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Abstract

The high seismicity and tectonic activity of the study area located in a near-fault region
in Golyaka, Diizce, results in a bedrock geometry highly complex in the sense of faulting
and deformation. This makes this area very challenging in terms of a site response study
that would aid seismic hazard assessment. This study develops a basin model to evalu-
ate the site effects in the tectonically formed Plio-Quaternary fluvial sedimentary layers of
the Golyaka region. The selected site uniquely falls within the near-field domain of a sec-
tion of the North Anatolian Fault System. To determine the presence of these lateral vari-
ations in the geology as well as the geometry of the basin over a wide area, surface seis-
mic measurements and deep vertical electrical sounding along with geotechnical boring
studies have been performed, and a 3D basin geometry model was developed. The basin
model shows that the sediment thickness continues to a depth of approximately 250-350 m
with an irregular geometry due to over-step faulting near the southern boundary of the
basin. Consequently, this study confirms the spatial variations in the near-field area that
depend on basin geometry, material heterogeneity, and topography, indicating dipping and
nonuniform stratification in the velocity profiles. Furthermore, the conducted microtremor
measurements were used to compare the natural periods of microtremor results, along with
interpolated Vs profiles to validate estimated basin depths. In conclusion, this study indi-
cates that a well-developed basin geometry that reflects the complex process associated
with the characteristics of the near-fault region could be accurately and reliably determined
by developing a 3D basin model to assess site response in an account for seismic hazard
assessment studies.
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1 Introduction

Studies in the last few decades have demonstrated that local site conditions, particularly
those close to earthquake-prone areas, can generate substantial amplification and spatial
variations of earthquake ground motion that considerably affect the level of ground shaking
(e.g., Pratt et al. 2003; Ajala and Persaud 2021). Hence, the amplification of ground motion
due to local site effects (i.e., basin geometry, topography, and ground motion resonance)
plays a crucial role in enhancing seismic damage (Rodriguez-Marek et al. 2001; Bakir
et al. 2007; Kogkar and Akgiin 2012; Nuiez et al. 2013; Eker et al. 2015; Kockar 2016).
Almost all of the destructive earthquakes in the last three decades (e.g., earthquake events
such as Kobe 1995; Chi-Chi 1999; Kocaeli and Diizce 1999; Sichuan 2008; New Zealand
2010; Van 2011; Tohoku 2011) have brought particular attention to the significance of site
effects. Hence, it is essential to obtain detailed information from the local site conditions to
understand the variations of ground motion. In many circumstances, it is widely accepted
that site characterization based on shear wave velocity is one of the critical factors in deter-
mining the intensity of ground shaking (Joyner et al. 1994; Dobry et al. 2000; Borcherdt
2002). Thus, this is a practical parameter for characterizing local soil conditions for ground
motion studies (Park and Elrick 1998; Wills et al. 2000, 2015; Rahman et al. 2018; Bis-
was et al. 2018). In particular, seismic surface wave velocity is frequency dependent, and
wave propagation relies on the dispersive nature of Rayleigh-type surface waves in layered
media (Seligson 1970). This dispersive character of surface waves can be effectively uti-
lized to produce a one-dimensional velocity model for a particular site (Rodriguez-Marek
et al. 2001; Herak 2008; Boaga et al. 2010; Roy et al. 2013; Pegah and Liu 2016). These
estimations have been prepared by using data obtained through array applications, where it
should be noted that in some situations where the topography and basin structure are more
complex (i.e., tectonically deformed areas in near-fault regions), 2D and 3D basin models
are required to account for the lateral heterogeneities or the complex structures that may
strongly affect the local ground shaking pattern (Gazetas et al. 2002; Singh et al. 2011;
Piatti et al. 2013; Eker et al. 2015; Wang et al. 2016; Narayan and Kamal 2018; Cushing
et al. 2020; Mori et al. 2020).

High seismic activity in a near-fault region makes it much more challenging to evalu-
ate the local seismic hazard compared to areas situated at farther distances. Particularly
in a near-source region, rupture front and slip direction may have forward directional
effects on the ground motion if they are oriented towards the area of interest (Bradley and
Cubrinovski 2011). Furthermore, due to tectonic deformation, any seismic velocity model
that takes the form of a velocity contrast with a lower velocity zone would be significantly
complex in terms of site-specific ground motions at regions located in the proximity of a
fault or within a low-velocity fault zone (Dreger et al. 2007). Therefore, the crucial step in
hazard estimation for sites near earthquake-prone areas is to reliably determine the basin
geometry and define the alluvial and bedrock interface.

The study area is located in the Golyaka basin in the Eastern Marmara region. It falls
within the near-field portion of the NAFS (i.e., up to 8 km next to the rupture at furthest),
which is one of the most significant transform fault systems in the world, that produces dev-
astating earthquakes such as the 1999 Kocaeli (M,,=7.4) and Diizce (M,, 7.2) earthquakes.
The surface ruptures of the 1999 Kocaeli and Diizce earthquakes form the boundaries of
the tectonically formed Gokyaka basin (Akyiiz et al. 2002; Barka et al. 2002) in the near
field in the south and the northwest, respectively, which makes this location unique and
intriguing from a site effect point of view. In general, the westward propagating seismic
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activity along the NAFS starting from the 1939 Erzincan earthquake (M,=7.9), and lately
the 1999 Kocaeli and Diizce earthquakes have triggered more than ten severe earthquakes
during this century, which have led to more than 50,000 casualties (Barka 1996; MTA
2003). This is one of the most important motivation for studying the Golyaka basin, which
is representive of a unique area for determining non-linear behavior (i.e., velocity anomaly/
contrast due to tectonic deformation) resulting from high seismicity in a near-fault region.

