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Abstract: The Dat¢a Peninsula and its vicinity in southwestern Anatolia represent one of the
most seismically active regions of Turkey, characterized by complex tectonic interactions between
the Aegean extensional regime and the western termination of the North Anatolian Fault Zone. In
this study, we investigate the frequency-dependent attenuation characteristics of body waves (P
and S) using the extended coda normalization technique. We analyzed 299 three-component
broadband seismic records from 668 earthquakes with local magnitudes (Ml) > 3.5 that occurred
between 2016 and 2022. The data were recorded at three regional seismic stations (DALY, DAT,
and BODT) operated by the Kandilli Observatory and Earthquake Research Institute (KOERI).
The analysis was performed at ten center frequencies ranging from 1.5 Hz to 18 Hz. The quality
factor Q exhibits strong frequency dependence, following the power-law relationship Q(f) = Qof".
For P waves, we obtained Qp = (17 £ 3)f1-40:0.07 while for S waves, Qs = (90.2 £ 20)f%3%0-° The
QOs/Op ratio averages approximately 1.63 for frequencies greater than 1 Hz, indicating that P
waves attenuate more rapidly than S waves. These attenuation functions are essential input

parameters for seismic hazard assessment, ground motion simulations, and focal mechanism
studies in the region. The relatively low Q values reflect the highly fractured and heterogeneous
crustal structure associated with the active extensional tectonics of the Aegean region.

Keywords: Seismic attenuation; Quality factor; Body waves, Extended coda normalization;
Datga Peninsula; Southwest Anatolia; Aegean extension.

LINTRODUCTION

The attenuation of seismic waves while passing through the Earth's crust is an important parameter used in seismology
to determine the physical properties of the medium. The quality factor Q, which is the energy stored to the energy lost per cycle
of wave propagation (Knopoff, 1964), is used to determine the anelastic attenuation of seismic waves. Lower values of the
quality factor indicate large amounts of energy absorption by the medium, which is normally associated with fractured and
saturated environments, while larger values indicate rigid structures within the Earth's crust (Lay, 2015).

The understanding of the frequency dependence of the Q values of P and S waves (Qp and Qs) is of primary
importance for understanding crustal heterogeneity, source parameters, strong ground motions, and seismic hazard (Aki and
Chouet, 1975; Hauksson and Shearer, 2006). The ratio of Qs/Qp provides even more constraints on scattering and intrinsic
absorption, and helps us understand the level of crustal heterogeneity and fluid saturation (Vassiliou et al., 1982; Bianco et al.,
2002).

One of the most seismically active areas of the Eastern Mediterranean is Southwestern Anatolia and the Aegean region
itself. The scene is thus set by the movement of the Anatolian plate to the west, the plunge of the African plate to the north
beneath the Aegean Sea, and extension within the back-arc region. Within this scenario, the Datca Peninsula is located at the
confluence of the Hellenic subduction zone and the western end of the North Anatolian Fault Zone, where evidence of normal
faults from extension within the Aegean Sea, strike-slip faults associated with the NAFZ, and evidence of ongoing volcanic
activity from the nearby Kos-Nisyros volcano (see Figure 1).

Previous studies have recorded considerable historical and instrumental seismicity in the area, including damaging
events like the moment magnitude M ~ 8.0+ earthquake in 227 BCE, the 142—144 CE earthquake, and more recent activities,
as evidenced by the 2004 Gokova sequence (Ambraseys and White, 1997; Altinok et al., 2012). The area has also witnessed a
notable earthquake swarm in August 2021, characterized by more than 200 events with local magnitudes larger than 3.0 in a
single week of the month.

