is close to the final model.

Minimizing the model roughness for ray-based travel time tomography is important for
several reasons; 1) ray methods are valid for smooth media only, 2) travel time constrain
only the long wavelength model featureé_, since the data represent integrals through the

model, 3) linearization assumption of stationary ray paths is more likely to be satisfied for

smooth models.

To penalize total model roughness jumping strategy (Shaw and Orcutt, 1985) is used. The

objective function minimized at each iteration is,
¢(m)= 6tTC,;‘5t+/1[mTC,j‘}n+szmTC;’ni] ’ (3.13) -

where m is the model vector, & is the data residual vector, C, is the data covariance
matrix, C, and C, are the horizontal and vertical roﬁghening matrices, respectively; A1is

* the tradeoff parameter, and s, is the vertical slowness. The system of equations

ciz cs
AC, om=| —AC,m, ' v (3.14)
s,AC, —-5,AC,m,

Where Z is the partial derivative matrix with elements, m, is the current model, ém is the
model perturbation, and m = m, + 6m . The roughening matrices contain the 2-D and 1-D

" second derivative finite difference operators that measure the model roughness in the
horizontal and vertical directions. The normalization by the prior slowness is applied to

avoid a bias toward greater levels of model roughness in high velocity regions.

The advantage of regularized inversion is the ability to include prior information, such as
solution simplicity, so that it can provide the minimum structure model for a given level of

fit to the data (Zelt and Barton, 1998). According to cohventional viewpoint, the
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disadvantages of backprojection are its tendency to produce smeared results and its
- sensitivity to anisotropic ray coverage. The disadvantages of regularized inversion are its
computational and memory requirements and the arbitrariness of the parameter values that -

determine the tradeoff between data fit and the solution of the prior constraint equations
(Zelt and Barton, 1998).

33.  Seismic Tomography

Tomography is a type of inverse problem. Measurements are first made of some energy
that has propagated through a medium. The received character of this energy (amplitude,
travel-time) is then used to infer the values such as velocity, density and permittivity of the

medium through which it has propagated.

The tomographic problem can be defined as "From projections measured outside of an
object find the interior distribution of values inside the object." A projection is the sum of
an object's parameters along a given linear eriergy transit path. A sum or integral of this

type is also known as a Radon transform.

‘The Radon transform is the forward part of the tomographic problem. Then, in the
tomographic procedure, we must take these projections and create an image from them.
There are two broad categories of techniques used to infer the medium's internal values

- from the projections. They are "transform" and "series expansion" methods.

e Transform techniques

Transform methods start with the motion of an object being described by a continuous
function, with a continuous set of projections. Fourier techniques and the filtered

backprojection are the two main transform methods.
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o Fourier transform technique

The Fourier projection theorem states that the 2-D (3-D) Fourier transform of an image or
medium can be obtained form the 1-D (2-D) Fourier transforms of the projections. Thus,
~ by measuring the projection of the object and constructing the 2-D (3-D) transform space
~ accordingly, then inverse 2-D (3-D) Foufier transforming, an image of the object may be
reconstructed. A major difficulty with this reconstruction is that it requires a complete (all

the way around the objects) set of projections.
o Backprojection method

‘Backprojection is an operation which sums projected values (Radon transforms) together. -
The basic idea is that each point that is traversed by the ray from the source to receiver is
- given the value of the total projection. The image is constructed by summing the all the

values of the points determined for every ray.

This backprojection method can be used to create images, but it is one that leads to
blurring of the final reconstructed image. To attain- a better image, it is reasonable to
attempt a spatial deconvolution. This method is called "filtered backprojection”, the notion
arising of filtering the backprojection to provide a clearer image. The advantage 6f
backprojection is its minimal computatiohal and memory requirements and therefore the -

ability to use relatively fine model grids to allow spatial resolution.

Transform methods have been assumed that energy pfopagates as a ray. However, elastic:
or acoustic waves have well known properties of divergence and diffraction in accordance
" with the wave equation. It is nonetheless possible to build wave equation propagation into
a tomographic framework. This method is called "diffraction tomography" (DT). Examples

of DT inversion methods are "filtered backpropogation algorithms".

o Series Expansion Methods

The series expansion methods start by considering the object or area of interest to be
comprised of boxes or pixels. Energy is considered to propagate through the various pixels
1o provide a sum or projection of the pixel values. The pixel values are now related to the

sum. These methods provide stable but approximate solutions, and often related to solving
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large linear equations. Most common one is known as backprojection. In the matrix
formulation backprojection corresponds to using the“transpose, of matrix instead of the
inverse. Two other more accurate but iterative methods are known as ART (Algebraic

Reconstruction Technique) and SIRT (Simultaneous Iterative Reconstruction Technique).