This research has assessed the local site conditions and the dynamic characteristics of
the sediment (fundamental frequency of site) in the Golyaka basin and then developed a
3D basin model based on the successfully obtained 1D Vs profiles. In particular, it has
focused on areas located at different positions concerning the basin margins; more specifi-
cally, areas at the northern and southern boundaries (fault-controlled basin margins) and
in an area at the deepest part of the basin. The high resolution Vs profile was obtained by
using a combination of active multichannel analysis of surface wave (MASW) and passive
microtremor array method (MAM) measurements at a total of 29 locations. These tech-
niques were adapted to satisfy the demands of maintaining a reasonably high sensitivity of
shear wave velocity (Park et al. 2007; Gosar et al. 2008; Eker et al. 2012). At 14 locations,
the Schlumberger vertical electrical sounding (VES) technique was applied to evaluate the
depth of the basin bedrock. In addition, geotechnical data at 30 boring locations incorporat-
ing deep engineering geological boring results along with geological and basin topography
data have been used to correlate with the Vs profile and the VES model. Then, the micro-
tremor data measured in the study site have been used to verify the inferred basin depth.
Finally, these comprehensive survey results led to a well-developed 2D and 3D geometry
of a basin model in the Golyaka basin.

It should be stated that this work is part of the first author’s dissertation in partially
fulfilling the requirements for a Ph.D. degree in Geological Engineering (Yousefi-Bavil
2022). A part of this dissertation, including geophysical characterization studies, was pre-
viously published as a conference article (Yousefi-Bavil et al. 2018).

2 Seismotectonics and seismicity

The study area is located in the Golyaka basin and is uniquely situated within the bifur-
cated portion of the North Anatolian Fault System (NAFS). The reason for this uniqueness
is that the eastern end of the surface rupture of the 1999 Kocaeli earthquake (M, =7.4) had
terminated in the eastern part of the Golyaka basin (Fig. 1, 1999 a), and the western end of
the surface rupture of the 1999 Diizce earthquake (M,,=7.2) had also initiated in the west-
ern part of the study area (Fig. 1, 1999 b).

The NAFS, an active right-lateral strike-slip fault system, is connected to the north-
ward-to-west-extending Anatolian block. The North Anatolian Fault System is divided
into two main branches from the west of Bolu district, namely the Diizce fault in the
north and the Mudurnu fault in the south. The northern Diizce fault continues by pass-
ing through the study area. This fault is in the proximity of the Karadere segment, which
is the eastern part of the Kocaeli surface rupture. The Karadere segment and the Diizce
fault constitute two diverging strike-slip strips connected by a no-step-over fault junc-
tion. This geometric sequence entails a releasing fault wedge, whose long-term mor-
phological expression is represented by the wedge-shaped basin of the Golyaka region
(Fig. 1) (Pucci et al. 2007). The Diizce fault shows up in the east to join the single trace
of the NAFS with a right-releasing step-over created by the Bakacak and Elmalik faults
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Fig. 1 The western part of the North Anatolian Fault System (NAFS) that is situated within the Eastern
Marmara Region (Giirer et al. 2006; Emre et al. 2011) and the epicenter information of the major earth-
quakes (reproduced from KOERI 2020). It should be noted that the rectangular area displays a close-up
view of the bifurcated section of the NAFS in the Golyaka basin

in the WNW-ESE direction. Contrarily, the western section of the fault extends from
the WSW-ENE striking Karadere segment, which borders the Izmit fault. This western
boundary of the Diizce fault section sets up a complex right releasing step-over with the
Karadere segment that supposedly has clogged the propagation of the Kocaeli earth-
quake fault rupture (Lettis et al. 2002). Consequently, this releasing zone controls the
present-day Diizce basin depocenter Efteni Lake, situated in the study area (Pucci et al.
2007).

The rupture width of the Diizce earthquake has been determined to be 10 km from
the seismic data and between 14 and 24.5 km from the literature (Biirgmann et al. 2002;
Utkucu et al. 2003). The study area includes major seismic events that can be sorted from
the most recent to the past as follows: the 12 November 1999 Diizce (M, =7.2), the 17
August Kocaeli (M,,=7.4), the 22 July 1967 Mudurnu (M,,=6.2), the 18 September 1963
Yalova (M,,=6.2), the 26 May 1957 Bolu-Abant (M,,=6.7), the 1 February 1944 Bolu-
Gerede (M,,=6.8), and the 20 June 1943 Hendek (M,, = 6.4) earthquakes (KOERI-RETMC
2020; Fig. 1).

The 1999 Kocaeli earthquake has caused surface ruptures ranging from 40 to 145 km
in length, resulting in a total surface rupture length of 185 km (Akyiiz et al. 2002; Barka
et al. 2002). The horizontal displacement of the rupture surface was around 5 m in the
vicinity of the epicenter of this earthquake in Golciik and around 1.2 m in the east of the
Golyaka region (Polat et al. 2002; Cambazoglu et al. 2016). A second catastrophic earth-
quake was the Diizce Earthquake, which occurred on November 12, 1999, approximately
three months after the 1999 Marmara earthquake. This earthquake produced a 3.0 m hori-
zontal displacement, a 5.0 m vertical displacement, and a rupture surface length of 45 km
(Taymaz 2000). The distance between the eastern end of the 17 August Kocaeli earthquake
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rupture line (fault trace) and the western end of the Golyaka region rupture line is about
9 km (Barka 1996).

These events have caused significant casualties and substantial economic losses (Ambra-
seys and Zatopek 1969; Barka and Kadinsky-Cade 1988; Akyiiz et al. 2002; Barka et al.
2002; Kondo et al. 2005; Palyvos et al. 2007). The 1999 Kocaeli (M,,=7.4) and Diizce
earthquakes (M,,=7.2) resulted in significant damage and loss of life within the Eastern
Marmara Region. A total of 18, 373 people lost their lives in the Kocaeli earthquake. An
additional 710 people lost their lives in the Diizce earthquake that occurred only 87 days
later. The number of buildings with 4 to 8 storeys which did not comply with the build-
ing code regulations and completely collapsed or were severely damaged, was very high.
Specifically, due to the Kocaeli earthquake, 105 people died, and 250 were injured in the
Golyaka district. About 40% of the houses were damaged. More specifically, 878, 345, and
409 houses were heavily, moderately and slightly damaged, respectively (Ozmen 2000).
Although the Golyaka district is far from the earthquake’s epicenter, the damage was quite
severe since it is located in a near-fault region. Due to the earthquake, one person died, and
68 people were injured in the Golyaka district. A total of 123 heavily damaged, 89 moder-
ately, and 299 slightly damaged buildings were recorded (Aydan et al. 2000).

