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ABSTRACT

STRESS DROP ANALYSIS OF EARTHQUAKES IN THE

VICINITY OF AYVACIK GEOTHERMAL RESERVOIR

An earthquake swarm occurred in Çanakkale-Ayvacık, where started with an

earthquake of M=5.4 magnitude on February 6, 2017, and more than 4000 earth-

quakes were recorded in 2 months. A significant number of these earthquakes were

larger than Mw = 4. Most of the activity occurred on the southwest-dipping Tuzla

Fault, which is a normal fault with WNW strike. Given that the fault region is a

geothermal reservoir where active geothermal power plants operate, it is important to

examine the characteristics of these earthquakes more closely. The activity started near

a geothermal power plant and expanded along the Tuzla fault. In this thesis, the stress

drops of earthquakes that occurred in the Ayvacık Region during the 2017 earthquake

swarm was studied. Stress drop is a crucial macroscopic parameter for earthquakes and

in geothermal regions, and variations in stress drop might indicate changes in stress

conditions, especially pore pressure. The corner frequencies of 106 earthquakes with

magnitudes greater than ML ≥ 3.0 were calculated from the P waveforms using 2 sta-

tions in the vicinity of the activity. We also calculated the moment magnitudes of 139

earthquakes with local magnitudes greater than 2.8 using P wave spectra. Our analysis

shows that the stress drop of the earthquakes before and during the 2017 activity is

quite variable. In addition, in comparison to the earthquakes that occurred before (∼ 3

MPa), the average stress drop is higher with mean values of about 7 − 9 MPa. We

infer that the higher average stress drop during the 2017 activity might be related to

a change in the pore pressure, where an increase in pore pressure might have led to

a decrease in effective normal stress leading to higher slip values and therefore higher

stress drops.
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ÖZET

Ayvacık Jeotermal Rezervuarı civarındaki Depremlerin Stres

Yitimi Analizi

6 Şubat 2017’de M=5.4 büyüklüğünde deprem ile başlayan Çanakkale-Ayvacık’ta

bir deprem silsilesi meydana gelmiştir ve 2 ay içinde 4000’den fazla deprem kaydedilmiş-

tir. Bu depremlerin önemli bir kısmının moment magnitüdü 4’ten büyüktür. Sismik

aktivitenin çoğu, normal fay karakterinde olan güneybatı eğimli Tuzla Fayı üzerinde

meydana gelmiştir. Bölgede aktif jeotermal enerji santrallerinin bulunması ve bir

jeotermal rezervuar olması göz önüne alındığında, bu depremlerin özelliklerinin daha

yakından incelenmesi önemlidir. Aktivite, bir jeotermal enerji santralinin yakınında

başlamıştır ve Tuzla fayı yakın çevresinde yoğunlaşmıştır. Bu tezde, 2017 yılında

Ayvacık bölgesinde meydana gelen depremlerin gerilme yitimleri incelenmiştir. Ger-

ilme yitimi, depremler ve jeotermal bölgeler için önemli bir makroskopik parame-

tredir ve gerilme yitimindeki değişiklikler özellikle gözenek basıncındaki bir değişiklikle

oluşabileceği değerlendirilmektedir. Aktivite alanı yakınındaki 2 istasyon kullanılarak,

ML > 3.0 büyüklüğünde 106 depremin P dalga formlarından köşe frekansları hesa-

planmıştır. Ayrıca, yerel magnitüdü 2.8’den büyük olan 139 P dalgası için moment

magnitüdleri hesaplanmıştır. Bu çalışmada, 2017 aktivitesindeki depremlerin gerilme

yitiminin oldukça değişken olduğu gösterilmektedir. Bununla birlikte, önceki deprem-

lere (∼ 3 MPa) kıyasla ortalama gerilme yitiminin yaklaşık 7 − 9 MPa daha yüksek

olduğunu gözlemledik. 2017 aktivitesi sırasındaki ortalama gerilme yitiminin yüksek

olması, gözenek basıncındaki bir değişiklikle ilişkili olabilir. Gözenek basıncındaki artış,

etkin normal stresin azalmasına ve dolayısıyla daha yüksek kayma değerlerine ve daha

yüksek gerilme yitimlerine neden olduğu sonucuna ulaşılmıştır.
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1. INTRODUCTION

Earthquakes occur due to the accumulation of stress along a fault plane. When

the shear stress on a fault becomes higher than the yield strength, an earthquake occurs

on a pre-existing crack. Following an earthquake, the stress decreases and gradually

begins to accumulate again. Large earthquakes can alter the stress in surrounding

areas based on the geometry of the fault, contributing to seismic activity [1].