On the other, these techniques require high-capacity computers.
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4. DATA ACQUISITION

4.1 Study Area and Experiment Layout

During the fall of 2003, seismic refraction data were collected in the eastern Marmara
Region on the North Anatolian Fault Zone near izmit. The area is located between izmit
Bay and Sapanca Lake (Figure 4.1). The fault, ruptured during 17 August 1999 earthquake,
was clearly exposed on the surface where the thickness of the sediments in the basin is
expected to be greater than several hundred meters. The traces of the surface rupture could
still be recognized on the surface after four years from the earthquake (Figure 4.2). The
thickness of the fault zone on the surface appeared to be varying from several meters to

several hundred meters.

Figure 4.1. Location map of the study area shown by the square box. The red line
shows the surface rupture of the 17 August 1999 izmit (Mw=7.4) earthquake.
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Figure 4.2.  Surface deformations of the 17 August 1999 izmit Earthquake near
Sarimese (Dietrich et al., 2005).

The data were acquired along a 1.2 km long N-S profile which has been attentively chosen
in order to cross the fault (Figure 4.3). The survey area is identical for seismic refraction
studies. There is mild topography along the profile and the elevation difference between
north and south is approximately 19 m increasing from south to north. The profile was cut
by an irrigation channel with a width of 6 m. The fault traces observed on the surface is
located on the northern continuation of the channel. The line contains a total of 45 Refiek-
125 and 5 Refiek-130 recorders equipped with 4.5 Hz vertical component and 3-
component geophones. The 3-component geophones were deployed close to the fault zone

to detect fault zone related effects.
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Sanmese seismic profile

Figure 4.3. Location of the Sarimese seismic profile. Yellow dashed line shows the
seismic profile, blue line shows the 1999 izmit Earthquake fault trace (Dietrich et al.,
2005).

The shot spacings were 5 m for inline, 200 m for fan shots (on the fault zone) and the
receiver spacing was varying from 5m to 20m. More than 180 inline, 10 fan shots were
fired using a vibroseis source (Figure 4.4). Due to the vegetation, the geometry of the line
was not straight but crocked on the south of the fault zone. The data were recorded

continuously with 100 Hz sampling rate.
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Figure 4.4. The source-receiver geometry of the experiment. Blue triangles indicate the
receiver locations and red circles indicate shot locations. Green circles are the fan shots.

On the left corner vibroseis unit which was used during Sarimese seismic experiment.

4.2 Instrumentation

Specially designed, new generation seismic recording units called Texan Reftek-125’s
have been used during the 2003 fall experiment. These portable, light in weight and work
with low power recording units have been produced by a consortium between Refraction
Technology and IRIS (Figure 4.5). They are being used in seismic reflection-refraction

surveys, microtremor and aftershock studies since their first production in 1999. Texan’s
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can take continuous records for 72 hours with a different sampling rates such as 1000, 500,
250, 200,125, 100, 50, 40, 25, 10, 8, 5, 4, 2 and 1 sample/second. They have responsive
timing units: an external GPS and an internal crystal with a 2048 MHz sensitivity and 0.1
ppm stability. Be the errors in an acceptable range and the control of the time information

in the recording units is the most important thing while collecting the data.

50 Reftek-125 recorders equipped with 4.5 Hz L28 type vertical and three component

geophones were used near the fault zone to detect the trapped waves.

Figure 4.5.  Reftek-125 unit (Top-left), Transcase unit (Top-right), connection of the

geophones with Texan (bottom).
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DATA PROCESSING

S.

