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SUMMARY: This study investigates seismic body-wave attenuation in the Biga Peninsula,
northwestern Tiirkiye, focusing on the quality factors of P waves (Qp) and S waves (Qs) across
the Ganos Fault Zone (GFZ), Can-Biga Fault Zone (CBFZ) and Ayvacik Fault Zone (AFZ). We
analysed 1,714 local earthquakes recorded by 12 seismic stations from 2010 to 2019 using the
Coda Normalization Method (CNM) to determine frequency-dependent attenuation for 10 cen-
tral frequencies (between 1.5 and 18 Hz). Each fault zone exhibits distinct attenuation charac-
teristics, which are influenced by its unique geological and tectonic structure. The Ganos Fault
Zone, part of the northern branch of the North Anatolian Fault, represents power-law equa-
tions of Qp(f):ZZ.Zfl'15 and Qs(f)=20.7f12*, with an average Os/Q, ratio of 2.02, consistent
with the thick, heterogeneous Neogene sediments in the Thrace Basin that increase absorption
and scattering. The strike-slip Can-Biga Fault Zone is defined by functions of Q,(f)=6. 7140,
04(f)=19.313%, and an average 0s/Q), ratio of 2.58, indicating significant scattering and fluid-
related attenuation in its fractured structure. In contrast, the extensional Ayvacik Fault Zone has
Op(f) = 34.7f133 and Qs(f) = 8.4f"13, with the lowest Qs/Qp ratio (~1.63), indicating efficient
P-wave propagation but strong S-wave attenuation due to geothermal activity, hydrothermal
alteration, and young volcanic units. The findings highlight that fault type and lithology are
the primary factors controlling seismic attenuation in the Biga Peninsula. The differences be-
tween strike-slip and extensional fault zones also offer insights into the effects of scattering,
fluid content, and crustal heterogeneity on attenuation. These region-specific Qp(f) and Qs(f)
relations provide essential input functions to many seismological investigations, such as ground
motion simulation, focal mechanism calculation, spectral source characterization, etc. and will
improve seismic hazard assessments in NW Tiirkiye.

KEYWORDS: Biga Peninsula, body wave attenuation, coda normalization, seismic hazard, Qp,
Os, quality factor

1 Introduction

Seismic attenuation is defined as the reduction of seismic wave amplitudes during propaga-
tion through the Earth’s crust, a phenomenon that affects most aspects of seismology. The
attenuation parameter represents how earthquake waves decay as they propagate away from the
source, contains information about the redistribution of seismic energy within the crust, and
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contributes to the accuracy of earthquake hazard assessments for engineering purposes. The
attenuation mechanisms can be expressed by frequency-dependent amplitude decay, quantified
by the dimensionless quality factor Q. The quality factor Q, which represents the ratio of the
total energy to the energy lost per oscillation cycle, was first introduced in material science and
later adopted in seismology by Knopoff [1]. High Q values indicate a relatively elastic medium
with minimum energy loss. In contrast, low Q values correspond to sudden amplitude decrease
[2]], typically observed in tectonically active or fractured high-seismicity crustal zones.

First, attenuation directly influences seismic hazard evaluation by affecting the amplitude
and frequency content of earthquake ground motions. Hence, determination of accurate re-
gional Q values is essential for developing reliable ground motion prediction equations [3].
Secondly, the precise determination of earthquake source parameters is critically dependent on
the consideration of attenuation. Accurate determination of quality factor values is essential for
minimizing errors in the estimation of spectral source parameters, including stress drop, seis-
mic moment, and source radius [4]. Thirdly, seismic attenuation serves as a powerful diagnostic
tool for understanding the physical state of the crust and upper mantle [5]. This utility is be-
cause the quality factor (Q) is highly sensitive to variations in rock composition, fluid content,
fracturing, and temperature. As a result, anomalously low Q values are typically interpreted as
signatures of high heat flow, active tectonism, and volcanic regions. Conversely, high Q values
are characteristic of cold, competent, and geologically stable lithosphere [6]].

The regional Q value can be calculated using the different seismic wave phases (P, S, Lg,
and Koda) observed in seismograms [7, 18, 9, [10]. Therefore, the obtained Q value is named
together with the phase used (Qp, Qs, QLg, Qc). Body waves represent the field along the path
between the source and the station. In contrast, coda waves are considered as scattered seismic
waves resulting from the interaction between regional heterogeneities and body waves [11] and
containing information about the deeper parts of the lithosphere. In other words, Qp and Qs,
determined directly using body waves, address the absorption characteristics in the shallow
crust, while Qc contains information from deeper environments.

The coda normalization method (CNM), introduced by Aki [12], enables the estimation of
the S-wave quality factor (Qs) by normalizing direct S-wave amplitudes to those of coda waves
from a single earthquake recorded by a regional seismic network. Furthermore, the method
can be readily applied to a dataset comprising multiple earthquakes recorded at a single station.
Later, Yoshimoto et al. [7]] observed that CNM also produced consistent results for direct P
waves and updated the technique as the extended coda normalization method (ECNM). The
method is based on the principle that the spectral amplitude ratios of direct P, S phases and coda
windows show a significant decrease with increasing source-station distance. In seismology,
recent developments in the propagation and amplitude properties of coda and body waves have
led to the widespread use of ECNM in various tectonic environments worldwide. This has
facilitated valuable comparisons of attenuation properties between different tectonic regimes
worldwide. The method has been successfully employed in numerous regions, including: the
Kanto area, Japan [7]; the Bhuj region of east-central Iran [10]; the Kinnaur Himalayas [J5];
the Aswan Reservoir area, Egypt [13]; and the volcanic provinces of the Apennines, Italy, and
Sonora, Mexico [[14}[15]. In most of these studies, the CNM has been applied to high-frequency
earthquake data (up to 63 Hz) recorded in volcanic regions or areas of high seismicity, with
hypocentral distances typically not exceeding 160 km.