Between January 14th–March 26th of 2017, more than 4000 earthquakes were

recorded in the Tuzla, Ayvacık region of the city of Çanakkale in Northwestern Turkey

[2]. Several studies addressed the tectonic implications of the 2017 earthquake sequence

[2, 3]. Considering the unusual number of earthquakes and existence of geothermal

power plants in operation, the 2017 sequence bears the question whether the stress

perturbations cause by extraction and injection of fluids from the reservoir might have

had any effects on the seismic activity in the region.

Geothermal plants can trigger fault movements due to increased pore pressure in

underground rocks. This can lead to the initiation of micro-earthquakes in previously

seismically inactive areas, and an increase in moderate earthquake activity in active

areas [1]. For the 2017 Tuzla swarm, relocated seismicity shows that the seismic activity

started at shallow depths close to the geothermal power plant, and propagated to

further depths [4]. These results indicate that the geothermal reservoirs can alter the

stress condition in fault zones and potentially create earthquake swarms.

In this thesis, we focused on the stress drops of earthquakes in the vicinity of the

fault before, during and after the 2017 sequence. In Chapter 2, we provided a brief

review of tectonic features of the Northwest Aegean region. Furthermore, we explore

temporal evolution of seismic activity, examining earthquakes mechanism and proving

detailed depth profiles in the Ayvacık region for the year 2017. In Chapter 3, we explain

the selection of our data set derived from two stations from AFAD and KOERI. In
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Chapter 4, we start by giving the details of the methodology on macroscopic parameters

of earthquakes such has stress drop and seismic moment.In Chapter 5, we calculate the

corner frequency from the P wave spectra and the seismic moment using the flat part

of the spectra. We then calculate the stress drop of earthquakes. In Chapter 6, we

interpret the implications of the results and In Chapter 7, finally conclude the thesis.
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2. TECTONIC SETTING

Tuzla fault and the geothermal reservoir is located on the southwestern tip of the

Biga Peninsula. Biga Peninsula is part of the shear zone that developed to the south

of the North Anatolian Fault Zone (NAFZ). The NAFZ accommodates the relative

motion of Anatolian Block microplate with respect to Eurasia. Another critical factor

that shapes the active tectonics of the region is the extension in the Aegean due to

rollback of the Hellenic slab.

Both northward movements of the Arabian and African plates and the westward

motion of Anatolian block and the rollback of the Hellenic trench leading to wide scale

extension, has shaped the tectonics of the region are seen in Figure 2.1 leading to

various types of active faulting. The active faults are shown in the Figure 2.2 [2].

The backarc extension due to the rollback of the Hellenic subduction proba-

bly started in Middle Eocene (∼ 45 Ma) but accelerated significantly and lead to a

widespread extension and crustal thinning across the Aegean Extensional Province in

Middle Miocene (∼ 15 Ma) [5]. The crustal thinning and formation of the horst and

graben systems led to high heat flow beneath the Aegean region [6].

The northwest Aegean region, forms a transition between the right-lateral domi-

nant North Anatolian Fault Zone and the Aegean where E-W normal faults are domi-

nant. As a result, transtensional features are dominant in the region. The active faults

are normal faults, right-lateral strike-slip faults, extending in the NE-SW direction,

while others are left-lateral strike-slip faults in the NW-SE direction [7]. The southern

boundary of the Biga Peninsula region is bounded by the Edremit Gulf. The northern

edge of the Edremit Gulf is bound by the Edremit Fault, which is a strike slip fault

with significant normal component [3,8]. A distributed set of E - W, WSW right-lateral

strike slip faults with some normal component also characterize the Biga Peninsula are

shown in Figure 2.2.
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2017 earthquake sequence occurred on the WNW trending Tuzla Fault. Tuzla

fault is one of the series of WNW trending normal faults that developed in the south-

western tip of Biga Peninsula, possibly due to differential motion of the strike-slip

faults surrounding the area.