Nevertheless, despite the high level of seismic hazard, there are limited studies on attenuation for the Dat¢a Peninsula.
In fact, while many studies have been conducted on the quality factor Q for various regions of Turkey, including the North
Anatolian Fault Zone (Demirci, 2019), the East Anatolian Fault Zone (Demirci, 2019), the Biga Peninsula (Demirci et al.,
2019), and the Biiyiik Menderes Graben (Demirci and Bekler, 2019), no body wave attenuation measurements for the Datca
Peninsula and its surroundings have been conducted.
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In the present study, the extended coda normalization method (Yoshimoto et al., 1993) is used for the estimation of
the quality factor Q for P and S waves for the Dat¢a Peninsula and the surrounding regions. This method has some advantages
for regional seismic studies, as it reduces the effects of source, site, and instrument by utilizing the normalization with the coda
waves, has minimal requirements for the source spectrum, and can be applied for single station records without the need for
knowledge of the source mechanism.

Tectonic and Geological Settings

The neotectonic evolution of the region is dominated by the westward escape of the Anatolian plate, driven by the
collision of the Arabian plate with Eurasia in the east and facilitated by the right-lateral North Anatolian Fault Zone and the
left-lateral East Anatolian Fault Zone (Figure 1). This tectonic escape has resulted in approximately 300 km of westward
displacement since the late Miocene (McKenzie, 1972; Kurt et al., 2023).

The Dat¢a Peninsula and its surrounding area, located within the active extensional regime of Western Anatolia, is a
region with complex tectonic and stratigraphic origins. The Datga Peninsula is located in southwestern Anatolia, bounded by
the Aegean Sea to the west and the Gulf of Gdkova to the east. The region represents a critical transition zone between the
Hellenic subduction system to the south and the Aegean extensional province to the north (Figure 1).
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Figure 1. Tectonic map of Turkey showing major fault systems and the study area highlighted by red rectangle.

The Datca region exhibits a complicated arrangement of active faults resulting from the convergence of regional
escape tectonics and the southward withdrawal of the Hellenic subduction zone. Within this area, the Gulf of Gokova operates
as an active graben where normal faults aligned in an east-west direction enable crustal stretching between north and south
(Figure 2). On the Datca peninsula itself, the Dat¢ca Fault and connected geological structures display mixed kinematic
signatures—both extensional and lateral displacement—which point to evolving stress field orientations at this tectonic
boundary (Dirik, 2007).

: :
2730 28 00 X
Lot Gokova Gulf !
A
W= E
&4

T
2830

s Gokova Graben
MARMAR\‘S.
Kerme Gulf
rmz,ga’“'
Datga Basin h"’"‘g:fif‘ e
3645 L7 ard i
o :;:u\\ Datga Gulf e Bozburun Peninsula
atca Peninsula -”‘,;W, - DATGA / ‘L"L--L__‘_
"'1—"-{%;‘;/ i Selimiye Fagy
oy
G ozourun Fad! Gy .
o L Normal Fault | +—L
Hisaroni Graben  5o,00un cur ,{:u ]
é}c}, Quaternary Units
£ ===
<@ Pliocene Units

5 10k Miocene Units
I N Ry Pre-Miocene Units
36 30 {Lycian Nappes)

Figure 2. Geological and active fault maps of the Dat¢a and Bozburun Peninsulas (modified from Emre et al., 2013, Ozsaywn et al, 2021).
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Seismicity in the region shows two distinct depth populations (Figure 3): shallow earthquakes (< 15 km) associated
with the Gokova graben normal faults, and intermediate-depth events (45-165 km) related to the subduction of the African
plate and transcurrent faulting along the Pliny-Strabo trench system (Taymaz et al., 1991; Dirik, 2007).

The most fundamental elements revealing the seismotectonic character of the region are two main grabens, the Gékova
Graben in the north and the Hisaronii Graben in the south, and the normal faults that bound these systems. North-south elastic
tectonic stretching during the Pliocene-Quaternary period led to active, east-west trending faults such as Datga (Kizlan),
Karakdy, and Cnidus; similar tectonic activity continues in the Bozburun Peninsula to the east with the Selimiye, Bozburun,
and Taglica faults. Stratigraphic arrangement planning shows the formation of Pre-Miocene Lycian Nappes (white on the map)
consisting of crystalline rocks such as ophiolite, marble, and schist in the region. Miocene volcanic units (orange), overlain by
discordance, Pliocene sediments (yellow) with lacustrine/fluvial characteristics within the grabens, and the youngest unit,
Quaternary alluvial deposits (gray), complete the geological mosaic of the region. This lithological diversity and intense
faulting make it a critical natural laboratory for studying seismic wave propagation and seismic attenuation characteristics.