In Tiirkiye, the coda normalization method has been applied to various tectonic settings,
which reflects the complex seismotectonic structure of Anatolia. Demirci, Demirci and Demirci
et al. many studies have been performed by [16, 17, 18] focusing on the Biiyiik Menderes
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Graben, on southwestern Anatolia and along the eastern part of the North Anatolian Fault Zone.
These investigations, based on local earthquake datasets within the frequency range of 1.5-18
Hz, provided valuable insights into attenuation characteristics across extensional and strike-slip
environments. Akici et al. [19] applied the CNM in Eastern Anatolia, particularly in the
Erzincan region, using local seismic events in the 1.5-24 Hz frequency range. In the Marmara
region, Horasan and Boztepe-Giiney [20] carried out multiple studies, examining earthquake
records from both the Sea of Marmara and surrounding areas, and calculated Q functions for
five subregions. These studies show that CNM has been successfully applied in different parts
of Tiirkiye, covering extensional, strike-slip, and convergent tectonic domains, and underline
the importance of regional analyses for understanding seismic attenuation.

The seismic attenuation structure of the Biga Peninsula, a critical factor for accurate ground
motion prediction, remains poorly constrained and represents a significant gap in the regional
seismological characterization. While earlier studies have provided valuable insights into the
region’s seismotectonics, historical seismicity, and paleoseismology, the attenuation character-
istics have been largely overlooked. Closing this knowledge gap is essential for advancing
seismic hazard assessments in the Canakkale region, where densely populated areas, invalu-
able historical sites, and critical infrastructures are exposed to significant earthquake risks. This
study directly addresses this gap through the analysis of 1714 local earthquakes recorded be-
tween 2010 and 2019 at 12 stations operated by the Kandilli Observatory and Earthquake Re-
search Institute (KOERI) [21]. We employ the Coda Normalization Method (CNM) to estimate
frequency-dependent Qp and Qs values for three seismogenic zones in the Biga Peninsula. The
resulting frequency-dependent functions will clarify the influence of faulting style, crustal com-
plexity, and lithological variation on attenuation. Ultimately, these findings are expected to
provide critical inputs for future seismological assessments and contribute to the fundamental
scientific understanding of the regional seismotectonics.

2 Tectonic and geological settings of the study area

The Biga Peninsula lies north of the westward tectonic escape of the Anatolian Block and the
Western Anatolian extension resulting from the collision of the African and Eurasian plates.
(Figure[Tja) The complex tectonic structure in the region has been shaped on this dynamic foun-
dation [22,23]]. The North Anatolian Fault Zone (NAFZ) is the primary tectonic feature respon-
sible for the faulting patterns observed on the peninsula. This approximately 1200 km-long,
right-lateral strike-slip fault system, which extends westward across Northern Anatolia parallel
to the Black Sea, divides into two main branches, northern and southern, upon reaching the Sea
of Marmara.

The northern branch, the Ganos Fault Zone, extends along the Gulf of Saros, forming the
northern tectonic boundary of the Biga Peninsula (Figure [Ib1). The GFZ, comprised of nu-
merous sub-segments with a predominantly right-lateral strike-slip character, caused the 1912
Miirefte-Sarkdy earthquake (M=7.2) and remains seismically active today [24]. The Ganos
Fault Zone exhibits prominent linear fault traces and intense seismicity, potentially affecting
the peninsula and, due to its location, the entire Marmara Region.

The southern branch consists of the Yenice-Gonen and/or Can-Biga Fault Zones (Figure
[[p2), trending NE-SW and passing south of the peninsula. This fault zone triggered one of
the most destructive earthquakes in Western Anatolia, including the 1953 Yenice-Gonen earth-
quake (M=7.2). This fault zone has a multi-segmented structure consisting of strike-slip fault
clusters along with secondary faults. These faults directly influence seismic wave propagation
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by influencing crustal heterogeneity [25].
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Figure 1: a. Tectonic map of Tiirkiye and the location of the study area b. Three sub-regions
bl. Ganos Fault Zone (GFZ) b2. Can-Biga Fault Zone (CBFZ) b3. Ayvacik Fault Zone (AFZ)
and epicenters of the used earthquakes occurred on each fault zone (The red circle sizes are
scaled according to event magnitude) [27)]

In the southwest of the peninsula, the tectonic regime becomes extensional. The Ayvacik
Fault Zone within this region consists of stepped normal faults trending NE-SW and NW-SE
(Figure [Ib3). The 2017 Ayvacik earthquake, which exhibited long-lasting aftershocks and
caused numerous earthquakes, is associated with this extensional system. The intense geother-
mal activity, hot springs, and hydrothermal alteration zones in the region indicate high fluid
pressure and temperature in this part of the crust [26]. This plays a decisive role in the region’s
weak crustal structure and the attenuation characteristics of seismic waves.

A complex mixture of metamorphic core complexes, ophiolitic melanges, Neogene sed-
imentary basins, and widespread Cenozoic volcanism characterises the geology of the Biga
Peninsula. All these units are cut by active strike-slip and normal faults of the North Anato-
lian Fault Zone and the Aegean extension. This diversity creates a crustal structure that shows
high variability in terms of rock types, mechanical properties and fluid content, which directly
affects seismic attenuation. Fragmented structures, such as ophiolitic melanges, promote scat-
tering of seismic energy, while sedimentary basins facilitate anelastic absorption due to their
pore water content. Furthermore, young volcanic rocks and high heat flux lead to enhanced
anelastic attenuation [14]. Understanding this geological-tectonic setting is of vital importance
for the interpretation of the frequency-dependent Q values obtained in this study, because the
attenuation differences between the Ganos, Can-Biga and Ayvack fault zones can be associated
with the unique geological and tectonic conditions of these units. This geological diversity is
represented by three main units (metamorphic, sedimentary, and volcanic) that are distributed
in distinct zones as a result of the region’s complex evolution (Figure [2)).

