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Abstract 

We investigated the crustal structure beneath the Marmara region and the surrounding area in the western part of 
the North Anatolian fault zone. These areas have high seismicity and are of critical significance to earthquake hazards. 
The study was based on travel-time tomography using local moderate and micro-earthquakes occurring in the study 
area recorded by the Multi-Disciplinary Earthquake Research in High Risk Regions of Turkey project and Kandilli Obser-
vatory and Earthquake Research Institute. We selected 2131 earthquakes and a total of 92,858 arrival times, consisting 
of 50,044 P-wave and 42,814 S-wave arrival times. We present detailed crustal structure down to 50 km depth beneath 
the Marmara region for P- and S-wave velocities using the LOTOS code based on iterative inversion. We used the dis-
tributions of the resulting seismic parameters (Vp, Vs) to pick out significant geodynamical features. The high-velocity 
anomalies correlate well with fracturing segments of the North Anatolian fault. High seismicity is mostly concentrated 
in these segments. In particular, low velocities were observed beneath the central Marmara Sea at 5 km depth.
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Introduction
The Eurasian and Arabian–African plates apply a con-
tinuing compressional force on the Anatolian plate 
(Sengor and Yilmaz 1981). As a result of these intense 
compressional forces on the Anatolian plate, the north-
east–southwest trending North Anatolian fault (NAF) 
and East Anatolian fault (EAF) were developed (see 
Fig.  1a). The Anatolian plate in eastern Turkey is mov-
ing westward relative to the Eurasia at approximately 
40  mm/year (Le Pichon et  al. 1995), but begins moving 
in a southwesterly direction in western Turkey (Jackson 
1994). Interaction of this motion and the subduction of 
the Mediterranean lithosphere beneath the Turkish plate 
cause a N–S extension and E–W shortening in western 
Turkey. As a result of this, the region is under extension 

in a NNE–SSW direction. We focus on the Marmara 
region, which is one of the most tectonically active 
regions in the world. Throughout history, many devastat-
ing earthquakes (Ambraseys and Zatopek 1969; Karab-
ulut et  al. 2003) such as the August 17, 1999 Kocaeli 
Earthquake (Mw =  7.4) and November 12, 1999 Duzce 
Earthquake (Mw  =  7.2) have occurred in this area. In 
addition to the devastating earthquakes, typical swarm-
type earthquake activity in the Marmara Sea region has 
also been observed (Ucer et al. 1985; Sellami et al. 1997). 
Most of the devastating earthquakes are associated with 
the NAF (Fig. 1a). The NAF poses an important hazard 
for the large cities surrounding the Marmara Sea region, 
particularly the megalopolis of Istanbul. Indeed, the NAF 
is presently hosting a long unruptured segment below 
the Sea of Marmara (Schmittbuhl et al. 2015). The Mar-
mara Sea is located in a transition zone where the right-
lateral strike-slip character of the NAF meets with the 
extensional character of Aegean (e.g., Smith et al. 1995). 
In the eastern Sea of Marmara, a transition occurs from 
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Fig. 1  a Tectonic map of Marmara region (dotted black lines—faults from Saroglu et al. 1987; solid black lines—faults from Armijo et al. 1999). Inset 
location of study area within Turkey is marked within the red border. b Geological units of the Marmara region modified from Ketin (1967) and Okay 
(1989)
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the right-lateral strike-slip to the Aegean extension zone 
(Armijo et al. 2005).

Looking at the geologic structure of the study area, the 
main geologic features of the Marmara region shown in 
Fig. 1b are primarily composed of three parts, the Sakarya 
zone (ophiolites, granitoids, and the Karakaya Complex 
are grouped as Sakarya zone in Fig.  1b), Istanbul zone, 
and Istranca massif (Ketin 1973; Okay 1989). The Istan-
bul zone is a small continental fragment, about 400  km 
long and 70 km wide, located in the southwestern margin 
of the Black Sea (Fig. 1b). The Istanbul zone is defined by 
a well-developed, unmetamorphosed, and little deformed 
continuous Paleozoic sedimentary succession extends 
from Ordovician to the Carboniferous overlain with a 
major unconformity by latest Permian to lowermost Tri-
assic continental red beds (Okay 1989). The Istanbul zone 
is very distinctive from the neighboring tectonic units in 
its stratigraphy, absence of metamorphism, and lack of 
major deformation (Okay 1989).