3.1 Creating Shot Gathers

We used a geophone close to the vibrator to record sweep signal, which allbwé_d

determining origin times more accurately. The distances between the receivers and source -

points were calculated using a reference point Sm away from the southern end of the |

profile. The data continuously recorded in REFTEK format were converted into SEG-Y

Then, we

Y data for each receiver were cut into 30-

second files from the origin time of each source and converted into SAC format.

format for each receiver. The continuous SEG

second sac files and sorting as a function of distance.

formed shot gathers by merging 30

2

Figure 5.1

an example of an uncorrelated shot gather, shows that the S/N ratio decreases

fast at distances grater than 400 m. The trace at 0 m shows the sweep signal recorded next

to the vibrator truck. We created a total of 129 shot gathers along 1.2 km long profile.
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amplitudes were normalized by the maximum of each trace.
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5.2 Generating a Sweep Signal

A vibrator is a vehicle-mounted energy source in land surveys that produces a vibratory or
'swept frequency signal (sweep signal) of relatively long duration (Figurev5.2). Because the
signal put into the earth persists a long time, the reflection signals recorded in the field are

entirely incoherent to the eye and special processing is necessary to convert the data into

usable form.

LN LA T

Figure 5.2.  Schematic geometry of a Vibroséis survey (Stein, 2003).

The analytic form of the sweep signal can be calculated using

w(t) = cosZﬁ( f,t+%‘7f'—t2] (5.1)

where f, and f, are initial and final sweep freciuencies, respectively, T is time duration of
the signal. An example of sweep signal with a time length of T=30 s and a frequency range

within 10 Hz — 50 Hz is shown in Figure 5.3.
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Figure 5.3. Top: Sweep signals for parameters (f1=10 Hz, £2=50 Hz T=3s). Middle:
The sweep signal for parameters (f1=10 Hz, £2=50 Hz T=30s). Bottom figure indicates the

amplitude spectra of the generated sweep signal.

The sweep signal used during the experiment extends for a period of 15 s over which the

frequency varies through a range, within 10-110 Hz.
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A reflection record obtained from a vibroseis source consists of superimposed signals from
each reflecting surfaces. Each reflection has similar waveforms as the source signal, but
the source signal corresponding to each reflector is delayed by the reflection time arid
scaled by the reflection coefficient of the layer interface. In order to obtain a conventional
seismic response similar to the ones obtained using explosive source it is necessary to crosS _
correlate the sweep signal with recorded vibroseis signals. The auto-correlation of a

vibrator sweep gives the Klauder wavelet, which is sharply picked at zero lag (Figure 5.4).

Swveep sinal

A (AL
AV

Elauhy weavelo!

——"
ommrert cuaatntm .

Lay tare

Figuré 5.4. The auto-correlation of a sweep signal is an impulsive Klauder wavelet
(Stein, 2003).

"33



§ LISy SR X
Iy e .....;..{z.m\t..l?s.
bW o P AT tt!).?%..r-
Ao ames peim ol Ao ARG
v Sl Sl S0 R P ..Wh}

FRUSRISNRIPISI

A A Y s e
R

Distmnce (m)

P o

A y
*....1,.3...%2.1.;§.J;c.cﬁ§.v);u..\..,,?....2.(_.‘......?...;.,.3.2
S e L LR .‘ )f&ra&l!)..{l).&..ii&..\(. -

Sl e RN AN St it i ot Pt n gty
ML..-.!T.\.s.i..)...}si;it&f%.?f(&.‘}eff.\tt{ls. vienrrenr i
e e e P W,

R e e A

b
P AT e

e

DN A AN AN POV OO et A AL o pens

B s T L CEP P S W Y

S Al #

S

e N ..!Tvz.r.ﬁi._

AONA S A

», Ao, P
Al ek

y*

O e S A A i i o M T A

ATy

Ay _#u«.xw.;&‘.xﬁbﬁs{»fp}llf\(\(.z

R A

' O

O B ST AP P ]
G s AP oA

RS

A e ae
n)\(ﬁeﬁdzs w}a

PN P ihint
T RN

P R e L]

SN A g e

N v Oee el

it B 8 A b R 4P N Ay

?-}I?«l o P e S A g s A0 g ol P B F P

(oas) e

Uncorrelated shot gather (top) and correlated shot gather using theoreticél

Figure 5.5.

vibroseis sweep signal (bottom).
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We tested both theoretical and recorded sweep signal to obtain conventional shot gathers.
As a result of the analysis we concluded that the theoretical sWeep signal provides a better
source wavelet. The poor results obtained from the recorded sweep signals might be related
to the calibration of the vibrator base plate as well as other components. The poor coupling
between base plate and the ground will also give a poor Klauder wavelet. It is .expected

that the quality of sweep signals will directly determine the resolution.