The metamorphic units, which constitute the basement rocks of the peninsula, are particu-
larly prominent within the bands extending along the Can-Biga and Yenice-G6nen Fault Zones.
In the vicinity of the Ayvacik Fault Zone, the oldest units, comprised of Paleozoic gneiss, schist,
and marble, are prominently exposed. These are overlain by sequences of Precambrian amphi-
bolites and Permian marbles. The entire metamorphic basement is capped by Triassic-Jurassic
schists. The spatial distribution of these units, as illustrated in Figure 2j, highlights their close
genetic and structural relationship with the major fault systems.
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Figure 2: Spatial distribution of (a) metamorphic, (b) volcanic, and (c) sedimentary units
across the Biga Peninsula (modified from [28]) and active fault segments (GFZ, CBFZ, and
AFZ)

Overlying this metamorphic basement in the northwestern part of the Biga Peninsula, exten-
sive areas are covered by Middle-Upper Miocene clastic and carbonate units, along with Upper
Miocene-Pliocene terrestrial sediments. The deposition of these sequences was likely influ-
enced by, and subsequently influences the morphology of, the Ganos Fault Zone. Along the
western coastline, Upper Miocene terrestrial clastics and neritic (shallow marine) limestones
constitute the predominant lithologies. The southward extent of these neritic limestone units is
clearly delineated in the region, as shown in Figure [2b.

In addition to these sedimentary covers, the most prominent volcanic units are distributed
around the Ayvacik and Can-Biga Fault Zones, highlighting the strong tectonic control on mag-
matic activity. In contrast, the volcanic activity around the Can-Biga Fault Zone is characterized
by older, extensive Eocene and Oligocene volcanic suites (Figure [2k), Lower-Middle Miocene
basalts form the foundation, which are successively overlain by Middle Miocene dacite, rhyo-
lite, and rhyodacite flows. This intermediate to felsic volcanic sequence is, in turn, capped by
a package of Lower-Middle Miocene pyroclastic rocks. In contrast, around the Can-Biga Fault
Zone, extensive areas of Eocene and Oligocene volcanic rocks are evident (Figure 2).

3 Methodology

To quantify the frequency-dependent seismic attenuation for both P and S waves, we employed
the Coda Normalization Method (CNM) as formulated by Yoshimoto et al. [7]. The funda-
mental premise of this technique is that the spectral amplitude ratio of direct body waves to
coda waves exhibits a systematic decay with increasing hypocentral distance, independent of
source and site effects. By normalising the direct P- or S-wave amplitude to the coda wave
amplitude, the influence of the source spectrum, instrumental response, and site amplification
is naturally removed in the analysis. Aki [12] defined the spectral amplitude (Ac) of the coda
phases observed on the seismogram after a length of more than two times the S-wave travel
time as:

Ac(fite) =SsP (fote) G(F)I(f). (1)
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Figure 3: Example of an earthquake recording used to demonstrate the chosen window of
seismic phases

For the direct P and S phases, spectral amplitudes (Ap(f, r) and As(f, r)) were obtained from
the peak-to-peak measurements within a 2.048-second window. The coda spectral amplitude
(Ac(f, tc)) was calculated as the root-mean-square (RMS) amplitude on the horizontal compo-
nent with 5-sec window lengths (Figure E[) Consistent with established practice (e.g. [29]), we
confirmed through comparative analysis that results from a single horizontal component were
statistically robust. the spectral amplitudes of the body waves undergoing the normalization
procedure are shown as:

Aap(f) _ Ro2Sp 1)t (&) G @
Ac(fte) SsP(f51)G(NI(S) '

Consequently, the vertical component was used for Qp analysis and the East-West compo-
nent for Qs analysis. The quality factors of Qp and Qs were derived from the relationship:

N {Rw—ms,p(f, oy
AC(f7tC) Vs,p Qs,p(f)

where r is the hypocentral distance, V , is the average crustal velocity for the respective wave
type, 7 is the geometrical spreading exponent, and cnst(f) is a frequency-dependent constant.
The geometrical spreading term was modeled as r~! for distances less than twice the Moho
depth, estimated to be ~45 km for the region [30]]. For larger distances, the form (r.h.m)~%> was
adopted, in accordance with models for regional wave propagation [10]. For each central fre-
quency expressed in Table[T} Qp(f) and Qs(f) were determined by performing a linear regression
of the right-hand side of Eq. (1) against epicentral distance r. The slope b of the best-fit line is

+cnst(f), (3)
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related to the quality factor by:
B nfr

Vip Os.p(f)

The frequency dependence of attenuation was then characterized by fitting the estimated

Qp(f) and Qs(f) values to the power-law relation form of Qg ,(f)=Qo.f" , here Qo represents
the quality factor at 1 Hz and the exponent n describes its frequency dependence. Finally, we
computed the average Qs/Qp ratio for each fault zone. This ratio is a crucial parameter for com-
parative tectonic studies, as it provides insights into the relative levels of crustal heterogeneity
and fluid saturation across different seismogenic regions (e.g. [S]]).

b “4)

Table 1: Band pass filter parameters showing central frequency (fC) corresponding low (fL)
and high (fH) cut-off frequencies

fL [Hz] | fH [Hz] | fC [Hz]
1.0 2.25 1.5
2.0 45 3.0
3.0 6.75 4.5
4.0 9.0 6.0
5.0 11.25 75
6.0 135 9.0
7.0 1575 | 105
8.0 18.0 12.0
10.0 225 15.0
12.0 27.0 18.0

The study utilised a comprehensive dataset comprising three-component waveform record-
ings from 1714 local earthquakes that occurred between 2010 and 2019 within and around
the GFZ, CBFZ and AFZ. The data were recorded by 12 broad-band seismic stations (BALB,
EDC, EZN, KCTX, KRBG, LAP, BOZC, DKL, GADA, GELI, ENEZ, and ERIK) operated by
the KOERI. The precise geographical coordinates and elevations of these stations are given in
Table

The dataset was partitioned according to the specific fault zone;

1. Ayvacik Fault Zone (AFZ): The analysis incorporated 1098 waveforms from 366 earth-
quakes (ML 3.0-5.4) that occurred between 2016 and 2017. The depth distribution of
these events is predominantly shallow, with 71% located in the 1-10 km range and 29%
at 10-20 km depth.