The Sakarya zone is characterized by a variably meta-
morphosed and strongly deformed Triassic basement 
called the Karakaya Complex (Fig.  1b) overlain with a 
major unconformity by Liassic conglomerates and sand-
stones which passes up to Middle Jurassic-Lower Cre-
taceous limestones and Upper Cretaceous flysch (Okay 
1989). In contrast to the Istanbul zone, the Sakarya zone 
does not have a Paleozoic basement.

The Izmit Gulf is an east–west trending active graben 
system that is dynamically affected by the interaction of 
the NAF and the Marmara Graben system (Onder Cetin 
et  al. 2004). The graben is bounded by two horsts: the 
Kocaeli Peninsula to the north and the Armutlu Penin-
sula to the south, showing completely different geomor-
phological features, and by well-defined fault scarps (e.g., 
Onder Cetin et  al. 2004) (see Fig.  1a, b). The Armutlu 
Peninsula and the surrounding regions within northwest 
Anatolia comprise three geologically different zones: 
southern, central, and northern. The southern zone cor-
responds to the Sakarya Continent and essentially con-
sists of thick Mesozoic sedimentary successions (Yılmaz 
et al. 1995). The center zone mainly consists of the Iznik 
metamorphic assemblage and Geyve meta-ophiolite. The 
northern zone is known as the Armutlu metamorphic 
assemblage and essentially consists of slightly metamor-
phosed rocks, interpreted as the Rhodope-Pontide base-
ment (Yılmaz et al. 1995).

In addition to the numerous geological studies men-
tioned above, many geophysical studies (Okay et  al. 
2000; Honkura et  al. 2000; Baris et  al. 2005; Koulakov 
et al. 2010) have also been done to understand the tec-
tonic evolution and geologic structure of the Marmara 
region. For example, Baris et  al. (2005) applied a 3D 
local earthquake tomography method to travel time 

data collected between 1985 and 2002. Strong lateral 
heterogeneity was observed in the eastern Marmara 
region. Another important study for this area was con-
ducted by Koulakov et  al. (2010). They observed low 
velocities beneath the main sedimentary basins (e.g., 
Adapazarı, Düzce, and Kuzuluk shown in Fig. 1a). In the 
study, high-velocity and low attenuation patterns also 
correlated with blocks presumed to be rigid (Kocaeli, 
Armutlu, and Almacik blocks shown in Fig. 1a, b). Fur-
thermore, joint analysis of magnetic and gravity fields, 
electrical and magnetotelluric measurements (Honkura 
et  al. 1985; Honkura and Isikara 1991; Honkura et  al. 
2000) has revealed clear anomalous zones related to the 
variability of the extent of fracturing in different seg-
ments of the NAF. Similar features were also found by 
the analysis of the results of the combined modeling 
of gravity and reflection seismic data collected in the 
Marmara Sea region (Adatepe et  al. 2002). The crustal 
seismic structure in the western part of the NAF was 
investigated by different research groups (e.g., Gur-
buz et al. 2000; Nakamura et al. 2002; Baris et al. 2005; 
Salah et  al. 2007) using several tomographic studies. 
Another study (Karabulut et al. 2003) used a 2D tomo-
graphic seismic velocity image in the eastern Marmara 
region along a N–S trending seismic refraction profile 
that traverses the Cinarcık Basin in the Sea of Marmara 
(see Fig.  1a). Most of these studies were based on the 
inversion of P- and S-wave travel time arrivals from 
local seismicity recorded by stations belonging to tem-
porary and/or permanent networks. Another important 
project is a multi-channel marine seismic and 2D wide 
angle reflection–refraction survey conducted by Laigle 
et  al. (2008) and Bécel et  al. (2009), respectively. The 
projects’ profiles give information about depth varia-
tions in the basement of up to 7 km between the North 
Marmara Trough (NMT) and its surroundings. Bayrakci 
et  al. (2013) used the 16,000 first arrival times of arti-
ficial sources and inverted them using the well-known 
local earthquake tomography (LET) code Simulps 
(Thurber 1983, 1993) to find out the 3D upper-crustal 
heterogeneity of the NMT. Although these studies cover 
a similar area, their results often show considerable dis-
crepancies. Polat et  al. (2012) investigated crustal ani-
sotropy using shear wave splitting method for the whole 
Marmara region in detail. They found that decreases 
in delay times before the impending event, especially 
at station GEMT, are consistent with the anisotropic 
poroelasticity (APE) model of fluid-rock deformation. 
However, similar changes in delay times at other sta-
tions surrounding the main event were not observed. 
Also, this study indicated that the logarithms of the 
duration of the stress accumulation are proportional 
(self-similar) to the magnitude of the impending event.
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As mentioned above, many studies to understand the 
region have been conducted, but the detailed crustal 
structures of the southern part and lower crust of the 
whole Marmara region have not been obtained. In our 
study, we aimed to construct a new crustal model of the 
whole Marmara region using new robust datasets. Con-
sidering destructive earthquakes (the August 17, 1999, 
Mw =  7.4 Kocaeli earthquake and November 12, 1999, 
Mw = 7.2 Duzce earthquake) in the study area, it can be 
seen that historical and recent seismicity in the Marmara 
region is high. This high rate of seismicity has a critical 
importance for the earthquake hazard in the Marmara 
region because approximately one-fourth of Turkey’s 
population and most of its industrial centers are located 
in this region. Therefore, such a study is necessary to 
obtain robust and reliable information about the detailed 
crustal structure of the area.