3 Geological setting

The Golyaka basin is comprised of unconsolidated Plio-Quaternary deposits intercalated
with gravel, sand, silt, and clay that overlie older geological formations as a result of the
fluvial activity (Figs. 2, 4). The Quaternary deposits are composed of fluvial, lacustrine,
and river delta sediments. The fluvial sediments primarily consist of gravel and sand mate-
rial in the alluvial fans. However, the deposits of the Diizce basin are composed of thick
layers of lacustrine and deltaic sediments, which primarily consist of silt and clay mate-
rial (Figs. 2, 4). The thickness of the fluvial deposits (relatively coarser material) becomes
thicker towards the NE, whereas the lacustrine (fine-grain material) sediments become
dominant towards the SW.

In the study area, the Cretaceous units are over-thrusted on the Eocene Yigilca Unit
(Ty; andesites, basalts) and the Caycuma formation (Tc; sandstones, mudstones, and lime-
stones). The Quaternary alluvium and the unconsolidated Plio-Quaternary Karapiircek for-
mation lie unconformably over the older units. The main geologic structure in the study
region is the E-W striking northern section of the Diizce fault in the North Anatolian Fault
System. The Diizce fault has a fundamental importance in the structural deformation and
geomorphological evolution of the region. This dextral strike-slip fault and in some seg-
ments with its normal components forms the Diizce plain, which is an extensional Plio-
Quaternary basin filled with sediments with a thickness of up to 260 m (Simsek and Dalgi¢
1997).

Figure 3a presents a general view of the study region in the Golyaka basin and Efteni
Lake. As illustrated in this figure, a large part of the study area is situated within the catch-
ment area of the lake (i.e., marshy, reddish-colored area) towards the SE. In general, the
area possesses heavy vegetation (it should be noted that in Fig. 3, areas that lack vegetation
are located at the margins of the basin (Fig. 3b, c), and the unconsolidated fluvial deposits
exist near the main rivers (Fig. 3d, e).
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Fig.2 The geological map of the Golyaka basin (modified from MTA, A.U., 1999). Note that the black
dots display the MASW and MAM test locations, light green dot displays the deep engineering geological
boring location, the dark green triangles show the locations of the geotechnical boring data, and the blue
dots display the vertical electrical sounding (VES) measurement points (Modified from Yousefi-Bavil et al.
2018; Yousefi-Bavil 2022)

4 Data and methods

The field testing and data analysis were performed on different dates. All field test meas-
urements have been carried out from 2015 to 2019. These field data were utilized to
assess the local site conditions and the dynamic sediment characteristics to develop a
basin geometry model of the study area by conducting geophysical and geotechnical
studies complemented by a thorough geological reconnaissance of the study site (Fig. 2).

4.1 Engineering geological and geotechnical boring study

To investigate the subsurface sediments in the study area, a total of 30 geotechnical
(<15 m in depth) and a deep engineering geological (~170 m in deep) boring data have
been utilized to investigate the Golyaka basin (Fig. 4). The shallow boreholes utilized in
this research were compiled from the Golyaka Municipality and the State-Owned Develop-
ment and Investment Bank ({lbank). They were drilled to conduct geological and geotech-
nical investigations for residential construction. The deep engineering borehole was drilled
for hydrological investigation by the State Hydraulic Works (DSI), a state funded agency
under the Turkish Ministry of Environment and Forestry. The collected data were utilized
to develop three profiles representing the basin margin of the northern and southern parts
and the eastern section of the basin center (the deepest part). Based on the elaborated data,

@ Springer



Natural Hazards (2022) 114:941-969 947

Fig.3 A view of the Golyaka basin and Efteni lake from the south looking to the N-NE (a) and a close-up
view of the lithological units and Quaternary alluvium from the study area. b Andesite of the Yigilca unit,
¢ Sandstone outcrop of the Caycuma formation at the margin of the basin, d sandy silty clay material, and e
silty gravely sand material at the center of the basin

it was observed that groundwater was generally encountered at depths of 2.5 and 3.5 m
from the surface, and it was situated almost at the surface towards the southeast of the
study area.
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Fig.4 A view of three representative soil profiles for the main boundary positions (a deep engineering geo-
logical boring profile at the deepest part of the basin, b, ¢ geotechnical boring profiles at the northern and
southern margin of the basin, respectively) (Yousefi-Bavil et al. 2018; Yousefi-Bavil 2022)

4.2 Surface wave methods

Field seismic measurements of active and passive surface wave methods have been con-
ducted in the study area to obtain the shear wave velocity results. These techniques have
been used jointly to maintain a reasonably high precision of shear wave velocity meas-
urements not only at shallow depths but also at deeper sections (Park et al. 2007; Gosar
et al. 2008; Kocgkar et al. 2010; Eker et al. 2012; Kockar and Akgiin 2012; Gouveia
et al. 2016; Kockar 2016). An active source implies that the seismic energy is created
with purpose at a particular location relative to the geophone array, and recording starts
when the energy is conveyed into the ground (Park et al. 1999). On the other hand,
in passive surface wave techniques (Okada and Suto 2003; Hayashi 2008), there is no
time break, and therefore motion from ambient energy is created by a series of artificial
sources (i.e., cultural noise, traffic, machinery, and so on) and natural phenomena (i.e.,
wind, wave motion) in different and often unknown locations according to the geophone
array.

The primary difference between active and passive surface wave surveys in terms of
outcomes is the different frequency ranges within which information can be gathered in
such high-frequency components that are relatively easy to generate and detect in active
testing. In contrast, microtremors are frequently very active in the low-frequency range.
This approach is an extremely promising tool for subsurface research, as it enables soil
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characterization to be extended to depths of tens or hundreds of meters. On the other hand,
passive data are subject to more uncertainty, which, along with the intrinsic character of
surface wave tests, results in lower resolution at depth. Additionally, the high-quality infor-
mation associated with active data, along with the excellent resolution of surface waves at
shallow depths, results in highly reliable results near the ground surface. With these con-
straints in mind, the dependability study demonstrated the necessity of combining active
and passive data in order to provide more reliable and complete shear wave velocity data
for engineering applications, particularly those requiring high resolution at shallow depths
(Tokimatsu 1995; Rix et al. 2002; Yoon and Rix 2004; Park et al. 2005; Foti et al. 2007).