2. Can-Biga Fault Zone (CBFZ): This subset consists of 1089 waveforms from 363 earth-
quakes (ML 2.5-4.5) recorded between 2010 and 2019. Similarly, most events (72%)
were nucleated at depths of 1-10 km, with the remainder (28%) at 10-20 km.

3. Ganos Fault Zone (GFZ): For the northern strand, 2955 waveforms from a total of 985
earthquakes (ML 2.2-5.1) from the 2010-2019 period were processed. The depth distri-
bution for this zone is more evenly spread, with 56% of events at 1-10 km and 44% at
10-20 km depth.

The spatial distribution of events and stations for each fault zone is illustrated in Figure [Ib.
To ensure optimal path coverage of seismic phases and high data quality for the attenuation
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analysis, station selection was tailored for each fault zone: events in the GFZ were analysed
using records from the GADA, ENEZ, ERIK, LAP, and GELI stations For CBFZ , KRBG,
EDC, KCTX, BALB, and LAP stations were used and finally The AFZ dataset was processed
using recordings from the BOZC, EZN, DKL, and GADA stations.

Table 2: Geographic coordinates of the seismic stations used in this study

Station Code | Latitude (°N) | Longitude (°E) | Elevation (m)
BALB 39.6507 27.8642 266
EDC 40.3465 27.8618 257
EZN 39.8255 26.3247 48
KCTX 40.2627 28.3353 445
KRBG 40.3932 27.2977 79
LAP 40.3703 26.7593 230
BOZC 39.8417 26.0528 202
DKL 39.0713 26.9053 35
GADA 40.1908 25.8987 59
GELI 40.3980 26.4742 126
ENEZ 40.7362 26.1530 100
ERIK 40.6708 26.5132 38

4 Results and discussions

As a result of the study, the attenuation functions Qp(f) and Qs(f) and the average Qs/Qp ratios
were obtained for each fault zone. Quality factors were determined at ten central frequencies
in the range of 1.5-18 Hz for the Ganos Fault Zone (GFZ), Can-Biga Fault Zone (CBFZ), and
Ayvacik Fault Zone (AFZ), and the results are shown graphically in Figures BH6| Figure [7]also
shows the variation of Qs/Qp ratios with frequency for each of the three zones. The fact that the
three active fault zones (GFZ, CBFZ, AFZ) in the Biga Peninsula produce significantly different
Q values from each other reveals the effect of the unique geological features of each region on
attenuation.

The quality factor power-law equations obtained for the GFZ are Qp(f) = 12.2f115 and Qs(f)
= 20.7f'2*. The average Qs/Qp ratio in this region is calculated to be approximately 2.1. The
GFZ has an active strike-slip character representing the northern branch of the North Anatolian
Fault Zone and passes through the thick Neogene sedimentary deposits of the Thrace Basin.
The lithological structure of this basin (thick deposits containing sandstone, shale, marl, etc.)
and tectonic heterogeneity cause seismic waves in the GFZ region to frequently travel through
different interfaces, losing some of their seismic energy through attenuation and scattering. In-
deed, the low Qy values and high Qs/Qp ratio (~2.1) calculated for the GFZ indicate a heteroge-
neous, fluid-containing sedimentary environment. This result is consistent with values reported
in previous studies across the Marmara Region with the power-law function (Qs(f)=50f1'09) de-
termined by Horasan et al. [20]. Additionally, GFZ is an active fault zone that caused the 1912
Miirefte-Sarkdy earthquake and is still exposed to intense seismicity today; this explains why
the ongoing tectonic deformation in the region keeps the fragmented structure of the crust and
fluid circulation alive, thus the attenuation parameters are at low levels. Figure ] shows the Qp
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and Qs values calculated at each center frequency and the regression curves representing these
values.
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Figure 4: Calculation of the quality factors (Qp and Qs) for the GFZ on 10 different central
frequencies and frequency-dependent functions, thus simultaneously illustrating the frequency-
dependent variation of P- and S-wave quality factors together with their regression functions.
Blue dots and the blue regression line show the P-wave results, while black dots and the red
regression line indicate the S-wave results
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Figure 5: Calculation of the quality factors (Qp and Qs) for the CBFZ on 10 different central
frequencies and frequency-dependent functions, thus simultaneously illustrating the frequency-
dependent variation of P- and S-wave quality factors together with their regression functions.
Blue dots and the blue regression line show the P-wave results, while black dots and the red
regression line indicate the S-wave results

The CBFZ is a NE-SW strike-slip fault zone, a continuation of the Yenice-Gonen-Can seg-
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ments on the southern branch of the North Anatolian Fault Zone. This region comprises a
geological mosaic consisting of metamorphic core complexes and ophiolitic melanges, overlain
by Eocene-Oligocene volcanic and Neogene sedimentary units. Paleozoic-Mesozoic marbles,
gneisses, and schists crop out along the fault planes of the CBFZ, and ophiolitic melange slices
are occasionally observed. Such fractured and blocky lithological compositions significantly
increase the attenuation capability of seismic waves. The lowest P-wave quality factors in the
study area were observed in the CBFZ. The very low quality factor (Qp~6.7) at 1 Hz indicates
that P-waves, in particular, undergo strong attenuation in this region. For this fault zone, Qp(f) =
6.7f140 and Qs(f) = 19.3f' 3¢ were calculated (Figure , with the average Qs/Qp ratio reaching
its highest value of ~2.6. This value can be explained by the density of geothermal resources
transported to the surface through fractures in the crust. In conclusion, the geological struc-
ture and fault character of the CBFZ are consistent with the observed high attenuation ratios.
These findings indicate that this fault zone, which caused large earthquakes such as the 1953
Yenice-Gonen earthquake (Mw=7.2), exhibits both strong scattering and fluid-induced intrinsic
attenuation processes along many of its lower segments.
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Figure 6: Calculation of the quality factors (Qp and Qs) for the AFZ on 10 different central
frequencies and frequency-dependent functions, thus simultaneously illustrating the frequency-
dependent variation of P- and S-wave quality factors together with their regression functions.
Blue dots and the blue regression line show the P-wave results, while black dots and the red
regression line indicate the S-wave results