Data and algorithms
In this study, we used broadband and short-period sta-
tions (Fig. 2a) installed by Boğazici University, Geophys-
ics Department, Kandilli Observatory and Earthquake 
Research Institute (KOERI), and the Scientific and Tech-
nological Research Council of Turkey (TUBITAK) during 
the Multi-Disciplinary Earthquake Research in High Risk 
Regions of Turkey project (TURDEP) in the Marmara Sea 
region. The short-period and broadband seismic stations 
must have three components. Additionally, five OBSs 
(ocean-bottom seismometers) were used (Fig.  2a). All 
stations from KOERI acquired continuous data between 
2005 and 2011. We used the online broadband stations of 
the TURDEP project. A few stations of the Prime Min-
istry Disaster and Emergency Management Authority, 
Republic of Turkey (AFAD) were also used in this work. 
Most of the used stations are permanent. The OBSs from 
KOERI recorded earthquakes between 2006 and 2011. 
During this study, we also added some permanent KOERI 
stations (Fig. 2b) to our main stations (Fig. 2a) to improve 
data quality and ray coverage locally. Some of the sta-
tions were deployed in this area between 38°–39°N and 
26°–30°E. Others were installed in this region between 
39°–41°N and 32°–33°E.

For seismic tomography, we relocated approximately 
4000 earthquakes with magnitudes ML  >  2 occurring 
from 2005 to 2011 in our study area between the geo-
graphical coordinates of 39°–42°N and 25.6°–32°E using 
zSacWin (Yılmazer 2003). This earthquake processing 
software is based on HYPO71 (Lee and Lahr 1975). Dur-
ing the relocation procedure of the events, the quality 
of the recorded three-component waveforms was visu-
ally checked. More than 800 events were discarded from 
the dataset because of poor quality. We paid particular 
attention to acquiring good signal-to-noise ratio of the 

incoming wave and to clearly identifying P and S phases 
on the seismograms. Additionally, we applied a But-
terworth filter with a 2–16 Hz band range using a two-
way 4-pole on the seismograms in order to suppress the 
high-frequency noise and correctly determine P and S 
phases for each seismogram. As mentioned above, arrival 
times for P and S phases were strictly controlled by visual 
inspection. Their phases were manually picked with clear 
P- and S-wave arrivals.

Because of the high attenuation in this region (Horasan 
et  al. 1998; Bindi et  al. 2006), noisy and highly attenu-
ated S-wave recordings were observed. To eliminate 
such recordings, waveforms were carefully examined 
visually. We thus selected the best possible recordings 
for further analysis. For relocations, P- and S-wave read-
ings were used, and the magnitudes were always cal-
culated by applying the duration-dependent formula, 
which is widely used for local earthquakes at KOERI. 
The duration-dependent formula is useful for small and 
local earthquakes (Baris et  al. 2005). Values of 1.0 and 
0.5 were selected as weights for P and S phases for relo-
cations. When relocating events, the P-wave velocity 
model is used as an initial model. For this, we assumed 
Vp/Vs =  1.735 as generally used by KOERI for routine 
locations of local seismic events in the western part of 
Turkey.