‘Theoretically, we expect to see sharp picks at waveforms like in Klauder wavelet but in
practice, it is not so simple, because the duration of the sweep is often longer than the
difference in travel time_ between interfaces. The res{llting seismogram is a complicated

combination of sweep signals with different amplitudes and time delays reflected from

different interfaces (Figure 5.6).

Zero

Master signat  time » Vibrator drive signal
{(ground motion)

Field record
from traces
Ry, Ry Ry

Processed
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5 : iV VR '

3
[

Zero Time ————»
time

'Figure 5.6.  Analysis of a vibrator record (Stein, 2003).

5.3 Picking up the Arrival Times -

After creating the shot gathers in SEG-Y format, we used an interactive plotting and
picking software developed by Zelt (1997) called ZPLOT. The program has been used
extensively in refraction analysis and includes features such as plotting, filtering, data

editing, calculation of power spectrum. Figure 5.7 shows an example of a shot gather
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anpicked first arrivals by using ZPLOT. First arrivals were picked for each shot gather and

.

put into an appropriate format for travel time tomography. The uncertainty for each pick

was assumed as 10 msec and constant for each shot gather.
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6.  FIRST ARRIVAL SEISMIC TOMOGRAPHY
6.1 Introduction

The Earth’s crust displays a heterogeneous structure on a wide range of spatial scaleé,
including discontinuities, faults, layering, intrusions and partial melt. Imaging this complex
~ structure mainly depends on the density of ray sampling, proportional to the minimuxh
wavelength of the recorded seismic wav_e energy (Thurber, 1.993). First arrival times
represent direct, refracted or turning energy. The first arrival travel time tomography
provides a valuable tool to obtain a heterogeneous image of the earth both in depth-and in
distance. The maximum length of the array as well as velocity structure determines the

depth of penetration.

The inversion technique used in this study is developed by Zelt (1998). The method, as »
~explained previously, is using a regularized inversion scheme with flattest and smoothest -
perturbation constraints. The models are parameterized using uniform square grids. The
forward grid has much smaller grid spacing than, the inverse grid since the accuracy of the
computed travel times usihg Eikonal equation depends on the grid spacing. On the other
hand, the inverse grid with the smoothness constraints should be larger to keep the linear
system overdetermined. In addition, the smaller grid size for the inverse model is
unnecessary since we already impose smoothness in the solution. Sources and receivers

may be anywhere in the model.

The regularization is a jumping method in that the constraints are applied to the model
perturbation with respect to the initial velocity model. A starting model and iterative
approach is used in which new ray paths are calculated for each iteration. First arrival,
travel time tomography produces a smooth version of the true velocity model. The

inversion is parameterized and the convergence is controlled to produce a minimum

structure model.
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6.2 Travel Time Distance Curves

We selected 129 shot gathers and picked more than 6500 first arrivals. We ignored
approximately one-third of the shot gathers due to the low signal to noise ratio or large
uncertainty on the origin times. Figure 6.1 displays the first arrival times of the selected
shot gathers along the profile. The coverage in the center of the profile is not uniform due
to the lack of shot and receiver points within the irrigation channel. Travel time curves
show strong velocity variations along the profile. This is more pronounced at the center of
the profile, between 550 and 700m, where the fault scarps on the surface are clearly

observable.

Time (sec)

Distance (km)

Figure 6.1. The selected travel time curves used to invert 2D velocity structure.
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6.3 Checkerboard_ Test

One of the main difficulties encountered in tomographic studles is the determination of the
reliability of the results. Tomographic images reflect not only true velocity heterogeneltlesb'

but also the effect of data errors, model parameterization and ray path geometry.

The correct assessment of model parameterization in seismic tomography is a difficult task
since the resolution of the solution is highly affected by the chosen model parameters. |
Synthetic tests such as checkerboard tesf provide informatioh relevant to the model
parameterization, damping factor and solution quality (Humpreys and Clayton, 1988; Zelt,
1988). Checkerboard test was performed using the source-receiver configuration of the
experiment to check the resolvability of the final model with different model parameters.
Initial velocity model was constructed by assuming a velocity gradient on the background
and cells with 50x50 m in size perturbed * 0.6 km/s alternately. The observed travel times
 are calculated for the same source receiver geometry as the experiment. We changed the
parameters in the inversion and started with the same initial model with a velocity gradient
‘slightly different from the true background model. Figure 6.2 diéplays the observed travel

times of the true model and the travel time differences ‘between true and final model.