The AFZ, part of the extensional regime in Western Anatolia with its normal faulting struc-
ture in the southwest of the Biga Peninsula, differs significantly from the other two regions
in terms of attenuation parameters. The P-waves in the AFZ, especially at 1 Hz, have a very
high Qg value (~34.7), exhibiting a relatively weaker damping characteristic than the S-phase
(~8.4). The functions obtained for the AFZ are Qp(f) = 34.7f'-33 and Qs(f) = 8.4f' ! (Figure[6),
and the average Qs/Qp ratio is ~1.6, the lowest value obtained in the study area. The high Qp
and low Qs values obtained for the AFZ in our study also confirm that S-waves are significantly
attenuated in such an environment, where high heat flux and fluid content coexist. This find-
ing suggests that the AFZ, a geothermal-volcanic normal fault environment, is dominated by
intrinsic (heat and fluid-induced) attenuation in seismic wave radiation characterization. Along
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the AFZ, where young volcanic units (e.g., Lower-Middle Miocene basalts and rhyolites) and
hydrothermal alteration zones are prevalent, rocks are expected to be partially saturated, frac-
tured, and hot. Long-term aftershocks and surface ruptures observed during the 2017 Ayvacik
earthquake sequence in the AFZ revealed that the crust is relatively weak and fluid-fed. In-
deed, it is known in the literature that S-wave attenuation increases dramatically in regions with
high heat flux and partial melting (e.g., very low Qg values, such as Qs (f)=18.8f!"7, and high
frequency dependence (n) values have been reported in the volcanic region of the Italian Apen-
nines [14]]. Our AFZ results also support this general observation, revealing that temperature
and fluid presence beneath the crust affect attenuation parameters at least as much as fault type.

In general, the quality factors exhibit a strong frequency dependence in all three fault zones.
The frequency dependence value is n>1 in all regions. In other words, Q values increase with
frequency. This indicates that low-frequency seismic waves are attenuated more by hetero-
geneous structures and damping mechanisms within the crust. Qs/Qp values are found to be
above 2 in the GFZ and CBFZ, while they are around ~1.6 in the AFZ. These ratios indi-
cate that the factors affecting seismic wave attenuation (e.g., lithology, fractured structure and
fluid presence, and geothermal sources) are effective in different combinations in each region.
Indeed, the dominance of scattering and attenuation mechanisms in heterogeneous geological
environments affects the degree of attenuation of P and S waves differently.

The frequency-dependent Qp and Qs functions resulting from the study, when compared
with regional and international results obtained with similar methods, generally exhibit a con-
sistency specific to the tectonic setting. For example, in a study conducted on the eastern part of
the North Anatolian Fault (NAFZ) by Demirci [[16], Qp=22.3f!? and Qs=42.6f'? were found,
and an average Qs/Qp ~ 2.02 was reported. These values are in good agreement with the func-
tions we obtained for the GFZ (both strike-slip NAF segments, with n=1.2 and Qs/Qp=2). In
contrast, the same study on the East Anatolian Fault (EAFZ) obtained lower frequency depen-
dence (Qs) with n~0.8 and Qs/Qp ~ 1.9. EAFZ is a region with higher heat flux due to the
effect of the surrounding young volcanism; therefore, while the sensitivity of S-wave attenu-
ation to frequency decreases (n<1), the share of intrinsic absorption increases and the Qs/Qp
ratio remains lower than the NAFZ with ~1.9. When we look at the extensional areas in West-
ern Anatolia, Demirci and Bekler [[17] found Qp(f)=32.9f%, Qs(f)=79.2f%° and Qs/Qp ~ 1.75
for the Biiyiik Menderes Graben. It is observed that the Biiylik Menderes Graben, as a exten-
sion system, exhibits low Qs/Qp character similar to the AFZ. Another comparison can be made
from the regions within the Marmara Sea, [20] reported a mean value of Qs(f)=40f!-%3 for the
Marmara Sea, which is close to the GFZ and CBFZ regions but shows a slightly higher Qg and
lower frequency dependence. On the other hand, Akinc: et al. [31] found an unusually high
Qo and low n for the crust beneath the Sea of Marmara, Qs=180f*>. These different results
suggest that attenuation properties can vary across subregions even within the Marmara region
and reflect local effects of the geological structure and heat-flow regime.