Before starting relocation, we noticed that the aver-
age horizontal and vertical uncertainties of the collected 
events were more than 4 and 5 km, respectively. There-
fore, we carefully worked to reduce these uncertainties. 
Further, we constrained the dataset using the criteria 
that: (1) The standard error of epicenter and depth was 
less than or equal to 2  km, (2) the number of P phase 
readings was greater than 7, and (3) the rms of arrival 
time residuals was less than 0.9 s. In addition, we selected 
earthquakes with azimuthal gap less than 180° that were 
recorded by at least seven stations.

The magnitude of the event catalog consists of local 
moderate and micro-earthquakes with magnitudes 
ML > 2. Generally, small earthquakes are associated with 
the NAF segmentation in the Sea of Marmara, whereas 
the earthquakes with magnitude Mb ≥ 5.0 are along the 
NAF in the Marmara region (Fig.  2b). As observed in 
Fig. 2b, the observed seismicity in the Sea of Marmara is 
quite compatible with the known fault geometry (Armijo 
et al. 2002) located in the sea. However, similar compat-
ibility between earthquakes and the Central and Cınarcık 
basins was not observed. In particular, the seismicity of 
the study area intensifies on the left and right bounda-
ries of the northern branch of the NAF in the Sea of 
Marmara.

Polat et  al. (2012) suggested that strong earthquake 
clusters in the Marmara region before the 2006 Manyas 
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Fig. 2  a Seismic station distribution in the study. Broadband (BB) and short-period (SP) stations of KOERI are indicated by red and yellow circles, 
respectively. OBS stations of KOERI are shown as green squares, and BB and SP stations of TUBITAK are shown as orange diamonds. BB stations of 
the Prime Ministry of Disaster and Emergency Management Authority, Republic of Turkey (AFAD) and BB stations of other institutions are shown 
as black and light blue diamonds, respectively. b Distributions of seismic stations (triangles) and events (circles) used in this study. The colors of the 
earthquake symbols indicate the magnitudes
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EQ were located in active fault systems in the region (see 
Fig.  1 in Polat et  al. 2012). The 2006 Manyas EQ is the 
largest event with magnitude Mb = 5.3 within the cata-
log. After the occurrence of this earthquake, no event 
greater than magnitude 5.0 has been registered in the Sea 
of Marmara during the 5-year period of the study. Note 
that in the southern part of the study area, some events 
were artificial blasts related to mining work. However, we 
cannot use them as active sources because their origin 
times and coordinates are not available from the catalog. 
Therefore, in our workflow, we process them as passive 
sources in the same way as earthquakes.

For the tomographic inversion, we selected 2131 events 
according to two criteria: (1) The number of phase read-
ings of both P and S data is more than 15 in total, and 
(2) the deviation of residuals after the 1D velocity inver-
sion step is less than 1 s. We thus obtained 50,044 P and 
42,814 S travel time data. The selected events are shown 
in Fig. 2b.

In this study, a local earthquake tomography (LET) 
method was applied to the selected earthquake data. 
For the tomographic inversion procedure, we used the 
LOTOS code (Koulakov 2009). The procedure starts with 
the relocation of all events using the grid search method. 
Travel times at this stage were computed using a refer-
ence table calculated prior to the relocation step. The 
sources were relocated using the 3D algorithm of ray 
tracing. The first iteration used a starting 1D model, but 
in the next iterations, the relocation was performed using 
the updated 3D velocity models. The ray tracing was per-
formed using the bending method.

The starting 1D velocity model was defined at several 
depth levels with linear interpolation between levels. The 
upper level of the 1D model was defined at the altitude 
above the maximum elevation in the study region. The 
optimal 1D starting model for the 3D tomography inver-
sion was determined after several runs of the full inver-
sion procedure, including inversions and source locations 
in several iterations. We begin with an approximate 
1D model constrained from available a priori informa-
tion. After full inversion, we computed average absolute 
velocities at several depth levels and used these values as 
a starting 1D model for the next run. After three or four 
runs, the velocities converged to stable values and the 
procedure stopped. Table 1 presents the resulting P and S 
velocities used as a reference model for the main results. 
Note that at shallower depths, we observe higher veloci-
ties than usually expected in continental areas.