Figures 6.3, 6.4 and 6.5 show the results. of the checkerboard tests. The upper 100m and
the central part of the pattern appear quite well retrieved due to the complete ray path
coverage, whereas at edge of the model the effects generated by the lack of crossing rays
are evident. The .penetratioh’depths of the rays are detérrﬁined by the aperture of theA array
and the velocity gradient of the medium. The larger velocity gradient causes the rays bend
at shallower depths, therefore limits the resolvability at greater depthS. The resolution of a
‘tomographic image is determined by ray density, which is related to the source and
receiver spacing. However, we expect a smooth image of the true velocity model since
btravel times delays are related to the velocity structure by the integral along the ray path.

We impose smoothness constraints during the i inversion knowmg that we cannot recover
velocity perturbations with wavelengths smaller than average source receiver spacmg The

larger values of the smoothness cause decrease in resolution. This can be observed by
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comparing the result in the Figures 6.3, 6.4 and 6.5 which increasing values of smoothness

constraints were used.
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Figure 6.2. Observed travel times for the true model (top) and the travel time

differences between true and final model (bottom).

40



" 0.00 0.25 0.50 0.75 1.00
Distance (km)

_:_:lkmzs

_—

0 40 80 120 160 200 240 280

Figure 6.3. Results of the checkerboard tests, upper figure is the perturbed initial
velocity model, middle shows the final P-wave velocity model derived from the inversion

with smoothness/flatness regularization constraint s, = 0.3, lower figure is the ray

hitcount.
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Figure 6.4. Results of the checkerboard tests, upper figure is the perturbed initial
velocity model, middle shows the final P-wave velocity model derived from the inversion

with smoothness/flatness regularization constraint s, = 0.5, lower figure is the ray

hitcount.
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Figure 6.5. Results of the checkerboard tests, upper figure is the perturbed initial
velocity model, middle shows the final P-wave velocity model derived from the inversion

with smoothness/flatness regularization constraint s, = 0.9, lower figure is the ray

hitcount.
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6.4 Initial Velocity Model

We constructed a one-dimensional velocity model by computing the travel times, which
fits to the average of the selected travel times in least-square sense. We also constructed
two velocity models to test whether there is any dependency of the inversion on the initial
model (Figure 6.6). The Figure 6.7 shows the observed travel times for the shot gathers and
the travel times calculated from the one-dimensional velocity model. The velocity model
contains several layers of increasing velocity with depth. The velocities are starting at 1.4
km/s at the surface and increasing to 2.2 km/s at a depth of 260 m. We do not observe any
strong velocity contrast from the shot gathers indicating any shallow reflector. The high
apparent velocities observed between 550 and 700 m are the results of the lateral velocity

variations.
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Figure 6.6. Three different velocity models are shown. Red plot indicates the preferred
average 1-D velocity model obtained from the traveltime curves, green includes three

layers and the blue one represents a constant velocity model.
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Figure 6.7.  Observed travel times for the shot gathers and the travel times calculated

from the one-dimensional velocity model.

6.5 Parameterization of the Model

The constant velocity model was defined on a uniform 1x1 m grids extending from 0 to 1.2
km in x-direction and 0 to 0.2 km in z-direction for forward calculations. A grid size of 10
m in lateral and vertical directions was used during the inversion. The parameterization
requires 1200 velocity points to be determined from the inversion. Since the number of the
observations is greater than 6500 the problem is still overdetermined. However, ray paths
covering the same portion of the model may create linear dependencies in the system. In
the mean time, the regularization of the inverse problems will overcome the difficulties

related to linear dependencies.