II. DATA AND METHODOLOGY
Seismic Data
We utilized waveform data from three broadband seismic stations operated by the Kandilli Observatory and Earth
Research Institute (KOERI) Regional Earthquake-Tsunami Monitoring and Assessment Center (KRDAE-RETMC): DALY
(Dalyan, Mugla), DAT (Datga, Mugla), and BODT (Bodrum, Mugla). Station locations and characteristics are summarized in
Table 1.

Lattitude | Longitude Elevation
Seismic Stations (degree) (degree) (meter)
BODT(Bodrum - Mugla) 37.0622 27.3103 379
DALY (Dalyan — Mugla) 36.8162 28.6532 100
DAT (Datg¢a-Mugla) 36.7308 27.5767 1100

Table 1. Station information’s used in the study

The dataset comprises 668 earthquakes with local magnitudes M1 > 3.5 that occurred within the study region between
January 2016 and December 2022. From this initial catalog, we selected 299 events with high signal-to-noise ratios (SNR > 5)
based on visual inspection of waveform quality, completeness of three-component recordings, and clear P- and S-wave arrivals.
The selected earthquakes have focal depths ranging from 0 to 50 km and epicentral distances between 10 and 160 km from the
recording stations (Figure 3).

Latitude (Degree)

21.0 21.5 Longitude (Degree] 280 28.5

Figure 3. Epicentral distribution of earthquakes used in this study (Ml > 3.5).

Extended Coda Normalization Technique

The extended coda normalization technique (ECNT), which was first introduced by Aki (1980) and later developed
by Yoshimoto et al. (1993), provides an effective methodology for measuring body wave attenuation without requiring
information on source spectra and site responses. This method is based on the assumption that coda waves are scattered S-
waves that cover a volume similar to that of direct S-waves, yet travel a longer path and thus experience similar attenuation
effects.
19|Page
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The spectral amplitude of coda waves at lapse time tc can be expressed as:

A(f1)=SP(11 ) GDI()

where Ss is the source spectral amplitude for S-waves, P(f, tc) is the coda excitation function, G(f) represents site
effects, and /(f) represents instrumental response.

For direct body waves (P or S), the spectral amplitude is given by:

fi

As’p(f):R‘/’ﬂSS‘,p(f)r—ye_mG(f)](f)

where R is the radiation pattern coefficient, r is the hypocentral distance, y is the geometrical spreading coefficient (typically
v = 1.0 for body waves), Os,p(f) is the frequency-dependent quality factor, and Vs,p is the average wave velocity.

Normalizing the direct wave amplitude by the coda amplitude eliminates the common terms Ss(f), G(f), and I(f):
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Taking the natural logarithm and rearranging yields:
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This equation represents a linear relationship between the normalized logarithmic amplitude and the hypocentral distance r.

The slope of this equation, denoted as b, is directly proportional to the quality factor, as indicated by the following
equation:
fr

hb=——-—-—
Ver©,, @

By assessing the slope of the amplitude vs. distance relation at each frequency, the quality factors Qs and Qp as
functions of frequency, Qs,p(f), can be determined.

The process steps were as follows: the raw waveform data were first corrected for instrument response and
transformed to ground velocity, with the event metadata (origin time, location, magnitude) taken from the KOERI catalog.For
each earthquake-station pair, we selected time windows for P-wave (5-second window starting at P-arrival), S-wave (5-second
window starting at S-arrival), and coda (10-second window starting at twice the S-travel time), with all windows visually
inspected to avoid contamination by later arrivals or noise. Each window was then tapered with a 10% cosine taper, the Fourier
spectrum computed, and the spectra smoothed using a moving average over frequency bands centered at 1.5, 3.0, 4.5, 6.0, 7.5,
9.0, 10.5, 12.0, 15.0, and 18.0 Hz with bandwidths of 1.5 times the center frequency. The root-mean-square (RMS) amplitude
was computed for each frequency band for P, S, and coda windows, and the normalized amplitudes [In(4s,p/Ac) + y.In(r)]
were plotted against hypocentral distance r, with linear regression performed to obtain the slope b at each frequency. Quality
factors were computed using equation (5), assuming average crustal velocities of Vp = 6.0 km/s and Vs = 3.5 km/s consistent
with regional velocity models (Horasan and Boztepe-Giiney, 2004). Finally, the Q values at different frequencies were fitted
to the power-law relationship Q(f) = Qof* using least-squares regression in the log-log domain, where Qo is the quality factor
at 1 Hz and n characterizes the frequency dependence.