This study has mainly focused on high-resolution depths of 30 m and deeper depths, so
the related configuration and instruments were selected accordingly. In order to obtain the
subsurface Vs profile, multichannel analysis of surface wave (MASW) and microtremor
array method (MAM) as active and passive surface wave methods have been conducted
to measure the shear wave velocity down to great depths. It should be noted that the array
design for both measured surface wave data was designed in a manner to optimize the
complementarities of the collected frequency bands and to ensure an adequate overlap of
the mutual frequency bands. As recommended in the literature, to measure the dispersion
curve on the broadest possible frequency band, the concentric passive acquisitions have
been applied from small to large spans (i.e., from 10 m up to 1 km or more depending on
the targeted depth). As all dispersion curves were to be combined, active measurements
were carried out near the center of the passive array, and finally, to prevent cross-contam-
ination of the active and passive wave domains, simultaneous acquisition was avoided, as
suggested by Foti et al. (2018).

In the Quaternary alluvium and terrace sediments, a total of 29 surface wave measure-
ments that entailed both passive (MAM) and active (MASW) methods have been per-
formed to characterize the sediments based on their age and depositional settings. The
spatial distribution of the measurement points is presented in Fig. 2. In this part of the
study, active MASW records with geophones spaced at 1.5 m with 5-10-15 m offset
and a 16.5 m array length, and passive MAM records with geophones spaced at 5 m
with 5 m offset and a 55 m length have been employed at each testing point. The field
measurements were performed by adopting a grid system in which the seismic measure-
ment points were placed approximately 700 m apart. However, this grid system had to
be modified slightly during the fieldwork due to environmental noise, dense vegetation,
and accessibility problems throughout the lake site and the infrastructures. It is believed
that a combination of the distribution curves obtained by these active and passive meth-
ods results in obtaining a high-resolution sediment profile for seismic characterization
(Eker et al. 2012; Kockar 2016). The combined technique of the surface wave methods
has been used to evaluate the underlying strata of the sediment profiles by using the Vs
results.

A blind way technique was applied over the project site, and the primary purpose was
to obtain the Vs profiles at the research site. The geophone type, offset length, and distance
were selected accordingly to characterize the soil layers to a depth of at least 30 m or more.
This method allowed correlating the results of both testing methods according to diverse
sources. Even though some active source (MASW) measurements were affected by the far-
field effect, the results verified that the effort put forward during the study produced highly
satisfactory results. The latest models were developed by the presumption that the funda-
mental mode of Rayleigh-type surface wave was recorded in the wave analyses.

The processing and analysis of all MASW and MAM records acquired during the first
and second phases were performed using the Seislmager/SWTM V. 2.2 Surface Wave
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Analysis software. The same software was also used to combine active and passive SWMs
at the same location. The phase shift (Park et al. 1999) and spatial autocorrelation (SPAC)
inversion (Okada and Suto 2003) methods were utilized to obtain dispersion curves in the
phase velocity frequency (v-f) domain for the MASW and MAM records, respectively. Fig-
ure 5 shows two examples of the constructed dispersion curves v-f domain for the MASW
and MAM records.

Representative examples obtained from the processed dispersion curves were fit into
the data and the Vs profiles from the active and passive surface wave measurements as pre-
sented in Fig. 6. Similar to Fig. 4, six profiles representing the basin margin of the southern
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Fig.5 Two examples of the dispersion curves of a Linear MASW and b linear MAM records at Seis-15
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Fig.6 Representative combined processed dispersion curves from MAM and MASW measurements and
the corresponding Vs profiles with respect to the basin margin of the southern and northern parts along

with the center of the basin

and northern parts and the center of the basin are presented in Fig. 6, where the consistency
between these curves can be clearly seen. These results were also integrated and compared
with the existing engineering geological and geotechnical boring data in the Golyaka basin
to confirm the validity of the conducted surface seismic testing results and thus aided in
achieving more credible information on the subsurface sediments. With this procedure, the
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quality of the data collected from the surface wave measurements was assessed, validated,
and later, based on these results, the dimensional basin model of Vs was created.

Combining diverse datasets (surface wave measurements with different array spans)
can supply an experimental dispersion curve over a wide frequency band. However, the
branches of the dispersion curve in a variety of datasets must overlap with each other in
the common frequency bands. A poor overlap might be related to various reasons (i.e.,
retrieval of different modes, lateral heterogeneity, lack of spectral resolution, difficulties
in the processing step). In any event, an inadequate overlap confirms an analysis with poor
reliability (Foti et al. 2018). In the Golyaka basin, the combination of both methods has
been thoroughly and accurately implemented, and representative examples extracted from
different sections of the basin are given in Fig. 6.

4.3 Vertical electrical sounding (VES) method

The vertical electrical sounding (VES) method has become very popular in engineering
investigations due to the simplicity of the technique. The VES method involves detect-
ing surface effects produced by the flow of electric currents inside the earth (Telford et al.
1976). Vertical electrical sounding (VES) was carried out using the Schlumberger array
at 14 stations in the study area. Since the overburden thickness of the basin was quite
deep, it required long current electrode spacing for greater penetrations in such a way that
the largest current electrode spacing AB/2 used was between 600 and 1250 m. The field
survey encompassed vertical electrical sounding (VES) operations via the Schlumberger
array (Takahashi 2004). Representative examples (from the measurement points G7 and
G9) from the processed 1D profile of the VES measurements along with the inferred log
details are presented in Fig. 7. It should be noted that the profile at point G7 illustrates a
high resistivity value from the surface down to about 300 m below the surface due to the
interference of the electrical conductivity of the gravelly and blocky sediments in the Qua-
ternary alluvium unit.