The parameterization of the velocity distribution was 
performed using a mesh of nodes distributed in the 
study area according to the data distribution. In this 
study, the minimum grid spacing was 7 km in horizontal 
direction and 3 km in the vertical. In our case, we used 

~18,000 and ~16,000 nodes, which composed one grid 
for the P and one grid for the S model, respectively. The 
grid spacing was explicitly defined to be smaller than the 
minimum size of resolved anomalies so that every robust 
pattern in the resulting model included several nodes. In 
this case, the solution becomes grid independent: Chang-
ing the mesh (i.e., shifting or rotating the grid) does not 
affect the solution. However, to further minimize arte-
facts related to the basic grid orientation, we performed 
independent inversions for four grids with different basic 
orientations (0°, 22°, 45°, and 67°).

The inversion was performed simultaneously for the 
P- and S-velocity anomalies, as well as for the source 
parameters (three coordinates and origin time for each 
event) and station corrections. The quality of the solu-
tion was controlled by additional matrix blocks, which 
regularize velocity gradients between neighboring nodes. 
This regularization links the velocity parameters in all 
pairs of neighboring nodes and makes the parameteri-
zation quasi-continuous. In this case, the resolution was 
controlled by the flattening coefficients, and not by prop-
erties of the grid. The values of damping parameters and 
weights for different groups of parameters were defined 
experimentally based on results of different tests. In 
particular, the correct smoothing coefficient should not 
allow for appearance of small contrasted patterns, which 
cannot be resolved by synthetic tests and are not simi-
larly observed in the odd/even test.

The sparse matrix was inverted using the least-squares 
QR method (Paige and Saunders 1982; van der Sluis and 
van der Vorst 1987). After inversions in four differently 
oriented grids, the results were averaged and recom-
puted in a regular grid. This model was used as a refer-
ence distribution for the next iteration, which starts with 
the relocation of sources. The tomography cycle, which 
was repeated several times, included the steps of source 
locations in the updated 3D model, matrix calculation, 
and inversion. The effect of iterating and damping was 

Table 1  P- and  S-wave velocities in  the 1D model used 
for calculations of the main results of this study

Depth (km) Vp (km/s) Vs (km/s)

−1 5.63 3.19

5 6.03 3.46

10 6.21 3.53

15 6.36 3.62

20 6.61 3.77

30 7.31 4.21

40 7.76 4.46

50 7.97 4.52

100 8.3 4.75
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similar: Many iterations with strong damping result in 
a solution similar to that from few iterations and weak 
damping. Therefore, we preferred to fix the number of 
iterations at five, as a compromise between the accuracy 
and calculation speed, and selecting damping coefficients 
to find an appropriate solution.

After five iterations, the rms values of the P and S 
arrival time residuals and their reductions were obtained. 
They are presented in Table  2. The residuals of the first 
iteration correspond to the location in the constructed 
1D model. Other iteration values in Table 2 indicate how 
the 3D velocity inversion leads to an improved data fit. 
The values of the residuals obtained from the dataset are 
quite different initially (0.238 and 0.419 s for P and S data, 
respectively) compared to those for a dataset collected in 
the eastern Marmara region. For example, for the eastern 
Marmara region (Koulakov et al. 2010), in the first itera-
tion, the rms of P and S residuals was 0.137 and 0.255 s, 
respectively. It is significant that the same algorithm was 
used for data processing both in the present and in the 
mentioned study. This might suggest that for an a priori 
indicator of the amplitude of the velocity anomalies, it is 
possible to use the rms of the initial residuals.

The average deviations of residuals in the L1 norm dur-
ing iterative inversions are presented in Table 2. It can be 
seen that the inversion provides the reduction in residual 
deviations by approximately 30  % for P- and 47.5  % for 
S-wave data. The final average deviations are consistent 
with estimates of the picking accuracy (0.15 and 0.20 s for 
P and S phases, respectively). Larger reduction of residu-
als for the S data might be related to higher sensitivity of 
the S data to variations in physical parameters inside the 
Earth.

Tomography results and testing
P- and S-velocity anomalies in four horizontal slices at 
5, 15, 30, and 50  km depth are shown in Fig. 3. The P- 
and S-velocity anomalies are also depicted for one verti-
cal section in Fig. 4. At shallow depths, their amplitudes 

were less than 5  %, whereas at a depth of 30  km, they 
were less than 2  %. In the inversion, we removed the 
amplitude damping and defined the smoothing damping 
at a minimal value, providing stable results. The values 
of the inversion parameters were set according to the 
results of synthetic modeling, enabling maximum simi-
larity between the initial and recovered models, both in 
terms of amplitude and the positions of the synthetic 
patterns.

