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1. Introduction
The fault zones (FZ) are narrow, heterogeneous, fracture 
zones embedded between relatively persistent materials 
(Ben-Zion, 1998). Determining the physical properties 
of a FZ is fundamental for developing a realistic model of 
the earthquake process. The zones may have thicknesses of 
several tens of meters to several hundreds of meters at the 
surface (Li et al., 2000) and are relatively narrower at depth. 
They are associated with lower seismic velocities than 
the surrounding rocks and form low-velocity channels 
which may trap seismic energy and display specific 
wave propagation effects such as head waves, anisotropy, 
scattering, and attenuation. Several observational studies 
have provided evidence of these fault zone related effects. 
Detailed descriptions and properties of the fault zone 
waves are presented by Cormier and Spudich (1984), 
Ben-Zion and Aki (1990), Ben-Zion (1998), Rovelli et 
al. (2002), Peng et al. (2003), McGuire and Ben-Zion 
(2005), and Malin P.E. (2020). Leary et al. (1987), Igel et 
al. (1997, 2002), Jahnke et al. (2002), and Fohrmann et al. 
(2001, 2004) have discussed properties of guided waves in 
irregular 2-D and 3-D FZ structures.

The North Anatolian Fault Zone (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 (McKenzie, 1972; Şengör, 1979; Barka, 1992). 
NAF which has been interpreted as a transform fault 
originating from the late Miocene collision of the Arabian 
and Eurasian plates (McKenzie, 1972), extends from the 
Karlıova to the Mudurnu Valley on a single strand splays 
into branches in the Marmara and North Aegean regions 
(Barka and Kadinsky-Cade 1988; Barka, 1992). The NAF 
which accommodates most of the westward motion of 
Turkey has a narrow and localized character and is clearly 
defined by the strike-slip surface along its entire length. 
The fault is associated with a series of major earthquakes 
since 1939 and the most recent one is the 17 August 1999 
İzmit earthquake (Mw = 7.4) which ruptured a 150 km 
long segment of the fault. The earthquake was a right-
lateral strike-slip with maximum offsets reaching 4 to 5 
m (Barka et al., 2002). Intense aftershock activity followed 
the main shock and a Mw = 7.2 magnitude earthquake 
occurred in Düzce three months later (Karabulut et al., 
2002; Özalaybey et al., 2002; Aktar et al., 2004). Several 
studies related to the fault zone following the earthquake 
were undertaken in the region. A tomographic image 
crossing the NAF in the eastern Marmara region revealed 
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low-velocity fault zone correlated with the seismicity 
(Karabulut et al., 2003). Ben-Zion et al. (2003) analyzed a 
large seismic data set recorded 6 months after the 1999 Mw 
= 7.4 İzmit earthquake by a local network on the Karadere-
Düzce branch of the North Anatolian Fault (NAF). They 
observed large amplifications at sites within tens of m 
from the surface expression of the rupture. The analysis 
showed that the depth extent of the structure in the fault 
zone producing trapped waves is 3–4 km.  Shear wave 
splitting measurements on the Karadere-Düzce branch 
of NAF by Peng and Ben-Zion (2004) show anisotropy 
confined to the upper 3–4 km. Peng and Ben-Zion (2006) 
analyzed temporal variations of seismic velocity along 
this segment of the NAF using seismograms generated 
by repeating earthquake clusters in the aftershock zones 
of the İzmit and Düzce earthquakes. They observed clear 
step-like delays in the direct S and early S-coda waves 
(sharp seismic velocity reduction) immediately after the 
Düzce main shock followed by gradual logarithmic-type 
recoveries. Zor et al. (2010) presented the shear wave 
velocity structure of the İzmit Gulf area from the surface 
wave and single-station microtremor methods. The results 
indicate that the sediment–bedrock depth reaches about 
1200 m in the deepest part of the İzmit basin. Özalaybey et 
al. (2011) also investigated the 3-D basin structure in the 
İzmit Gulf area by single-station microtremor and gravity 
methods indicating that the maximum basin depth is 1.4 
km for the İzmit basin. The northern part of İzmit Gulf 
essentially consists of young shallow sediments, beneath 
these lie a Triassic and Paleozoic sandstone, clay stone, 
and marn. The southern zone corresponds to an olistolitic 
complex, which is composed of Eosen volcanics (schist, 
serpentinite, and andesite) (Doğan, B., 1998). Lower 
Paleozoic – Upper Cretaceous aged metamorphic rocks 
lie in the basement. These geologic units are composed of 
two levels. First level is represented by metaclactics such 
as clorite, serizite, calc, talc and mica schists, and the latter 
is represented by recrystallized limestone and low grade 
meta carbonates (Doğan, B., 1998). The youngest units of 
the area are alluvium and talus. Sarımeşe pull – apart basin 
is formed as a result of long-term faulting in between the 
Pliocene and Quaternary periods. The area between İzmit 
Gulf and Sapanca Lake consists of Middle Pleistocene and 
Holocene sediments overlain by uncorformable a pre-
Neogene basement. Between 30 to40 m thick sediments 
accumulated over the widespread 30–35 km thick bog 
material. This sediment settlement and the morphologic 
structure of the area are controlled by the Northern Branch 
of the North Anatolian Fault Zone ( Aksoy, M.E., 2002; 
Yiğitbaş et al., 2004).