A consistent picture is observed when the results are compared on worldwide scale. For ex-
ample, in the Kinnaur region of the Himalaya, Kumar et al. [5] reported values for Qp(f)=47f"04,
Qs(H)=86f"%, and Qs/Qp in the range of ~1.5-1.9, relating these ratios to the liquid saturation
in the crust. Our Qs/Qp ratio of ~1.6 obtained in the AFZ can also be interpreted as an indi-
cator of high fluid content and is quite close to the value band in the Himalayas. In the Kanto
region (Japan), Yoshimoto et al. [7] found Qp(f)~32f%%> and Qs(f)~83f"73. A relatively low
frequency exponent (n) for the S-wave (0.73) is observed in the Kanto region, suggesting the
relative importance of intrinsic attenuation in the crust. In studied regions (especially GFZ
and CBFZ), n values are higher (~1.2-1.4), indicating that scattering effects may be stronger.
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In the intraplate region of Bhuj (India), Padhy [32] determined Qp(f)=19f"10, Qs(f)=50f"02.
When the Qg and n values of the Bhuj region are examined, it is seen that it has low Qpg
(19) and high Qs/Qp ratio (>2.5), similar to the CBFZ; This confirms that both regions exhibit
low Qo and high Qs/Qp ratios, which are characteristic of intraplate fault zones. In studies
conducted for volcanic areas, generally very low Qp and high n values are reported. For ex-
ample, in the Sonora volcanic region of Mexico, Castro et al. [15] found extremely low Qsg
of Qp(f)=5f!"! and Qs(f)=15f!"!, while in the volcanic region of the Italian Apennines, values
of Qs(f)=18.8f!"7 were obtained. These extreme values indicate that low-frequency waves are
almost completely attenuated in volcanic environments (Qsy ~ 18.8) and that both scattering
and intrinsic components of attenuation are very strong. Our results obtained on AFZ, although
not to such extreme values, are qualitatively consistent with the literature, which shows how
strongly volcanic-geothermal regions can attenuate S-waves.

Qs/Qp

Figure 7: Frequency-dependent variation of the Qs/Qp ratios obtained in GFZ, CBFZ and AFZ
together with previously calculated ratios from different tectonic environments

Studies focusing on the Qs/Qp ratio provide critical insights into the physical characteristics
of the crust during seismic wave propagation. In this context, the results obtained in this study
are consistent with values reported at the global scale. Numerous studies conducted in different
regions indicate that S waves are generally less attenuated than P waves, resulting in Qs/Qp
ratios predominantly greater than 1 (Figure[7). For instance, ratios exceeding 1 in the Kanto
Basin, Japan, point out the role of crustal heterogeneity and scattering. Similarly, studies by
Zaretan et al. [33]] on Qeshm Island, Iran, as well as Sharma et al. [9] and Singh et al. [34]]
in India, emphasize the influence of fluids and multiple fracture systems, further supporting
this observation and the finding that S waves exhibit higher quality factors (Table [3) In the
Marmara Region, Horasan and Boztepe_Giiney [20] reported Qs/Qp ratios approaching 2 in
certain subregions, reflecting intense scattering processes associated with active tectonics. In
this study, the Qs/Qp ratios for the Biga Peninsula were estimated as ~1.63 for the Ayvacik Fault
Zone, ~2.10 for the Ganos Fault Zone, and ~2.58 for the Can—Biga Fault Zone, indicating the
strong influence of contrasting tectonic regimes (strike-slip versus pull-apart) and geological
conditions on seismic attenuation. The comparative plot in Figure [/| illustrates the frequency-
dependent variation of these ratios and their relationship with results from different geological
environments. Figure [/|also includes Qs/Qp ratios reported in previous studies from different
tectonic environments (e.g., Abdel-Fattah, 2009 [35]; Bora and Biswas, [36]]; Pezeshk et al.
[37]; Sedaghati et al.[38]]).The Biga Peninsula data exhibit characteristics comparable to those
observed in fractured and sedimentary settings, marked by relatively high Qs/Qp values, while
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also showing similarities with trends reported from geothermal and volcanic regions at specific
frequency ranges. These observations confirm that the Qs/Qp ratio not only reflects differences
in seismic wave propagation but also provides reliable information on fracture density, fluid

content, thermal conditions, and the current tectonic regime of the crust.

Table 3: Comparison of Qp and Qs functions obtained from nearby regions and worldwide

Reference Investigation Area Qp Function Qs Function Qs/Qp | Frequency Range(Hz)
Kumar et al. [3] Kinnaur, Himalayas 0,=(47=2)f 1 040.04) 0,=(86+£4)f096X003) 1151 9 1.5-12Hz
Yoshimoto et al. [7] Kanto, Japan 0,=(32.25)f0%) 0,=(83.33)f0.73) >1 1.5-24 Hz
Ma’hood et al. [10] East Iran 0,=(40+4.8)f0PF009) T 9 =(52.6+5.5)f(1-02+000) - 1.5-24 Hz
Mukhopadhyay et al. [13] Aswan Reservoir, Egypt - 0,=(34.2+ 9)f(12350.107) - 1.5-12 Hz
Castro et al. [14] The Apennines, Italy - 0,=(1 8.8)f(]7) - 1-25 Hz
Castro et al. [13] Sonora, Mexico 0,=(5)f1) 0,=(15)f1) - 0.4-63 Hz
Demirci [16] North Anatolian Fault, Tiirkiye (223 £23)fF2E0T (42.6 £ 7.5)fTZE 0T 2.02 1.5-18 Hz
Demirci [16] East Anatolian Fault, Tiirkiye (253 £9.5)fT0E0T (61.6 £ 10)f0 8 F0T 1.9 1.5-18 Hz
Demirci and Bekler [17] Biiyiik Menderes Graben, Tiirkiye |  (32.9 £ 13.7)f95 016 (79.2 + 14.6)f09 £ 007 1.75 1.5-18 Hz
Demirci et al. [18] SW Anatolia, Tiirkiye (224 5)fTAT E0T (39. 6 + 5)f1- 265005 - 1.5-18 Hz
Akinc: and Eyidogan [19] Erzincan, Tiirkiye - (3508 - 1.5-24 Hz
Horasan and Boztepe-Guney [20] | Marmara Region, Tiirkiye (504 1.7)f109 £ 005 - 1.5-24 Hz
Horasan and Boztepe-Guney [20] | Marmara Sea, Tiirkiye (40 + 5)fT-03 =006 - 0.4-15Hz
Akinci et al. [31] Marmara Sea, Tiirkiye - (180)f% - 0.4-15Hz
Padhy [32] Bhuj, India 0,=(19.23=7.02)f 1 1F0:96) | 9 =(50+25)f(1 02£0.04) >1 1-24 Hz
Zarean et al. [33] Queshm Island, Iran 0,=(10)f083) 0,=(16.66)f097) >1 1.5-36 Hz
This Study Ayvacik Fault Zone (34.7 £ 22.8)f1 33025 (8.4 +9.5)f1.15 £ 004 1.63 1.5-18 Hz
This Study Ganos Fault Zone (12.2 + 1.2)fT 15 F0.03 (20.7 & 3.4)f123 £0.06 2.10 1.5-18 Hz
This Study Can-Biga Fault Zone (6.74 £ 0.6)f1 4 £0.0% (19.3 + 3)f1-36 £ 006 2.57 1.5-18 Hz