II1. RESULTS AND DISCUSSION

The P-wave quality factor Qp shows strong frequency dependence across the analyzed frequency range (1.5-18 Hz),
with individual Qp values ranging from 26 at 1.5 Hz to 945 at 18 Hz (Table 2; Figure 4), following the power law Qp(f) = (17
+ 3)f149£0.07 where the high exponent (n = 1.40) indicates strong frequency dependence suggesting that P-wave attenuation is
dominated by scattering in a highly heterogeneous medium, and the relatively low Qo value (17) reflects significant intrinsic
absorption likely related to the fractured crustal structure and fluid content in this tectonically active region. S-waves exhibit
systematically higher quality factors than P-waves at all frequencies, with Qs values ranging from 56 at 1.5 Hz to 1116 at 18
Hz (Table 2; Figure 5), characterized by Qs(f) = (90.2  20)f*#* %9 where the lower frequency exponent (n = 0.89) compared
to P-waves suggests that S-wave attenuation is less frequency-dependent possibly reflecting different dominant mechanisms
or sampling volumes, and the higher Qo value (90.2) indicates that S-waves experience less intrinsic attenuation than P-waves.
The ratio Qs/Qp varies with frequency, decreasing from 2.14 at 1.5 Hz to 1.18 at 18 Hz with an average value of approximately
1.63 for frequencies > 1 Hz (Table 2; Figure 6), systematically exceeding unity across the entire frequency range and indicating
that P-waves attenuate more rapidly than S-waves.
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FREQUENCY (HZ) QP Qs QS/QP
1.5 264 | 56.4 2.14
3.0 770 | 277.8 3.61
4.5 1245 | 306.0 2.46
6.0 192.1 | 410.0 2.13
75 277.0 | 5555 2.01
9.0 356.7 | 653.1 1.83
10.5 4672 | 7553 1.62
12.0 582.8 | 863.2 1.48
15.0 772.9 | 1050.1 1.36
18.0 9445 | 1116.4 1.18

Table 2. Quality factor values and Qs/Qp ratios at different center frequencies.
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Figure 4. Normalized logarithmic P-wave amplitudes versus hypocentral distance for selected frequencies. Linear regression slopes are
used to calculate Qp values at each frequency.
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Figure 5. Normalized logarithmic S-wave amplitudes versus hypocentral distance for selected frequencies. Linear regression slopes are
used to calculate Qs values at each frequency.

Published By: Fifth Dimension Research Publication

www.fdrpjournals.org/

21|Page


http://www.fdrpjournals.org/ijire

Frequency-Dependent Attenuation of P and S Waves in Datga Peninsula (SW Tiirkiye) from Extended Coda Normalization Method

Qs/Qp

Frequency (Hz)

Sharma et al. (2007) Koyna, India #= Singh et al (2012) Kummaun, India

Kumar et al. (2014) Kinn imalayas Demirci (2019) Eastern part of NAFZ, Tiirkiye

and Biswas (2018) Kopil
Pezeshlk et al. (2018) M hati et al (2019) Asian Continent
Kenar (2021) Ganos Fault Zo ®- Kenar (2021) Can-Biga Fault Zone, Tiirkiye

Kenar (2021) Ayvacik Faull Zone, Tiirkiye ~e= This Study

egion, India

Abdel-Fattah (2009) Cair pt

id Fault Zone
e, Tiirkiye

thtd

Figure 6. Variation of Os/Op ratio with frequency.