Before interpreting these results, we present a few 
tests to assess the resolution and the reliability of the 
derived structures. In Fig.  5, we present the results of 
several checkerboard tests. Here, we show the recon-
struction results for the models with anomaly sizes of 
20, 30, and 50 km and amplitudes of ±5 %. Travel times 
for the synthetic tests were computed using the 3D 
bending ray tracing based on the same source—receiver 
pairs as in the actual dataset. Then, they were perturbed 
by random noise with an rms of 0.1 s for P- and S-wave 
data, respectively. The reconstruction workflow and 
parameters were absolutely identical to those imple-
mented for the analysis of experimental data, includ-
ing the step of the initial source location. In Fig. 5, we 
show only results for the P-velocity reconstructions; 
for the S model, the reconstruction quality was similar 
and even better. It can be seen that at shallow depths 
(left column), all models are correctly reconstructed 
in most parts of the area. The sections in the right col-
umn represent the deepest sections where the satisfac-
tory recovery of synthetic anomalies is achieved. It can 
be seen that the anomalies of 20  km size are robustly 
reconstructed down to 15  km depth; 30  km anoma-
lies are seen down to 30 km depth, whereas the 50 km 
anomalies are restored in all depth intervals. From 
these tests, we can conclude that the ray configuration 
theoretically allows for reconstructing the shapes of 
small patterns at shallow depths only, whereas the large 
anomalies of more than 50 km size are robustly recov-
ered at all depths. Note, however, that the amplitude of 
the reconstructed anomalies decays with depth. These 
observations should be taken into account when inter-
preting the results of experimental data inversion.

A much more important test with independent inver-
sions of two independent data subsets, the so-called odd/
even test, is presented in Fig.  6. In this case, the entire 
dataset is divided into two subsets with odd and even 
numbers of events. The difference between the derived 
results reflects the effect of random noise. For the 
P-model, the locations of the main anomalies are simi-
lar in both cases; however, their shapes and amplitudes 
in some parts of the study area are different. For the 
S-wave velocity anomalies, the relatively robust features 
are resolved at shallow depths. For the deeper section, 

Table 2  Average deviations in  the L1 norm of  the P- 
and  S-wave residuals and  variance reductions after  five 
inversion iterations

a  rms dtp and rms dts stand for P- and S-wave residuals, respectively

Iteration rms dtpa (s) rms dtsa (s) Reduction P 
(%)

Reduction 
S (%)

1 0.238 0.419 0 0

2 0.183 0.250 22.84 40.41

3 0.172 0.230 27.50 45.18

4 0.167 0.222 29.57 46.89

5 0.166 0.220 30.20 47.46
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the anomalies derived from the odd and even subsets do 
not match, indicating the important role of the random 
factor. Thus, the corresponding results should be inter-
preted with prudence.

Discussion
The resulting distributions of seismic velocities obtained 
from this study indicate clear correlation with the known 
tectonic features of the study area. P- and S-wave veloc-
ity anomalies are shown in Fig. 3 in four horizontal slices 

Fig. 3  P- and S-velocity anomalies in four horizontal sections. Triangles depict seismic stations. Major faults in the Marmara Sea (same as in Fig. 1a) 
are depicted with thin lines. Black line shows one vertical section selected for depicting the P- and S-velocity anomalies in Fig. 4
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Fig. 4  Perturbations and absolute values of P- and S-wave velocities in a vertical section. Location of the profile is shown in Fig. 3. Dots represent the 
seismic events located at distances less than 15 km from the profile. The topography along the profile is shown in the upper part of the figure. Note 
that the upper surface in the velocity sections takes into account the earth’s sphericity
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at 5, 15, 30, and 50 km depths and in one vertical section 
(Fig. 4).

We see that in most parts of the model, the P and S 
anomalies are generally similar. Some differences in detail 
can be explained by the complex structure of the crust in 

this region. In our case, in the Marmara Sea region, the 
crust has a complex structure with strongly varied com-
position and fracture zones strongly saturated with fluids. 
For example, relict igneous bodies will be mostly associ-
ated with higher P-velocities, as this parameter is mostly 

Fig. 5  Reconstructions of three checkerboard tests with anomaly spacing of 20, 30, and 50 km. The shallower section is at 5 km depth, and the 
deeper sections are at different depths corresponding to the deepest level where the recovery is satisfactory. Shapes of anomalies are indicated with 
thin line contours. Triangles depict seismic stations
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sensitive to the composition. However, if these rocks 
were fractured and saturated with liquid fluids, S-wave 
velocity would be drastically lowered. The opposite cor-
relation of the P and S anomalies is often observed in 
volcanic areas and usually associated with active magma 
conduits with partially molten rocks (e.g., Koulakov et al. 