4.4 H/V microtremor measurements

Several studies (Ibs-von Seht and Wohlenberg 1999; Ozalaybey et al. 2011; Uebayashi
et al. 2012; Eker et al. 2015) have shown that the resonance frequency obtained from
microtremor measurements can be used to map the thickness of sediments. In this part of
the study, some microtremor measurements were recorded using a single mobile station,
and these records were processed by the H/V technique (Nakamura 1989) to verify basin
depth and develop 2D Vs profiles. The spectral ratio between the horizontal and vertical
components (H/V) of the microtremor measurements at the ground surface has been used
to estimate the fundamental periods of the sites. The measurements were recorded with
a Giiralp model PC connected CMG-40TD seismograph with a frequency band ranging
between 0.033 and 50 Hz with three component "servo type" velocity sensors. In this sur-
vey, data acquisition was performed by considering the SESAME procedures (SESAME
2004). The duration of the microtremor records was generally taken with 30 min of unpro-
cessed waveform records and 100 Hz sampling interval. The seismograph was warmed
up for 5 min at each location before recording microtremors for 30 min. The data quality
(measurements) was simultaneously checked using a notebook PC during the recording
process.
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Fig.7 Examples presenting the processed 1D profiles of vertical electrical sounding (VES) measurements
along with their inferred log profiles in the study area (from the measurement points G7 and G9)

A fast Fourier transform (FFT) procedure was applied to each of these selected windows
to waveform data (20 s) after period analysis during the data processing for each measure-
ment point. Then the obtained Fourier spectrum was smoothened by applying the appropriate
smoothing type and constant. Figure 8 illustrates the processed H/V results. The H/V spectral
ratios were calculated at 0—10 Hz frequency intervals. The data indicated that the spectral ratio
represented H/V curves with single, double, or broad peaks in the range of 0-10 Hz. Flat H/'V
curves were interpreted as ‘“no-peak” values. Figure 8 shows the variation of the H/V spec-
tral ratio curves obtained from the microtremor measurement points along with the Vs profile
locations which will be discussed in detail in the later sections.
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Fig. 8 The selected H/V spectral ratio curves in order to verify the given profile resulting from the measure-
ments of the entire area. Note that seismic measurement points (i.e., Seis-01, -02) were indicated with the
Vs profile locations which will be discussed in detail in later sections
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5 Results

This section presents the results of the geotechnical and engineering geological boring
and geophysical data (i.e., surface seismic testing, VES, and H/V microtremor measure-
ments) along with the geology and topography of the basin to determine the presence
of geological heterogeneities and the geometry of the basin in the Golyaka region. A
dimensional basin model has been developed based on these results.

The shallow geotechnical boring profiles along with the deep engineering geological
boring profile (about 168.5 m) indicated that clay, gravel, silt, and sand-size sediments
were present at shallow depths, whereas a thick layer of clay (about 61 m thick) was
present in between 64 and 125 m (Figs. 2, 4). Finally, a sand layer about 43 m thick that
underlies the clay layer reached down to a depth of 168 m. The laboratory index test-
ing results obtained from the geotechnical boring data in the study area implied that the
soil possessed low plasticity down to a depth of 15 m. According to the geotechnical
laboratory data, the center of the basin was mainly composed of gravelly sandy silt and
clay, and the clay content increased towards the northern boundary. At the same time,
claystone was reached at a relatively shallow depth (i.e., at a depth less than 10 m),
especially towards the northwestern part of the study area. From the deep engineering
geological borehole data, it can be inferred that the thickness of the alluvial deposits
increased significantly towards the east and the center of the basin, and this observation
was consistent with the Vs profiles.

To prepare a well-developed basin model to define the topography and basin structure
accurately, and thus to determine the spatial distribution both horizontally and vertically
to evaluate the heterogeneity of the sediments, a 3D basin model has been developed
in the tectonically active Golyaka basin. The 3D basin model was developed with the
aid of high-resolution Vs profiles obtained through surface wave methods using active
MASW and passive MAM measurements (Fig. 9). Therefore, the vertical and horizontal
variations of the shear wave velocity models have been developed to characterize the
sedimentary units and differentiate the sediment type. While creating 3D Vs models,
the basin was developed from 1D Vs profiles by utilizing a high-fidelity inverse distance
weighting (IDW) method. Then, the upper surface boundary of the models was adapted
according to the topography so that the digital elevation map (DEM) of the site was
generated from the 1:25,000 topographic map of the HGK (the national mapping agency
of Turkey under the Ministry of National Defense) and was later vertically exaggerated.
The bottom surface of the models was extracted according to the Vs profile depths. In
the development of the interpolated models, the combined results of the surface wave
measurements of MASW and MAM measurements (i.e., Seis-01, -02) were used in con-
junction with the vertical electrical sounding (VES) measurements and the deep engi-
neering geological data to provide a well-developed basin geometry for the Golyaka
basin. Using the Vs results of 1100 m/s obtained from the shallow parts of the western
boundary of the basin, the model was interpolated by considering the deep engineering
geological borehole logs in terms of borings where the bedrock was not encountered
down to a depth of about 260 m. According to the results of the VES measurements,
the possible alluvial thickness was determined to be about 200-300 m, apart from the
measurement taken at G7 which indicated a low apparent resistivity and hence a depth
of almost 300-400 m. This anomaly could be attributed to the step-over faulting mecha-
nisms of the Diizce fault segment or the presence of a bedrock formation of Eocene age
(i.e., marl, claystone, or sandstone). Similar to the engineering geological boring data,
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by the aid of the information obtained from the VES results, the Vs profile depths were
comparatively interpolated down to the depth where an 1100 m/s shear wave velocity
was attained (Fig. 9).

The results of the surface seismic measurements indicated that the shear wave veloc-
ities were less than 180 m/s in the upper 10-15 m of the Holocene alluvium or in the
basin-ridge/terrace deposits. Shallow groundwater was suspected to exist owing to the Vs
measurements of less than 150 m/s in both lithologies, as indicated by Yousefi-Bavil et al
(2018). Considering the heterogeneity of the site, the surface seismic testing results were
complemented by geotechnical and engineering geological deep boring studies and VES
results (Yousefi-Bavil et al. 2018). The combined active and passive surface wave measure-
ments determined in Plio-Quaternary sediments aided in constructing the 3D basin model
(Fig. 9). As expected, the Vs results decreased as the thickness of alluvium increased
towards the east. On the other hand, towards the west of the basin (i.e., towards the Upper-
mid Eocene sedimentary deposits), the shear wave velocity increased since the depth of the
bedrock decreased down to about 30-40 m, noting that in the engineering bedrock, shear
wave velocity values greater than 1100 m/s were observed. It was further observed that the
thickness of the engineering bedrock (i.e., approximately 200-250 m) was not encountered
in the Vs profile at the basin where the valley expands. Therefore, the engineering bedrock
was not observed in the middle of the basin (i.e., at a depth of about 50-100 m) due to the
penetration of these sediments that bear lower shear wave velocity values to this particular
depth. According to Dreger et al. (2007), at sites located near to a fault or within the low-
velocity fault zone, the complexity of the surface seismic wave model in the form of veloc-
ity contrast with low velocity can be expected. The Vs results indicated that these condi-
tions prevailed in the study area, especially near the faulting area at the southern edge and
towards the southeastern part of the basin. Furthermore, these complexities in the velocity
contrast were also observed in the center of the basin, where layers bearing lower Vs values
were obtained in the middle of the section as stated previously (Yousefi-Bavil et al. 2018).