Figure 2.1. Study area with the tectonic framework of the Anatolian Block

(Ozden et al, 2018) [2].
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Figure 2.2. Active faults of Biga Peninsula (Ozden et al, 2018) [2]
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2.1. DESCRIPTION OF THE 2017 EARTHQUAKE SWARM

Between January and March 2017 more than 4000 earthquake occurred along the

southwestern tip of the Biga Peninsula, west of Ayvacık . Three of these earthquakes

had magnitudes greater than 5. The largest earthquake in the sequence occurred on

February 6, 2017 and had a magnitude of 5.3. The seismicity distribution clearly

indicates that most of the earthquakes occurred along the southwest-dipping Tuzla

Fault. In this study we utilized the relocated catalog of AFAD and KOERİ between

2015-2018 which consists of 6500 earthquakes are shown in Figure 2.3, [9].

In view of the fact that Ayvacık region is geothermal reservoir, it is a crucial

evaluate these earthquakes more closely. When analyzing the temporal distribution of

seismicity, it becomes obvious that the 2017 earthquake cluster initiated from a region

near the active geothermal power plants and it propagated along the fault are seen

in Figure 2.4. Prior to the 2017 swarm, seismic activity shows a scattered pattern,

it became notably increased along the Tuzla Fault and significantly spread in two

direction.

Focal mechanism of earthquakes larger than magnitude 4.0 obtained from regional

waveforms using Cut and Paste method [10]. Fault mechanisms results are compatible

with the WNW-ESE striking Tuzla Fault with normal mechanism are shown in Fig-

ure 2.5. The depths profiles also show a South dipping fault with a dip angle of ∼ 55◦

are shown in Figure 2.6. The larger earthquakes reveal a listric character between the

depths of 8− 10 km. The earthquakes are distributed along the fault over a length of

10− 15 km [9].
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Figure 2.3. The normal faults located in the Western part of Ayvacık and the

distribution of the 2017 earthquakes, colored according to their depths. Weak and

strong ground motion stations in the region are indicated by green triangles

(Konca et al, 2019), [9].
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Figure 2.4. The distribution of seismicity prior to 2017 earthquakes and the temporal

distribution of the earthquakes that occurred in 2017 (Konca et al,2019), [9].
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Figure 2.5. The temporal distribution of the 2017 earthquakes and the focal

mechanism distribution of 15 selected earthquakes (Konca et al, 2019), [9].
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Figure 2.6. The distribution of earthquakes perpendicular to fault(A-C) and

parallel(D) profiles , according to depth (Konca et al, 2019), [9].
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3. DATA

In order to calculate the stress drop and moment magnitude of the 2017 Ayvacık

earthquakes, 2 stations close to the earthquakes were utilized. One of the stations, EZN,

is operated by Kandilli Observatory and Earthquakes Research Institute and the other

station, KOCA, operated by AFAD. The station locations are shown in Figure 2.3. We

converted waveforms to Seismic Analysis Code(SAC) format. To obtain displacement

data, KOCA and EZN stations which are broadband stations were obtained by integral

once.

To determine the stress drop and moment magnitude of the Ayvacık earthquakes

in 2017, two stations, EZN and KOCA in close proximity to the earthquake epicen-

ters were identified. The data was integrated to obtain displacement data from the

broadband stations, KOCA and EZN.

For P wave spectra calculation, we used a vertical component in the analysis. P

arrival times are manually picked. The displacement waveforms contain the direct P

waves. Subsequently, the displacement amplitude spectra were obtained by performing

a Fourier transform on them and examining the amplitude of the complex spectrum.

In this study, earthquakes with magnitudes equal to or greater than ML > 2.5

were initially selected. The analysis focused on the vertical component to calculate the

P-wave spectra. The P-wave arrival times were manually determined. The displace-

ment waveforms captured the direct P waves. Subsequently, the Fourier transform

was performed on these waveforms to obtain the displacement amplitude spectra. The

amplitude of the complex function was examined during this process.
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4. METHODS

In the classical method of modeling the earthquake source is described as a mo-

ment tensor or a distribution of moment tensors. Assuming the source region is small

with respect to the receiver distance, and ignoring the higher frequencies related to

source finiteness, the source can be represented as a point source. The mechanism of

the earthquake is then represented by a single tensor called the moment tensor.

While the force couples associated with the moment tensor is determined by

the magnitude, the geometry and the mechanism of the earthquake, the moment-time

function determines how the moment is released in time. The far-field waves that

propagate from the earthquake source is proportional to the derivative of the moment-

time function. Generally, the direct far-field displacement pulse due to an earthquake

source can be written as the convolution of two boxcar functions that are dependent

on the displacement rise time and the rupture duration in time domain [11]. The rise

time is the average duration of how long it takes on a point on the fault to rupture

while the rupture time represents the propagation of rupture from the initiation point

to the end of the rupture zone. The same expression in the frequency domain is in the

form of the multiplication of two sinc functions.