From the individual stations, it has been found that the attenuation characteristics show consistent behavior, with some
systematic variations. At the DAT station, the Qp value has been found to be (15 £ 4) 1409 while the Qs value has been
found to be (85 + 18) 292011 At the DALY station, the Qp value has been found to be (19 £ 5) 33098 while the Qs value
has been found to be (95 + 22) 9874010 At the BODT station, the Qp value has been found to be (18 £ 4) f!-33+0.07 while the Qs
value has been found to be (88 + 19) f*91*0%° This shows that the attenuation characteristics are regional rather than local, and
the results obtained are consistent.

The ratio of Qs to Qp is an essential parameter for assessing seismic activity and earthquake risk, as it offers a
universally comparable measure that accounts for scattering and is rich in information on crustal heterogeneity and fluid
saturation. The ratio has been specifically studied in volcanic areas and high seismicity environments of the upper crust, such
as Mount Etna (Patane et al., 1994), with laboratory studies by Vassiliou et al. (1982) supporting Qs/Qp > 1 in partially saturated
sedimentary rocks.

In this study, 299 high signal-to-noise ratio three-component broadband seismograms were selected from 668
earthquakes recorded across the Datga Peninsula and surrounding region. Attenuation functions were determined as Qs =
(90.2+20)f084009 and Qp = (17£3)f140*097 for frequencies between 1.5-18 Hz, yielding an average Qs/Qp ratio of ~1.63 at
frequencies above 1 Hz (Figure 6). Both Qp and Qs exhibit similar frequency dependence, though P-waves attenuate more
rapidly than S-waves throughout the studied area.

The sustained value of the ratio Qs/Qp, being greater than 1, in the entire range of frequencies from 1.5 to 18 Hz
confirms the fact that the main cause of attenuation is indeed scattering, as suggested by Hough and Anderson (1988). The
high value of the Qs/Qp ratio also points to a high degree of lateral variation in the upper crust, as suggested by Bianco et al.
(2002) and Sato and Fehler (1998), wherein changes in physical parameters produce specific attenuation characteristics in
waves.

On the other hand, the attenuation parameters obtained for the Datga Peninsula can be compared with those of other
tectonically active zones in Turkey and worldwide (Table 3).

Literature review reveals that Qs/Qp > 1 ratios have been consistently reported across diverse tectonic settings
worldwide. Yoshimoto et al. (1993) determined Qs = 83.33f%%% and Qp = 32.25{%% for the Kanto region of Japan, yielding
Qs/Qp > 1 within the 1.5-24 Hz frequency band. Similarly, Ma’hood et al. (2009) found values of Qs = 52.6 £ 5.5f102+006 3nd
Qp =40 + 4.8{09*+004 for East Central Iran. Padhy (2009) found values of Qs = 50 = 25f1:2£003 and Qp = 19.23 + 7.02f!1 £0.06
for Bhuj, Iran. These studies show the same values of ratios of Qs/Qp values greater than unity. Similar values of ratios of
Qs/Qp values greater than unity are found for the Himalayas, where Kumar et al. (2014) found values of ratios of Qs/Qp ranging
from 1.5 to 1.9 by taking values of Qs = 86 + 4 Other studies include Mukhopadhyay et al. (2016), who found Qs = 34.2 +
9f1-23*011 for the Aswan Reservoirs in Egypt; Zarean et al. (2008), who reported Qs = 16.661%7 and Qp = 10f*# for Qeshm
Island; Castro et al. (2009), who obtained Qs = 15f"! and Qp = 5f!'! for Sonora, Mexico; and Castro et al. (2008), who
determined Qs = 18.8f"7 for the Apennines in Italy, collectively demonstrating that elevated Qs/Qp ratios are a characteristic
feature of seismically active, heterogeneous crustal environments.
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Reference Study Area Qp Function Qs Function as/ap Frequency(Hz)

Buylk Menderes

Demirci et al,, 2019 " (32.9 £ 13.7)fes+018 (79.2 £ 14.6)f092 007 ~1.75 1.5-18 Hz
Graben, Turkiye