The detailed analysis of fault zones plays an important 
role in problems related to fault mechanics, dynamic 
rupture, wave propagation, and seismic hazard. In this 

manner, during the fall of 2003, seismic refraction data 
were collected in the eastern Marmara Region on the 
North Anatolian Fault Zone (NAFZ) near İzmit along 
a 1.2 km profile. The area is located between İzmit Bay 
and Sapanca Lake (Figure 1). The fault, ruptured during 
the 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 m. 
Figure 2 shows the seismic array deployed along and 
across the ruptured segment of the NAFZ during the 
İzmit earthquake. The array is located in the İzmit basin, 
5 km west of the epicenter of the İzmit earthquake. The 
coseismic slip observed on the surface was between 1–3 m 
in the basin. The traces of the surface rupture could still be 
recognized on the surface four years after the earthquake. 
The thickness of the fault zone on the surface appeared to 
be varying from several meters to several hundred meters. 
The basin is approximately 20 km wide and 50 km long 
with metamorphic basement overlain by quaternary 
sediments. The thickness of the sediments is estimated at 
between 0.6–1.4 km (Özalaybey et al., 2011).

The primary objective of this study is to determine the 
shallow velocity structure on the North Anatolian Fault 
in Sarımeşe near İzmit rupture zone via 2-D tomography 
inversion. Determination of a reliable tomographic image, 
estimating the thickness of the fault zone and defining the 
travel time anomalies will shed a light on the behavior of 
fault over time and seismic hazard.

2. Data acquisition and processing
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 2). A mild topography exists along the profile 
and the elevation difference between north and south is 
approximately 12 m increasing from south to north. The 
profile was cut by a 10 m wide irrigation channel. The fault 
trace on the surface is located on the north of the channel. 
A total of 45 Reftek- 125 and 5 Reftek-130 recorders were 
equipped with 4Hz and 12Hz vertical components and 
3-component geophones respectively. The shot spacing 
was 5 m for inline, 200 m for fan shots and the receiver 
spacing was varying from 10 m to 20 m. More than 180 
inline, 10 fan shots were fired using a vibroseis source 
(Figure 2). 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 a 100 
Hz sampling rate. Both computed and recorded sweep 
signals were tested to obtain conventional shot gathers 
and concluded that the computed sweep signal provides 
a better source wavelet. Figure 3 shows the uncorrelated 
shot gather and correlated shot gather using theoretical 
vibroseis sweep signal. Uncorrelated shot gather shows 
that the S/N ratio decreases fast at distances greater than 
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Figure 1. Location map of the study area (black square). Yellow star indicates the location, red circles refer to the aftershock 
activity (Karabulut et al., 2002) of the 17 August 1999 İzmit earthquake. Black lines show the active faults (Emre et. al., 
2013). 
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Figure 2. 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. 
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400 m. The trace at 0 m shows the sweep signal recorded 
next to the vibrator truck. 