If it is assumed that the rise and rupture times are the same, the displacement

amplitude in the frequency(f) domain is expressed as a function that is flat and pro-

portional to the seismic moment at low frequencies and decreases with a function of

1/f 2 at high frequencies. The transition between the flat portion of the spectrum and

1/f 2 decaying portion is characterized by the corner frequency, fc.



8

The standard method of determining earthquake parameters, including magni-

tude, source size, and stress drop, is through frequency domain analysis of earthquake

waveforms. This analysis involves fitting a displacement spectrum model using ob-

served P and S wave spectra. In this study, the modified version of Brune’s (1970)

equation by Abercrombie (1995) was used to provide the displacement amplitude spec-

trum ,

Ω(f) = Ω0
e−πft/Q

[1 + (f/fc)γn]1/γ
(4.1)

where f is the frequency, Ω0 is the long period amplitude, fc is the corner frequency,

Q is the quality factor, t is the travel time between the station and the source, n is

the high-frequency fall of rate and γ is the sharpness of the transition between the

flat and decreasing parts of the spectrum [12, 13]. The most critical parameter is the

corner frequency which determines the break frequency in the spectrum. The corner

frequency is directly related to the radius of the ruptured area.

The seismic moment is defined as

M0 = µSD (4.2)

where µ is the rigidity, D is the average offset on the fault, and S is the area of

fault [14,15].
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When the corner frequency and seismic moment are obtained, stress drop can be

calculated using Equation 4.3 as

△σ =
7

16

(
fc
kβ

)3

M0 (4.3)

where β is shear wave velocity, k is 0.32 for P waves, fc is the corner frequency and Mo

is the seismic moment [16]. The magnitude of the low-frequency flat part in the body

wave spectrum depends on parameters such as seismic moment, geometric propagation,

and body wave velocity.

Earthquake occurs on preexisting cracks when the shear stress (τ) overcomes the

normal stress (σ) times the frictional strength of the fault (µ). As the shear stress on

a fault zone increases it becomes likely for a rupture to occur. Another way to initiate

rupture is to decrease the normal stress. For earth problems effective normal stress

needs to be considered, where the influence of pore pressure is taken into account.

Amonton’s Law [17] for friction is modified to include the influence of pore pressure.

This equation is

τ = µ(σ − p) (4.4)

where p is pore pressure, σ is the shear stress and µ is normal stress [1]. By increasing

pore pressure, the effective normal stress decreases at high fluid pressure. Thus one

can infer that an increase in pore pressure may lead to an increase in seismic activity.
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In this study, we obtain both the corner frequency and seismic moment from the

waveform spectra. The formulation proposed by Godano et al. (2015) was used to

calculate the scalar seismic moment from the P-wave spectral amplitude [18],

M0 =
4π

√
ρ0ρsc0csc

2
0Ω0

FcGc

(4.5)

where ρ0 is the density of the source zone, ρs is the density of the receiver zone(respectively

2600 kg · m−3 and 2300 kg · m−3), c0 is P wave velocity at the source region, cs is P

wave velocity at the receiver region(respectively 6100 m/s and 4800 m/s), Fc is the

average radiation coefficient of P wave (0.52) and Gc is the geometrical spreading of P

wave [19].

In order to calculate seismic moment, the corresponding ΩP
0 value is determined

using the amplitude of the flat part of the spectrum of each station. Subsequently, the

magnitude of the moment is calculated based on this value. To estimate the value of the

seismic moment, the average of seismic moment values is taken from different stations,

and the moment magnitude (Mw) is obtained using the seismic moment magnitude

(Mo) relationship.
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5. RESULTS

5.1. Application to 2017 Ayvacık Earthquakes

5.1.1. Determination of Station-Specific Q Factor

In order to obtain source parameters such as corner frequency and spectral am-

plitude, it is crucial to correct the path effects. Specifically, the estimation of the

corner frequency is strongly dependent on the accurate correction of the attenuation

(Equation 4.1). Attenuation is often characterized using the seismic quality factor (Q).