We also tried to correct for the topography. This was accomplished by inserting elevation
differences into the model. The topography was assumed as a layer with a very low
velocity (100 m/s). The sources and receivers were put on the basement of the layer and

the velocity of the layer was fixed during the inversion.
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6.6 Results of 2-D Inversion

The inversion is based on minimization of data misfit and model roughness to provide the
smoothest model appropriate for the data. To assess quality of the inversion, traveltime
RMS residuals and % parameters are controlled in every iteration. Optimum values of the
free parameters in the inversion, which controls horizontal smoothness and model
roughness, were used in the inversion in order to produce a minimum structure model. We
applied the tomography with three different initial velocity models to see how the final

velocity model is dependent to the initial model.

Figure 6.8 shows the travel time errors as a function of distance for the initial and final
models. The average errors for the initial and the final models were 40 ms and 5 ms,
respectively. The largest travel time errors observed using the initial velocity model at
distances between 500 and 800 m is due to the lateral variations in the velocity model. The

final velocity model reduced the errors, which shows more uniform distribution along the

profile.
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Figure 6.8.  Travel time residuals for preferred starting (red) and final model (green).
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Figures 6.9 - 6.11 display the results of the tomographic inversion and ray coverage for the
final P-wave velocity model with three initial velocity models. Dependency on the initial
models is not significant when the ray hitcount is large therefore the velocities are well .
resolved. A robust and high resolution travel time image requirés dense ray sampling and
rays crossing at variety of angles. Therefore, ray coverage is the main defining parameter
for the resolution. The velocities at shallow depths above 20 m are not well constrained
due to the lack of near offset data, as a result these velocities are sensitive to the initial
model. The ray coverage indicates that the final velocity model is well constrained up to
170 m depth. Similar results were obtained from alternate initial models and different

inversion parameters except at shallow depths, and where ray coverage is poor.

There is no available data on the thickness and the geometry of the basin. However, it is
expected that the maximum thickness of the sediments is greater than 1.0 km. As a result,
we do not expect to see the basement from the travel time tomography. The seismic profile
crosses the fault between 600-700 meters. The irrigation channel with a width of
‘approximately 6 m appears between 550 and 600m. P-wave velocity of the sediments on
the southern part of the channel increasing from 1.4 km/éat the surface to 1.7 km/s at 150
m. Relatively high velocities take place on the northern part of the profile varying from 1.7
km/s at the surface 2.0 km/s at the depth of 200 m. The lowest velocities, 0.7-0.8 km/s are
observed _between 550 and 600m where the irrigation channel is located. On the
- continuation of the irrigation channel between 650 and 750 m the velocities are

approximately, 0.2 km/s lower than the average velocities on the northern block.

Highest velocities (2.0-2.2 km/s) are observed in a localized zohe starting at a depth of
80m and continuing to the bottom of the image. The zone also takes place below the lowest
velocity region and appears to have a limited extent in the horizontal direction. However,
since the recovered velocity model from. the tomographic image-is limited in depth we -

cannot make any conclusive interpretation on the distribution of this high velocity region.

Figures 6.12 - 6.14 show the final tomographic image and fan Shots at distances of Om,
200m and 400m, respectively. The high amplitude surface waves are observed at receivers

near the fault zone. Since the amplitudes of the surface waves are decreasing fast for
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receivers away form the fault zone the observed : wavefield indicate trapped waves
- generated along the fault zone. The separation of the surface waves and trapped waves
from the body waves are apparent for the shots at greater distances (compare Om and 600m
fan shots). It is also important to realize that there is significant asymmetry of the
- wavefield on both sides of the fault zone. The arrival times on the northern part of the fault
- zone show interesting character. There is a large travel time jump at a distance of 900m.
We cannot directly correlate such a travel time jump by the final tdmographic image. If the
high velocity anomaly is not local but has larger spatial dimensions or has continuity along
the fault zone, it may create asymmetries on the wavefield. Such asymmetries are created,

e.g., by head waves propagating along vertical discontinuities with higher velocities.

Figure 6.15 shows the final tomographic image and two shot gathers from each side of the
fault zone. If there is a high velocity body present in‘ the medium this will create travel time
anomalies on the first arrivals as well as diffraction pattern on the wavefield. The first shot
gather presented in the figure has a clear diffraction pattern with the apex at the distance of
approximately 500 m. This'is an independent confirmation of fhe high velocity anomaly
observed on the tomographic image. The second shot gather displayed on the Figure 6.15,
on the other hand, contains fault zone trapped waves between distances of 650 and 750 m.