The VES results have also provided invaluable information to determine the thickness
of the alluvial deposit and the depth of the engineering bedrock along with the faulting
zone based on the geology and topography in the Golyaka basin (Fig. 2). In addition, the
results of this comprehensive survey were also used as complementary data for developing
a well-developed 3D geometry of a basin model of the Golyaka basin. The enlarged spatial
distributions of the VES measurements and their profile locations (i.e., Al, A2, A3) used
for preparing the cross sections are given in Fig. 1. Based on these results, a fence diagram
given in Fig. 11 was developed from the VES measurements to prepare a 3D VES model
obtained from the 1D VES profiles. This diagram illustrates the horizontal and vertical het-
erogeneity in both the N-S and E-W directions. In Fig. 11, it is observed that the thickness
of the alluvial deposit varies considerably in the basin. The estimated maximum alluvial
thickness is about 200-350 m in the center of the basin. As the resistivity increases from
the center to the edge of the basin, the thickness of the alluvium decreases. Although the
resistivity of the subsurface sediments is generally less than about 20 Ohm.m, the resis-
tivity values of the bedrock (i.e., fractured sandstone/andesite) increase with depth (~200
Ohm.m) in the study area. In particular, the existence of near-field faulting and the geologi-
cal observation can be clearly identified from the resistivity diagram in the measurement
point of G10 as illustrated in the VES profiles (Fig. 10) and the fence diagram of the VES
model (Fig. 11).

As illustrated in Fig. 11, an anomaly was observed towards the center of the basin where
the G7 measurements were taken. Although the measured point indicated a high resistiv-
ity from the surface down to a depth of 300 m due to the presence of gravel and the blocky
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content of the Quaternary alluvium, a low resistivity layer was observed beyond this depth.
Based on the surrounding VES measurements, faulting or Eocene age formation (i.e.,
marl, claystone, and sandstone) might be present at a depth beyond 300 m. Meanwhile, the
Seis-7 measurement point, which is close to point G7, illustrates shear wave velocity val-
ues between 350 and 600 m/s down to a depth of 70 m, which is a good indicator for coarse
material at this depth.

The H/V microtremor measurements taken in the study area were particularly used to
verify the basin depth along with the developed 2D Vs profiles along the three sections
in the Golyaka basin (Fig. 9). Therefore, the variation of the H/V spectral ratio curves
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obtained from the microtremor measurement points shown in Fig. 8 as an example has
been used to perform validation studies on the sections obtained from the Vs profiles. Also,
these experimental data obtained by microtremor measurements were complementarily
used in conjunction with the available engineering geological, geotechnical, and surface
seismic test results to obtain reliable and comprehensive information from the H/V micro-
tremor measurements based on fundamental frequencies in these areas. In this regard, the
fundamental periods obtained from the microtremor measurements have been compared
with the 2D Vs profiles throughout the developed cross sections presented in Fig. 12.

6 Discussion

A well-developed basin geometry that reflects a complex mechanism associated with the
characteristics of the near-fault region could be accurately and reliably determined by
developing a 3D basin model to assess site response. To this end, the developed 3D basin
model based on the surface seismic testing results of Vs profiles is discussed in this section
in relation to the geotechnical and geophysical test results that includes geology and basin
topography. The H/V microtremor and VES testing results have been evaluated during the
interpretation process to discuss and verify the inferred basin depth. The output of these
comprehensive research studies to enable the construction of a well-developed 2D and 3D
basin model in the Golyaka basin is explained below.

Regarding the developed 3D basin model based on the Vs results (Fig. 9), the measure-
ments indicated that the eastern and southeastern sides of the plain possessed lower Vs
results. One of the possible reasons might be the shift of the course of the Efteni Lake from
the east and the north to the southeast, where the Diizce faults and the present lake are
situated. The presence of unconsolidated lacustrine sediments with variable thicknesses,
horizontal variations in material properties, and their different consolidation degrees might
be other reasons for observing different Vs results or velocity contrast in the basin center
and at the edges (Yousefi-Bavil et al. 2018). Considering these facts, the Vs results were
observed to be about 250-560 m/s and 150-360 m/s in the western and eastern parts of the
basin, respectively, based on the coherency of the data. However, this coherency tended to
become incoherent, particularly in the proximity of the fault.

The vertical and lateral variations of the Vs profiles across three sections were devel-
oped from the 3D basin model to characterize the sedimentary units and differentiate the
sediment type. The trends of these sections are given in Fig. 12 as (a) the northern mar-
gin (along the 1999 Kocaeli fault rupture), (b) the basin center, and (c) the southern mar-
gin (along the 1999 Diizce fault rupture) of the Golyaka basin. In preparation of the sec-
tions, the reliability of the results was ensured by taking sections along the route where
the combined results of the MAM and MASW measurements in the study area were taken
(i.e., Seis-01, -02). The thicknesses of the deposits according to the Vs values are given in
each section. Section A—A' (Fig. 12) passes through the northern boundary along the 1999
Kocaeli earthquake fault section, and especially the products of marginal depositional sys-
tem can be easily determined with the help of the information along this section. The align-
ment of the C—C’ section that passes through the southern boundary along the 1999 Diizce
earthquake fault section was selected to examine the variation in the shear wave velocity of
the deposited sediments at different boundaries and lithological ages (Fig. 12). The B-B’
section that passes through the basin’s center also provided information regarding the sedi-
mentation systems that dominated the Quaternary period (Fig. 12).
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The middle of the depositional system, which is dominant at the side boundaries of
the main course of the Biiyiilkmelen River, consists of alluvial fan and terrace sediments
deposited by debris flow. Because of the nature of the boundary depositional setting, the
grain size of the sediments is larger than those located on the southern side and those that
are present towards the eastern sedimentation system that consists of fine-grained alluvial
plain sediments such as sand, silt and clay. Thus, the Vs results of the marginal deposi-
tional system are higher than those at the center. The Vs profiles of the models at the Seis-
20, Seis-25 sites are located at the Biiyiikmelen river course, where it migrates towards
the north of the region (Fig. 12b). Examining the Vs profiles of these measurement points
(i.e., considering that all sections were taken along the measurement locations of the study
area), it was observed that the layers with coarse-grained materials having high shear wave
velocity displayed lateral transition into layers of fine-grained materials having relatively
low-velocity results due to the heterogeneity of the alluvial deposits.