5 Conclusions

This study reveals the frequency-dependent damping properties for three main fault zones (GFZ,
CBFZ, AFZ) in the Biga Peninsula using a large dataset of 1714 earthquakes recorded between
2010 and 2019. Being based on this comprehensive database increases the reliability of the
results and makes the study the first detailed body wave attenuation study conducted for the
region. The quality factor functions obtained are

1. Qp(f) = 12.2f115 Qs(f) = 20.7f"2* (Qs/Qp = 2.10) for GFZ;
2. Qp(f) = 6.7f140, Qs(f) = 19.3f!-36 (Qs/Qp ~ 2.58) for CBFZ;
3. Qp(f) = 34.7f133, Qs(f) = 8.4f"15 (Qs/Qp ~ 1.63) For the AFZ

These findings clearly demonstrate the role of fault type (strike-slip vs. normal fault), lithol-
ogy, heterogeneity, and fluid content in determining the damping behavior. Furthermore, the
derived Qp(f) and Qs(f) relationships provide critical input functions for future regional seis-
mological researches. These results can be directly used in studies such as the determination
of ground motion prediction equations, derivation of spectral source parameters and the calcu-
lation of earthquake source parameters, enhancing the reliability of regional earthquake hazard
assessments. In conclusion, this study not only contributes to a better understanding of the seis-
motectonic characteristics of the Biga Peninsula, but also provides important input for future
engineering seismology and earthquake risk mitigation studies in the region.

66



INGEGNERIA SISMICA - INTERNATIONAL JOURNAL OF EARTHQUAKE ENGINEERING

Acknowledgments

The authors would like to express their gratitude for the helpful comments provided by the
anonymous reviewers and the editor, which significantly improved the quality of this manuscript.
Some figures were created with the Generic Mapping Tools of Wessel and Smith [39].

References

[1] Knopoff, L. (1964). Q. Reviews of Geophysics, 2, 625-660.

[2] Lay, T. (2015). The surge of great earthquakes from 2004 to 2014. Earth and Planetary
Science Letters, 409, 133-146.

[3] Hough, S. E., & Anderson, J. G. (1988). High-frequency spectra observed at Anza, Cal-
ifornia: implications for Q structure. Bulletin of the Seismological Society of America,
78(2), 692-707.

[4] Abercrombie, R. E. (1995). Earthquake source scaling relationships from 1 to 5 ML using
seismograms recorded at 2.5-km depth. Journal of Geophysical Research: Solid Earth,
100(B12), 24015-24036.

[5] Kumar, N., Mate, S., & Mukhopadhyay, S. (2014). Estimation of Q p and Q s of Kinnaur
Himalaya. Journal of Seismology, 18(1), 47-59.

[6] Jin, Z., Zheng, X., Shi, Y., & Wang, W. (2022). Study on Seismic Attenuation Based on
Wave-Induced Pore Fluid Dissolution and Its Application. Applied Sciences, 13(1), 74.

[7] Yoshimoto, K., Sato, H., & Ohtake, M. (1993). Frequency-dependent attenuation of P and
S waves in the Kanto area, Japan, based on the coda-normalization method. Geophysical
Journal International, 114(1), 165-174.

[8] Kim, K. D., Chung, T. W., & Kyung, J. B. (2004). Attenuation of high-frequency P and S
waves in the crust of Choongchung provinces, central South Korea. Bulletin of the Seis-
mological Society of America, 94(3), 1070-1078.

[9] Sharma, B., Gupta, A. K., Devi, D. K., Kumar, D., Teotia, S. S., & Rastogi, B. K. (2008).
Attenuation of high-frequency seismic waves in Kachchh Region, Gujarat, India. Bulletin
of the Seismological Society of America, 98(5), 2325-2340.

[10] Ma’hood, M., Hamzehloo, H., & Doloei, G. J. (2009). Attenuation of high frequency P and
S waves in the crust of the East-Central Iran. Geophysical Journal International, 179(3),
1669-1678.

[11] Filippucci, M., Lucente, S., Del Pezzo, E., de Lorenzo, S., Prosser, G., & Tallarico, A.
(2021). 3D-Kernel based imaging of an improved estimation of (Qc) in the Northern Apu-
lia (Southern Italy). Applied Sciences, 11(16), 7512.

[12] Aki, K. (1980). Attenuation of shear-waves in the lithosphere for frequencies from 0.05 to
25 Hz. Physics of the Earth and Planetary Interiors, 21(1), 50-60.

67



Demirci & Kenar

[13] Mukhopadhyay, S., Singh, B., & Mohamed, H. (2016). Estimation of attenuation charac-
teristics of Aswan reservoir region, Egypt. Journal of Seismology, 20(1), 79-92.

[14] Castro, R. R., Gallipoli, M. R., & Mucciarelli, M. (2008). Crustal Q in southern Italy
determined from regional earthquakes. Tectonophysics, 457(1-2), 96-101.

[15] Castro, R. R., Huerta, C. 1., Romero, O., Jacques, C., Hurtado, A., & Fernandez, A. 1.
(2009). Body-wave attenuation near the rupture of the 1887 Sonora, México, earthquake
(Mw 7.5). Geofisica internacional, 48(3), 297-304.