2013, 2015). In areas of active faults, the relationships 
between P and S anomalies are mostly controlled by the 
presence of igneous rocks and the degree of fracturing 
and saturation with liquid or gas fluids. These and many 
other factors may affect the P- and S-velocity differently 
and lead to some misfit of the P and S anomalies.

Fig. 6  Odd/even test. Left and right columns are reconstruction results for independent data subsets with odd and even numbers of events, respec-
tively. Triangles depict seismic stations. Major faults in the Marmara Sea (same as in Fig. 1a), are depicted with thin lines
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The shallow part of the crust beneath the Marmara Sea 
shows significant lateral velocity variations. The strik-
ing feature of this study is that, besides a low-velocity 
anomaly in the central part of the Marmara Sea, there 
are several high-velocity anomalies located onshore 
at a depth of 5  km. At this depth interval, relative high 
P- and S-velocity values at shallow depths are found in 
Yalova, Gazikoy, and Tekirdag (Anomalies 1 and 2 in 
Fig.  3). This observation is consistent with high seismic 
activity in these areas and the findings of Koulakov et al. 
(2010). Additionally, high-velocity values are located 
underneath the Sakarya Zone and the Armutlu Peninsula 
(Anomaly 3 in Fig.  3). The Armutlu Peninsula is domi-
nated by metamorphic assemblages (Yılmaz et al. 1995). 
Other observed high velocities are located beneath the 
Istanbul zone (Anomaly 4 in Fig. 3), corresponding to a 
well-developed, unmetamorphosed, and little deformed 
continuous Paleozoic sedimentary succession extends 
from Ordovician to Carboniferous (Ketin 1973).

In contrast, we observed low-velocity values beneath 
the central Marmara Sea region (Anomaly 5 in Fig.  3), 
which is seen especially well in the S-wave velocity model 
at shallow depths. We suggest that it might correspond to 
the thick sedimentary deposits of the Plio-Pleistocene or 
to the alluvium regions as supported by the low resistivity 
and gravity values (Kaya et al. 2013; Bayrakci et al. 2013).

In the Thrace region, we observe a negative anomaly 
in the P and S models (Anomaly 6 in Fig. 3), which seem 
consistent with the known geologic composition of the 
area that is composed of the Late Tertiary deposit basin. 
In the southern part of the Tekirdag Basin, low-velocity 
values are detected at a depth of 15 km. The observed low-
velocity anomalies are not consistent with active seismicity 
in the basin and its vicinity. Geological studies (e.g., Okay 
et al. 1999) indicate that this basin was formed in the Plio-
cene. Because of its relatively young age, the sediments in 
the basin are not strongly deformed, which suggests a sub-
tle relationship between the faulting and sedimentation. 
Similar features can be seen in many strike-slip basins, 
and they often introduce an element of ambiguity into 
the tectonic setting of these basins (Ingersoll and Busby 
1995). Armijo et al. (2005) showed that the Tekirdag Basin 
region had a NW–SE trending transtensional state with 
almost purely normal fault mechanisms with some right-
lateral strike-slip and a few oblique components. Addition-
ally, low P and S anomalies (Anomaly 7) are observed in 
the southern Marmara region, particularly Balikesir and 
Bursa, and the surrounding areas at 5 and 15 km depths. 
At these depths, areas with high P-wave velocities are 
significantly reduced. Additionally, at these depths, we 
observed that low-velocity areas are gradually extended. 
The observed anomalies seem remarkably consistent with 
the known geologic features and tectonic evolution of the 

region and the surrounding area. Recently, in the interior 
of the southern Marmara region, one of the studies con-
ducted by Erkan (2015) shows moderate heat-flow values. 
As known, the heat flow remarkably influences seismic 
velocities. This finding seems compatible with and explains 
the low-velocity anomaly (Anomaly 7).