One hundred and twenty-six shot gathers were 
selected and more than 5000 first arrivals were picked. 
The uncertainty for each pick was assumed as 10 ms and 
constant for each shot gather. One-third of the shot gathers 
were ignored due to the low-signal noise ratio or large 
uncertainty on the origin times. Figure 4 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 in 
the middle of the profile, between 550 and 700 m, where 

the fault scarps on the surface are clearly observable. The 
elevation correction was applied by introducing a shallow 
layer with a very low velocity (100 m/s). The sources and 
receivers were put on the basement of the shallow layer 
and the velocity of the surface layer was fixed during the 
inversion.

3. Method
The inversion technique used in this study is developed 
by Vidale (1988) and modified by Hole and Zelt (1995). 
The method 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 
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Figure 3. Uncorrelated shot gather (top) and correlated shot gather using theoretical 
vibroseis sweep signal (bottom).
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inverse grid since the accuracy of the computed travel 
times using Eikonal equation depends on the grid spacing, 
which requires finer gridding. On the other hand, the 
inverse grid with the smoothness constraints should be 
larger to keep the linear system overdetermined.

One of the main difficulties encountered in 
tomographic studies is the determination of the reliability 
of the results. Tomographic images reflect not only true 
velocity heterogeneities 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 test provide 
information 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 5 × 5 m in size perturbed ±0.6 
km/s alternately (Figure 5). The upper 100 m 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.

One-dimensional velocity model was constructed 
from the best fit to the average of the observed travel time. 
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. Strong velocity contrast from the shot gathers 
indicating any shallow reflector was not observed. The 

high apparent velocities observed between 550 and 700 m 
are the results of the lateral velocity variations. Also three 
velocity models (blue, red, and green lines in Figure 6) 
constructed to test whether there is any dependency of the 
inversion on the initial model (Figure 6).

The velocity model was defined on a uniform 1 × 1 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. 

The inversion is based on minimization of data misfit 
and model roughness to provide the

smoothest model appropriate for the data. To assess 
the quality of the inversion, travel time RMS residuals and 
normalized data misfit (χ2) 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 order to produce a 
minimum structure model. Three different initial velocity 
models were used in tomography to see how the final 
velocity model is dependent to the initial model. Figure 7 
shows the travel time errors as a function of distance for the 
initial and final models. The RMS residuals for the initial 
and the final models were 40ms and 5ms 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.

4. Results
Figure 8 displays the results of the tomographic inversion 
and ray coverage for the final P-wave velocity model. 
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Figure 4. The selected travel time distance curves.
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Dependency on the initial models is not significant when 
the ray hitcount is large therefore the velocity structure 
is well resolved. A robust and high resolution travel time 
image requires dense ray sampling and rays crossing at 
variety of angles. The ray coverage indicates that the final 
velocity model is well constrained down to 175 m depth. 
Similar results were obtained from alternate initial models 
and different inversion parameters with an exception 
at shallower depths. According to Zor et al. (2010) and 
Özalaybey et al. (2011) the sediment–bedrock depth 
reaches about 1.4 km in the deepest part of the İzmit basin, 
therefore the basement is not expected to be seen from the 
travel time tomography. The seismic profile crosses the 
fault between 600–700 m. The irrigation channel with a 
width of approximately 10 m appears between 550 and 

600m. P-wave velocity of the sediments on the southern 
part of the channel increases from 1.4 km/s at the surface 
to 1.7 km/s at the depth of 150 m. Relatively high velocities 
exist on the northern part of the profile varying from 1.7 
km/s at the surface to 2.0 km/s at the depth of 200 m. The 
lowest velocities, 0.7–0.8 km/s are observed between 550 
and 600 m 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 zone 
starting at a depth of 80m and continuing to the bottom 
of the model. This zone is located below the lowest 
velocity region and appears to have a limited extent in the 
horizontal direction. 