[16] Demirci, A. (2019). Frequency-dependent body-Q and coda-Q in Karliova triple junction
and its vicinity, eastern Turkey. Turkish Journal of Earth Sciences, 28(6), 902-919.

[17] Demirci, A., & Bekler, T. (2019). Biiyiik Menderes grabeninde cisim dalgalarinin frekans
bagimli sogrulma karakterinin belirlenmesi. Dogal Afetler ve Cevre Dergisi, 5(1), 116-
123.

[18] Demirci, A., Bekler, T., Karasin, . B. & Isik, E. (2019). GB Anadolu’ nun Sogrulma
Karakteri ve Kabuksal Kalite Faktorii, International Engineering & Natural Sciences Con-
ference (IENSC 2019), 6 - 08 November 2019, Diyarbakir, Turkey. 161-167. (in Turkish)

[19] Akinci, A., & Eyidogan, H. (1996). Frequency-dependent attenuation of S and coda waves
in Erzincan region (Turkey). Physics of the Earth and Planetary Interiors, 97(1-4), 109-
119.

[20] Horasan, G., & Boztepe-Giiney, A. (2004). S-wave attenuation in the Sea of Marmara,
Turkey. Physics of the Earth and Planetary Interiors, 142(3-4), 215-224.

[21] KOERI Earthquake Catalog, Bogazici University, Kandilli Observatory & Earthquake Re-
search Institute, National Earthquake Monitoring Center, Waveform Data Request System.
Accessed July 23, 2019. http://www.koeri.boun.edu.tr/sismo/2/data-request

[22] Sengor, A. M. C. (1985). Strike slip deformation basin formation and sedimentation,
strike-slip faulting and related basin formation in zones of tectonic escape, Turkey as a
case study. Strike-slip faulting and basin formation, 227-264.

[23] Bozkurt, E. (2001). Neotectonics of Turkey—a synthesis.Geodinamica acta, 14(1-3), 3-30.

[24] Le Pichon, X., Sengor, A. M. C., Demirbag, E., Rangin, C., Imren, C., Armijo, R., ...
& Tok, B. (2001). The active main Marmara fault. Earth and Planetary Science Letters,
192(4), 595-616.

[25] Ozalaybey, S., Ergin, M., Aktar, M., Tapirdamaz, C., Bigmen, F., & Yoruk, A. (2002). The
1999 Izmit earthquake sequence in Turkey: seismological and tectonic aspects.Bulletin of
the Seismological Society of America, 92(1), 376-386.

[26] Giirer, O. F., Sangu, E., Ozburan, M., Giirbiiz, A., Giirer, A., & Sinir, H. (2016). Plio-
Quaternary kinematic development and paleostress pattern of the Edremit Basin, western
Turkey. Tectonophysics, 679, 199-210.

[27] Emre, O., Duman, T. Y., Ozalp, S., Elmaci, H., Olgun, S., & Saroglu, F. (2013). Active
fault map of Turkey with an explanatory text 1: 1,250,000 scale. General Directorate of
Mineral Research and Exploration, special publication series, 30, 89.

68


http://www.koeri.boun.edu. tr/sismo/2/data-request

INGEGNERIA SISMICA - INTERNATIONAL JOURNAL OF EARTHQUAKE ENGINEERING

[28] General, M. T. A. (2012). economic geology of the Biga Peninsula. Special Publication
Series, 28, 326.

[29] Bora, N., & Biswas, R. (2017). Quantifying regional body wave attenuation in a seismic
prone zone of northeast India. Pure and Applied Geophysics, 174(5), 1953-1963.

[30] Cinar, H., & Alkan, H. (2017). Crustal S-wave structure around the Lake Van region (east-
ern Turkey) from interstation Rayleigh wave phase velocity analyses. Turkish Journal of
Earth Sciences, 26(1), 73-90.

[31] Akinci, A., Malagnini, L., Herrmann, R. B., Gok, R., & Sgrensen, M. B. (2006). Ground
motion scaling in the Marmara region, Turkey. Geophysical Journal International, 166(2),
635-651.

[32] Padhy, S. (2009). Characteristics of body-wave attenuations in the Bhuj crust. Bulletin of
the Seismological Society of America, 99(6), 3300-3313.

[33] Zarean, A., Farrokhi, M., & Chaychizadeh, S. (2008, October). Attenuation of high fre-
quency P and S waves in Qeshm Island, Iran. In /4th World Conference on Earthquake
Engineering.

[34] Singh, C., Singh, A., Bharathi, V. S., Bansal, A. R., & Chadha, R. K. (2012). Frequency-
dependent body wave attenuation characteristics in the Kumaun Himalaya. Tectono-
physics, 524, 37-42.

[35] Abdel-Fattah, A. K. (2009). Attenuation of body waves in the crust beneath the vicinity of

Cairo Metropolitan area (Egypt) using coda normalization method. Geophysical Journal
International, 176(1), 126-134.

[36] Bora, N., Biswas, R., & Dobrynina, A. A. (2018). Regional variation of coda Q in Kopili
fault zone of northeast India and its implications. Tectonophysics, 722, 235-248.

[37] Pezeshk, S., Sedaghati, F., & Nazemi, N. (2018). Near-source attenuation of high-
frequency body waves beneath the New Madrid Seismic Zone. Journal of Seismology,
22(2), 455-470.

[38] Sedaghati, F., Nazemi, N., Pezeshk, S., Ansari, A., Daneshvaran, S., & Zare, M. (2019).
Investigation of coda and body wave attenuation functions in Central Asia. Journal of
Seismology, 23(5), 1047-1070.

[39] Wessel, P, & Smith, W. H. (1998). New, improved version of Generic Mapping Tools
released. Eos, transactions American geophysical union, 79(47), 579-579.

69



	Introduction
	Tectonic and geological settings of the study area 
	Methodology
	Results and discussions
	Conclusions