Fault zone trapped wave are clearly separated from surface waves with large amplitudes.
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Figure 6.9. Final model from regularized inversion for the constant velocity model.
Upper figure is the initial velocity model, middle shows the final P-wave velocity model

and lower figure is the ray hitcount.

49



o
o

Depth (km)
o

e O
o N

=
N

Depth (km)
H o

o
N

Distar-lce (km)

_:—q ks
2.0
—:.—:q hits

300
Figure 6.10. Final model from regularized inversion for the three-layer velocity model.

Upper figure is the initial velocity model, middle shows the final P-wave velocity model
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The final tomographic image and two shot gathers, which are plotted with a

reducing velocity of 2 km/s,

Figure 6.15.



7. DISCUSSION AND CONCLUSIONS

One of the aims of the 2003 seismic experiment was to investigaté the fault zone properties
‘on the North Anatolian Fault Zone near ”S'arlmese. Seismic refraction data were collected
along 1.2 km profile crossing the North- Anatolian Fault Zone with clear imprints on the
surface from the 17 August 1999 Izmit earthquake. A vibroseis source was used during the
experiment and more than 180 source points and 50 réceiyers were used along the 1.2 km

~ profile.

The collected vibroseis data were then pfocessed and conventional seismic gathers were
obtained. The data were qualitatively evaluated for the fault zone related effects and the
first arrival travel time picks wére» made. More than 6500 first arrival picks from 129 shot

. gather were analyzed to construct 1-D Avelocity models. Trével time picks with the
| determined velocity models were used }f_or the tomographic imaging of the. velocity
‘structure along the Vproﬁle. The velocity model was constrained to a maximuni depth of |
200 m. An analysis of the resolution, smoothness and dependency on the initial velocity

" models was provided.

The velocities at shallow depths (<20) m are not well constrained due to the lack of near
offset data, therefore these velocities are sensitive to the initial model. The ray coverage is
not homogeneous, greater and deeper ray coverage in the middle of the profile is obtained.
The obtained velocity model is const_rained to a maximum depth of 170 m. The
tomographic image along 1.2 km profile shows significant hcterbgeneities with: velocities
' varying from 0.7 km/s to 2.2 km/s.

The fault was clearly exposed on the surface and the thickness of the sediments in the basin
is expected to be several hundred meters. The northern part of Izmit Gulf is essentially
consists of young shallow sediments, beneath these lie a Triassic and Paleozoic sandstonez
clay stone and marn where relatively high velocities take place. P-wave velocities vary
from 1.7-2.0 km/s down to 200 m depth. The velocities of the sediments, on the southern
part that corresponds to an olistolitic complex, which is composed of Eosen volcanics
(schist, serpentine and andesit), differ from 1.4 to 1.7 km/s ahd decreases to 1.4 km/s
within the fault zone down to 100-150 m depth. |
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Another low velocity zone of 0.9km/s observed right next to 1999 Izmit earthquake fault
zone and explained as an effect of irrigation channel when the geometry of the experiment‘
is considered. A localiéed body of high velocity (2.2 km/s) with respect to the surrounding
units, between 500-700 meters, observed iﬁ.this region is thought to be related to a buried
andesitic ridge. However, since the recovered velocity model from the tomographic image
is lirhited in depth we cannot make any conclusive interpretation on the distribution of this
high velocity body. After analyzing the fan shots, we realized that there is significant
asymmetry of the wavefield on both sides of the fault zone. There is a large travel time
* jump at between distances of 800 and 900m. Such a travel time jump cannot be correlated
by the final tomographic iinage. If the high velocity anomaly is not local but has larger
spatial dimensions or has continuity along the fault zone it may create asymmetries on the
wavefield and would create travel time anomalies on the first arrivals as well as diffraction
pattern on the wavefield. The clear diffraction patterns, observed in the shot gathers, are an
independent confirmation of the high velocity anomaly observed on the tomographic
image. The tomographic results clearly indicate that the fault zone is approximately 100m
wide and this information is correlated with the seismic studies performed in the same

region.

Seismic observations near the fault zone show motion amplifications, long period
| oscillations, head Waves, and travel time anomalies. These anomalies can be used to
-determine internal structufe”of fault zone 1ayer. Further studies such as waveform modeling
and detailed analysis of trapping structure can be useful to» define the fault zone

parameters.
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