The saturation of the sediments due to the presence of the course of the Efteni lake
towards the south has also contributed to this phenomenon. The reason for these lateral
transitions could have been either due to a wedge-type topography, near-field faulting, or
stratification based on the depositional setting that controls the depositional environment,
namely the shear zone or the braided river system. In addition, the shear zone due to fault-
ing could be observed in the two sections that pass through the northern and the southern
boundary on Seis-11, Seis-26, Seis-27, and Seis-30 (Fig. 12a, c). It should be noted that the
heterogeneity in the measurements along both sections could be attributed to the deforma-
tion created by faulting, which implied that stiffer material was sitting next to the softer
and saturated soil or vice versa. In other words, these sediments represented themselves
as low shear wave velocity sediments (<180 m/s) bordering higher velocity sediments
(> 500 m/s).

Regarding the 3D fence diagram of the VES model, examining the VES locations G13,
G8, and G1 at the east of the diagram indicates that the higher resistivity results start from
the surface and continue down to 200-350 m because the presence of coarse-grained mate-
rials have prevented electrical conductivity in the Quaternary unit. It is strongly believed
that the progression in the lower resistivity layers is due to the transition to the Eocene-
aged units in these layers (i.e., marl, mudstone, sandstone). The VES point of G9 at the
northern part of the diagram presents highly variable resistivity values as it progresses
over the Quaternary unit at shallower depths (i.e., at a depth of 35 m). The higher resistiv-
ity value (312 Ohm.m) after 35 m suggests that it has entered into the Yigilca unit (i.e.,
andesite, basalt), which can be accepted as bedrock. Likewise, the decrease in resistivity
after 140 m at the VES point of G6 most probably indicates a fault between points G9 and
G6. The VES points of G4, G11, and G12, which are in the same direction of the Diizce
Fault, remained in the south of the diagram. An anomaly observed at the VES point of G4
may indicate a different unit with high resistivity. The increased resistivity with depth in
the VES measurements of G11 and G12 most probably indicates that bedrock was encoun-
tered at a shallower depth and progressed into this unit.

As mentioned in the previous section, during the development of the 3D basin model,
the surface seismic measurements have been analyzed and processed comparatively with
the VES measurements and the deep engineering geological results to provide a well-
developed basin geometry of the Golyaka basin. Then, by the aid of the information
obtained from the VES results, the Vs profile depths were interpolated with depth through
considering the bedrock geometry. Regarding this procedure, it needs to be mentioned that
while the depths of the observed Vs profiles are about 70-90 m at the most, the deep VES
measurements covered a depth of more than 300 m. Therefore, deep VES surveying results
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have been complementary to the depth-related processing of the shear wave velocity pro-
files conducted in the study area to observe the vertical and horizontal heterogeneity of the
basin. This method enabled the detection of faults at the measurement point G10 in the
profiles as illustrated in Fig. 11. Furthermore, the possible bedrock depth and/or possible
faulting due to the over-step mechanism of the Diizce fault observed at the measurement
point G7 is also presented in Fig. 11. As a result, it can be inferred from the deep VES
results that the results provided invaluable information to estimate the thickness of the allu-
vial deposit through the bedrock and to evaluate the lateral variation of the basin complex-
ity in the tectonically active near-fault region. Then, these results were used complementa-
rily to develop a 3D geometry of the basin model of the Golyaka basin.

Considering the cross sections of the Vs profiles along with the microtremor measure-
ments, section A-A’in Fig. 12a runs through the northern boundary of the basin where the
bedrock depth is just beneath the sediments that are a few meters thick towards the west
of the profile. As seen in the profile at Seis-1 and 3, Vs values of about 1100 m/s were
obtained, and the bedrock depth is quite shallow. At these two points, the predominant peri-
ods calculated from the Vs profiles (7},~0.41) having shallow bedrock thicknesses by using
the quarter-wavelength method (T,=4H /V) were not concordant with the fundamental
periods measured by the H/V microtremor survey at points Mic-01 (7,,~0.79 s+ 1) and
Mic-02 (7,,~0.88 s+ 10), which gave relatively higher anomaly results. In addition, the
fundamental period measured at the Mic-16 measurement point (7,~0.51 s+ 1o) inferred
higher period values than those calculated from the Vs profile of Seis-11 (7},~0.2 s) while
the fundamental period measured at the Mic-14 measurement point (7}, 0.65 s 1) inferred
the same period values as those calculated from the Seis-15 Vs profile (7}, 0.65 s). All
these results are probably due to the non-linear behavior of soils, such as shallow bed-
rock depth (impedance contrast), material deformation (velocity contrast), and basin edge
effects. In addition to these results, thicker sediment deposits led to higher fundamental
periods towards the center of the basin from the northern border, as clearly observed in
Mic-13. Here, the predominant period calculated from the Seis-22 Vs profile of the 3D
basin model of (T,~1.2 s) was consistent with the measured H/V results from microtrem-
ors. This result verified the estimated thickness of the 3D basin model at this location. In
Fig. 12b, section B-B' runs through the center of the basin, where the deposit thickness or
basin depth increases rapidly from the west towards the center. Here, the bedrock depth
rises significantly from about 60 m at points Seis-01 and 03, to about 170 m at point Seis-
07, and to about 250-300 m at points Seis-10, 12, 18, 21, and Seis-25, respectively. At the
sites where the estimated bedrock is present at a depth of more than 250-300 m (i.e., the
location of microtremor measurement points of Mic-04, 10, 11, and 12 at the center of
the basin) around the Golyaka basin with thicker deposits, the fundamental period took
on relatively higher values as compared to those at the edge of the basin (7,~1 to 1.7 s)
(Fig. 8). The predominant period calculated from the Vs profiles of Seis-21 (7),~1.45 s)
was well suited within the lower limit of the period as estimated from the microtremor
results of Mic-12 (T,~ 1.63 s+ 10). Similarly, at Mic-10, 11, 12 towards the east of the
basin where the thicker deposits exist, the higher fundamental periods (1.1-1.7 s) observed
verified the estimated bedrock depth. Section C—C' in Fig. 12¢ cuts through the southern
boundary of the basin along the Diizce fault rupture. Since the trend of this cross section
was not a straight line, the bedrock depth increased drastically from about 70-90 m along
the southern boundary to about 200 m at a distance of just a few tens of meters from the
basin edge at the measurement point Seis-27. The rapid deepening of the bedrock at this
point has inferred the presence of faulting with a sharp dip. Comparing the fundamental
period results obtained from microtremor measurements (Mic-08; T,~ 1.64 s+ 10) with the
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predominant period results obtained from the Vs profiles (7},~1.38 s) that depend on the
interpolated data from the basin model verified the estimated deep bedrock. In summary,
these high predominant period results are most likely due to the thick unconsolidated and
soft sediments of the Efteni lake deposits and the tectonic activity-related deformation that
controls these deposits. In general, the determined fundamental periods from the micro-
tremor measurements with one standard deviation (Tp~0.6 to 1.2 s+ 1o) at points Mic-03,
06, 07, 09 are consistent with the predominant periods estimated from the Vs profiles in
the basin at points Seis-8, 16, 29, 31. Hence, these results confirm the estimation of the
bedrock depth of the basin model at these locations (about 70-90 m).