Moreover, at 5 km depth, high P- and S-wave velocity 
variations are observed in the Kuzuluk Basin and sur-
rounding areas. However, similar patterns in this area 
are not observed at 15  km depth. The focal mechanism 
study of Tibi et  al. (2001) found west–east extension in 
the Kuzuluk Basin. Also, many thermal sources (e.g., 
Greber 1994; Belin et al. 2002) support the concept of an 
active pull-apart extension. A similar mechanism of pull-
apart basin opening was earlier proposed for the Mar-
mara Sea (e.g., Armijo et  al. 1999; Pondard et  al. 2007). 
In the context of the findings, it can be said that the low-
velocity anomalies observed at 15 km depth in this region 
might be related to the pull-apart basin. At 5 and 15 km 
depths, low-velocity anomalies (Anomaly 8 in Fig. 3) are 
observed beneath the small region between the eastern 
region of the Izmit Gulf and the Kuzuluk Basin. This sug-
gests that it is possible to extend the anomaly area up to 
the sedimentary basins (e.g., Adapazarı, Düzce). In this 
case, no suggestions can be made about the Almacik 
block because of the unavailability of data.

The region between the two branches (the branches 
denoted B-1 and B-2 in Fig. 1a) of the NAF is expressed 
by relatively high seismicity (the cluster of events mainly 
located in the segments shown in Fig.  2b). Looking at 
the distribution of low and high-velocity anomalies in 
the region, we see that a large low-velocity pattern is 
observed beneath the center of the region, even though 
relatively high-velocity anomalies are observed near the 
segments. This suggests that the observed high-velocity 
zones correspond to high resistivity zones (e.g., Tank 
et al. 2005). According to the study of Tank et al. (2005), 
these high resistivity zones correspond to an asperity that 
is characterized by strong coupling at the fault interface. 
A similar asperity zone is pointed out by Delouis et  al. 
(2000) around the hypocenter in their joint inversion 
study of InSAR and teleseismic data.

P-wave velocities within the lower crust beneath the 
western and southern parts of the Marmara region (e.g., 
Ganos, Ganos Gulf, Balikesir, Bursa, and the surround-
ing areas of the places shown in Fig.  1a), below a depth 
of 30  km, gradually increase. However at 50  km depth, 
the P-wave velocity decreases strongly (Fig. 3). This may 
be related to the fact that the east–west trending normal 
fault systems of the Sea of Marmara are a diffuse zone 
of crustal thinning associated with an estimated 30  % 
of north–south extension since the Tortonian (Ergün 
et al. 1995). Also, we observed that the resolution for the 
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S-wave is as good as that for the P-wave. Therefore, we 
can discuss the structure of Vp and Vs in the crust of the 
Marmara region. Although below 15 km depth the reso-
lution is poor because of insufficient earthquake data, at 
50  km depth, for both the P- and S-velocity models, we 
identify a low-velocity anomaly beneath the western part 
of the Marmara Sea, which can be interpreted as an asthe-
nosphere upwelling. In turn, such upwelling might cause 
thermal weakening of the crust that initiated the process 
of crustal extension in the area of the Marmara Sea.

Conclusion
In this study, we collected data from permanent and tem-
porary stations deployed by TUBITAK during the TUR-
DEP and KOERI in order to investigate the P- and S-wave 
velocity structure beneath the whole Marmara region 
and western Turkey. For this study, local earthquakes 
from 2005 to 2011 were analyzed. After relocation of the 
events, we derived 2131 earthquakes and a total of 92,858 
arrival times, consisting of 50,044 P-wave and 42,814 
S-wave arrival times for the LET.

Our observations suggest that the LET has been suc-
cessfully applied to measure P- and S-wave velocity varia-
tions for the whole Marmara region. At the depth interval 
of 5–15 km, the presence of velocity variations between 
land and the central Marmara Sea region is clearly 
observed. At this depth interval, high P- and S-wave 
velocity values are observed beneath Armutlu Peninsula, 
Yalova, Gazikoy, and Tekirdağ. High-velocity values in 
the Sakarya zone are observed. Looking at the distribu-
tion of low-velocity anomalies, a large low-velocity pat-
tern is observed beneath the central Marmara Sea region. 
The observed high-velocity anomalies extend between 
the two branches of the NAF and might correspond to 
the high resistivity zone. We observed that the shallow 
part of the crust beneath the Marmara Sea shows signifi-
cant lateral velocity variations. The striking feature of this 
study is that a clear pattern is also observed in between 
the on-land and the central Marmara Sea region at the 
depth interval of 5–15 km.
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