Demirci et al,, 2013 SW Anatolia, Turkiye (22% 5)frerzon (39. 6 £ 5)fr-26%0.05 - 1.5-18 Hz
Northern part of

irci . L3+2, e 42.6 + 7.5)ft2£01 2.02 1.5-18 Hz

Demirci et al,, 2019 NAFZ, Tiirkiye (223+23) ( )

Demirci et al,, 2019 EAFZ, Turkiye (25.3 £ 9.5)f1020 (61.6 £ 10)fo8202 19 1.5-18 Hz
Marmara Region, e

Hoerasan et al,, 1998 L (50+ 1.7)f10a ko0 = 1.5-24 Hz
Turkiye

Akinci et al.,, 2006 Marmara Sea, Turkiye - (180)f2= - 0.4-15 Hz

Horasan et al.,, 2004 Marmara Sea, Turkiye - (40 £ 5)fL032008 - 0.4-15 Hz
Erzincan and

Akinci et al.,, 1996 . (35)fe=2 - 1.5-24 Hz
surrounding, Tlrkiye

Yoshimoto et al,, 1993 Kanto, Japan Q,=(32.25)ftoss) Q.=(83.33)fl0 73l =1 1.5-24 Hz

Ma‘hood et al.,, 2009 Middle East Iran Q,=(404.g)flosst004) Q,=(52.65.5)fLoz00s) 1.5-24 Hz

=(19.23+7.02)fl-120-

Padhy, 2009 Bhuj, India i;’ { ! Q,=(50+25)fl102:004) 1 1-24 Hz

Kumor et al,, 2014 Kinnaur, Himalayas Q=(47+2)f10at008) Q,=(8624)fl0 552053} 1.5-1.9 1.5-12 Hz

Mukhopadhyay et al.,2016 :“’E‘t" == Q=342+ 9)f w0 1.5-12 Hz

Byp!

Zarean et al., 2008 Quesm Island, Iran Q=(10)fle23) 0,=(16.66)f2=7! 1 1.5-36 Hz

Castro et al,, 2009 Sanora, Mexico Q=(s)firy Q=(15)f12) - 0.4-63 Hz

Castro et al., 2008 Apeninnes, Italy - Q.=(18.8)fi17 - 1-25 Hz

This study Datga Peninsula Q =(17£3)f te0=00? Q,= (90.2420)f 2892003 163 1.5-18 Hz

Table 3: Comparison of Q values from different regions

IV. CONCLUSIONS
This study presents the first systematic determination of body-wave attenuation characteristics for the Datga Peninsula
and surrounding region in southwestern Anatolia. By employing the extended coda normalization method for 299 high-quality

seismic records collected between 2016 and 2022, we obtained the following frequency-dependent attenuation relations:
Qp(h) = (17 + 3) 140097 for P waves, and

Qs(f) = (90.2 £ 20) 809 for S waves.

The significant frequency dependence for P waves suggests that the intrinsic absorption is quite high, while the S
waves exhibit much lower frequency dependence with considerable scattering effects. The Qs/Qp ratio, which averages
approximately 1.63 for frequencies >1.0 Hz, also supports the view that the attenuation mechanism for S waves, as well as P
waves, is dominated by crustal heterogeneity and scattering effects, rather than intrinsic absorption. The reliability of the results
obtained for the three seismic stations also suggests that the attenuation characteristics obtained are representative of regional,
rather than local, crustal properties.

These attenuation relations obtained for the Datca Peninsula crust are consistent with the highly heterogeneous,
fractured, and fluid-saturated crustal model, which has been derived from the complex tectonic processes that control the crustal
structure, including the effects of Aegean extension, Anatolian escape, and Hellenic subduction. This study has also identified
the potential for providing input parameters for seismic hazard analysis, strong motion prediction, and source parameter studies
for the high-risk tectonic province, which would be useful for the development of seismic hazard maps for the broader Aegean
Sea region. Additionally, joint analysis of body-wave and coda-wave attenuation would help better separate intrinsic and
scattering contributions to total attenuation, offering a more complete understanding of seismic wave propagation in this active
extensional regime.
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