As a result of the evaluation of three sections taken from the basin, it has been observed
that there is no inconsistency between the dominant period values obtained by seismic
measurements at the basin edge, where the bedrock depth is known, and the dominant
period values measured directly by the microtremor method. These results are consistent
with the basin edge effects observed at the basin’s boundary, where a distinct impedance
contrast between the layers is observed. Notably, they do not affect the estimated basin
depth due to the non-linear topography and heterogeneity along the active fault zone. On
the other hand, although the estimated basin depth at the basin center was not precisely
known, the predominant periods estimated by the interpolated results from the basin model
have proven to be consistent with the data obtained by the microtremor measurements.
These results confirm the suitability of the microtremor method as complementary along
with the other aforementioned methods used in determining the bedrock depth model and
for developing a well-developed 3D geometry of a basin model of the Golyaka basin.

7 Summary and conclusions

This study has assessed the local site conditions along with the sediment characteristics
in the Golyaka basin, which tends to possess complex geology because of tectonic defor-
mation caused by near-field faulting. The inclination of a layer and lateral heterogeneity
caused by material deformation can be significant due to its proximity to faulting. A 3D
basin model was developed to characterize the sedimentary layers based on the 1D Vs
profiles obtained from both active and passive surface wave methods that provided a high
resolution of the Vs profiles for shallow depths. In addition, the Vs profiles were correlated
with the deep VES results, geology, and available geotechnical boring data. These data
allowed to check the validity of the basin model based on surface wave velocity results in
the corresponding layers.

Based on the shear wave velocity results, 1100 m/s was accepted as the bedrock
depth limit in the region. Furthermore, the results suggested that the Golyaka basin was
primarily composed of thick clay and sand deposits with some lenses of gravel sedi-
ments and with the transition between these layers. The results of this study illustrated
that the calculated Vs values with depth implied the prevalence of a low-velocity zone
in some pocket areas, especially in the near-field of the fault rupture zone and the satu-
rated lake deposits in the southern boundary. Furthermore, these complexities in the
velocity contrast were observed in the center of the basin, where the sediment layers
with lower Vs values were determined in the mid-depth of the basin (i.e., at a depth of
50-100 m). The extracted 2D shear wave velocity profiles illustrated that the thickness
of the basin sediment continued down to a depth of approximately 250-350 m with
irregular geometry due to over-step faulting near the southern boundary of the basin. As
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a result, the local site conditions have demonstrated spatial variations in the near-field
area depending on the dimensional basin geometry, material heterogeneity, and topogra-
phy. As a result, inclined layering and nonlinearity in the Vs profiles have formed. The
lateral heterogeneity and incoherence in the Vs measurements were not so dominant in
the developed Vs-model but were rather dominant in the near field of the fault zone,
where the low-velocity material sits next to the higher velocity material. The surface
seismic survey results were complemented with the deep vertical electrical sounding
(VES) measurements, the engineering geological, and geotechnical data along with the
geology to increase the authenticity of the research reported herein.

In the VES results, the lateral variation of basin complexity due to the heterogene-
ity of the near-fault region was observed. An increase in the thickness of the alluvium
in the center of the basin indicates that the alluvium could be much thicker, i.e., almost
450 m. Nevertheless, these results can also be attributed to the transition zones between
the deformed material due to the near-field fault activity and thus the tectonic deforma-
tion of the rock formations. In addition, the existence of faulting could also be observed
throughout the resistivity results that were in good agreement with the geological and
topographical observations.

The H/V microtremor measurement verified the estimated basin depth at the Golyaka
region. The correlation between the measured fundamental periods of H/V and esti-
mated Vs profiles presented a good agreement, especially at the center of the basin.
Inconsistent results have been occasionally observed along the Kocaeli and Diizce fault
ruptures in the northern and southern boundaries due to basin edge effects and tectonic
deformation of the materials. Additionally, at the western side of the basin, where the
bedrock depth is shallow, impedance contrast was observed between these layers, which
was also validated by the H/V microtremor results.

This study is a pioneer study for a highly seismically active region in the near-fault
sites, such as the Golyaka basin, concerning the initial evaluation of site response analy-
sis in an account for seismic hazard assessment. It is vital to have an appropriate well-
developed basin model for seismic hazard evaluations, general land use, and urban
planning for such a large district with growth potential in a near-fault region, while it
experiences a major earthquake. In conclusion, it is strongly believed that the model
developed in this study can be reliably utilized to evaluate site effects and site response
studies in the near-field region. After that, additional site-specific studies could be per-
formed in this unique basin to more accurately describe the characteristics and potential
level of ground shaking in seismic hazard assessment. This study is believed to form
an excellent example of why the advanced basin model should address the complexity
associated with the characteristics of the near-fault region, which is yet not fully under-
stood as related to the effects of major seismic events.
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