Figure 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 mwz = 0.5, lower 
figure is the ray hitcount.
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Figure 7. Travel time residuals computed from the preferred starting 
model (red) and final model (green) after inversion.
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Figures 9, 10, and 11 show the final tomographic 
image and fan shots at distances of 0 m, 200 m, and 400 m 
respectively. The high amplitude surface waves are observed 
at receivers near the fault zone. Since the amplitudes of the 
surface waves are rapidly decreasing for receivers away from 
the fault zone, the observed wavefield indicates 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 0 m and 
400 m fan shots in Figure 9 and 11). 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 reveal interesting character. 
There is a large travel time jump at a distance of 900 m. If 
the high-velocity anomaly is not local but has larger spatial 
dimensions or has continuity along the fault zone it would 
create asymmetries and travel time anomalies on the first 
arrivals as well as diffraction patterns on the wavefield. Such 
asymmetries are created, e.g., by head waves propagating 
along vertical discontinuities with higher velocities. 
Figure 12 shows the final tomographic image and two shot 
gathers at two sides of the fault zone. The first shot gather 

Figure 8. Upper: Initial P-wave velocity model; middle: P-wave velocity model obtained from 
tomographic inversion; lower: ray cell hitcount.
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Figure 9. The final tomographic image and fan shot at adistance of 0 m. FZ: Fault Zone, 
IC: Irrigation Channel.

presented in the figure has a clear diffraction pattern with 
the apex at a distance of approximately 500 m. This is an 
independent confirmation of the high-velocity anomaly 
observed on the tomographic image. On the other hand, 
the second shot gather displayed in Figure 12, contains fault 
zone trapped waves between distances of 650 and 750 m. 
Fault zone trapped waves are clearly separated from surface 
waves with large amplitudes.

5. Discussion and conclusions
The tomographic velocity model clearly reflects the 
velocities at shallow depths (<20m) that 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 is observed in the middle of the profile. The obtained 
velocity model is constrained to a maximum depth of 175 m. 
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The tomographic image along the 1.2 km profile shows 
significant heterogeneities with velocities varying from 
0.7km/s to 2.2km/s. The fault was clearly exposed on the 
surface and the thickness of the sediments in the basin 
reaches up to several hundred meters. The northern part of 
İzmit Gulf essentially consists of young shallow sediments, 
beneath these lie a Triassic and Paleozoic sandstone, clay 
stone, and marn where relatively high velocities take 
place. P-wave velocities vary from 1.7–2.0 km/s down 

to 175 m depth. The velocities of the sediments, on the 
southern part corresponds to an olistolitic complex, which 
is composed of Eosen volcanics (schist, serpentinite, and 
andesite) (Doğan, B., 1998), differing from 1.4 to 1.7 km/s 
and decreases to 1.4 km/s within the fault zone down to 
100–150 m depth.

Another low-velocity zone of 0.9km/s is observed 
adjacent to the 1999 İzmit earthquake fault zone and 
interpreted as an effect of the irrigation channel when the 

Figure 10. The final tomographic image and fan shot at a distance of 200 m.



ERGÜN / Turkish J Earth Sci

662

Figure 11. The final tomographic image and fan shot at a distance of 400 m.

geometry of the experiment is considered. A localized body 
of high velocity (2.2 km/s) with respect to the surrounding 
units, between 500–700 m is considered to be related to a 
buried andesitic ridge. However, since the recovered velocity 
model from the tomographic image is limited in depth, any 
conclusive interpretation on the distribution of this high 
velocity body is impracticable. After analyzing the fan shots, 
a significant asymmetry of the wavefield on both sides of 
the fault zone is realized. There is a large travel time jump 

between distances of 800 and 900 m. Such a travel time jump 
cannot be correlated with the final tomographic 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 together with travel time 
anomalies on the first arrivals as well as diffraction patterns on 
the wavefield. The clear diffraction patterns that are observed 
in the shot gathers, are an independent confirmation of the 
high-velocity anomaly observed on the tomographic image. 
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The tomographic results clearly indicate that the fault zone is 
approximately 100 m wide and correlates well with previous 
studies such as the investigation of basin structures in the 
İzmit Bay area by single-station microtremor and gravimetric 
methods (Özalabey et al., 2011) and Shear wave velocity 
structure estimated from active–passive array surface wave 
and single-station microtremor methods (Zor et al., 2010).
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