The quality factor is a measure of the number of cycles required for the amplitude to

decay to 1/e of the original value. Since the number of cycles for a source-station path

depends on the frequency of the body waves, the correction and the choice of the Q

value significantly change the amplitude spectrum and the estimation of the corner

frequency. Choosing the right Q value is especially crucial when we derive the corner

frequency, and thereby the stress drop, from the spectrum analysis [20,21].

An average quality factor value was determined for the P waves at each station

using the average attenuation curves of earthquakes. A single quality factor (Q) value

was used for each station. For the P wave, Q = 150 was used for the KOCA station,

while Q = 350 was used for the EZN station. The spectral decay of various earthquakes

and spectral decay of modified Brune model using the best fitting quality factor (Q)

value at KOCA station as shown in Figure 5.1.
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Figure 5.1. Velocity and displacement and waveforms (top) and normalized spectra

(bottom) of earthquakes that occurred in the Tuzla region recorded at KOCA station.

The thick blue spectrum curve indicates a modified Brune spectrum with a corner

frequency of 5 Hz and a quality factor of 150.

As seen in Figure 5.1, the normalized spectra of earthquakes with varying magni-

tudes and different corner frequencies indicate similar falloff curves at high frequencies.

For each earthquake, the most compatible corner frequencies were determined accord-

ing to the fit of the normalized Brune amplitude spectrum to the data. As seen in

Figure 5.1 demonstrates that the average attenuation coefficient of source-station pairs

with similar locations is very close to each other.
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5.1.2. Determination of Corner Frequency

To determine the best-fit corner frequency, a displacement spectrum model was

fitted to the observed P-wave spectrum. Generally, the far-field displacement formula

has been selected γ = 1 , n = 2 parameters in Equation 4.1 by proposed Brune

1970 [12].

In the study, two stations (KOCA and EZN) were used for the calculation of

P-wave corner frequency. For each earthquake, the most compatible corner frequencies

were determined according to the fit of the normalized Brune amplitude spectrum to

the data using a grid search. Corner frequencies were determined for a total of 106

earthquakes using P waves. Moment magnitudes were calculated for 139 earthquakes

with ML > 2.8 from the P wave spectra. Examples of waveforms, amplitude spectra,

and best-fitting model results for some of the earthquakes that occurred in 2016 and

2017 are shown in Figures 5.2 and in Figures 5.3. The P corner frequencies were

determined by taking the logarithmic mean of the corner frequency values obtained

from different stations for each earthquake. Table 1 displays the corner frequency

values.

Figure 5.5 shows the relationship between earthquakes, their local magnitudes,

and corner frequencies. Although significant variations were observed in corner fre-

quencies of earthquakes with similar magnitudes, they generally appear consistent with

earthquake magnitude relationships.
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Figure 5.2. Displacement waveforms for the P wave(left) and waveforms used for the

frame are shown(blue). The names of the earthquake records are specified above.

Framed P waveforms (middle). The spectrum of the P wave(red) with best fitting

Brune spectra (right).
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Figure 5.3. Displacement waveforms for the P wave(left) and waveforms used for the

frame are shown(blue). The names of the earthquake records are specified above. The

spectrum of the P wave(red) with best fitting Brune spectra(right).

5.1.3. Calculation of Moment Magnitude

The corner frequency of earthquakes provides information about the duration and

length of fault rupture. The flat portion of the spectrum at frequencies lower than the

corner frequency is utilized for calculating the moment magnitude of earthquakes. In

this study, after calculating the corner frequencies, the moment magnitude of earth-

quakes was calculated using the region where the spectrum is flat. After calculating the

moment magnitude values of each earthquake at different stations, the averages were

taken to determine the moment magnitude from the P waveforms. The calculation of

the scaler seismic moment from the P wave spectrum in Equation 4.5 is based on the

formulation proposed by Godana et al. [18].
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Figure 5.4. Comparison of local magnitudes and moment magnitudes obtained from

P waves. The thick black line indicates the case where both the equal.

As shown in Figure 5.4, Comparison of the moment magnitude calculated in this

study with local magnitude calculated by AFAD. This comparison generally shows a

good fit, but there is some scattering. On the other hand, it has been observed that

local magnitudes are systematically larger than moment magnitudes, especially for

earthquakes larger than 4.
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5.1.4. Calculation of Stress drops

Following the determination of the corner frequency of each earthquake, the seis-

mic moment of each earthquake was calculated using the flat portion of the spectrum as

described in Equation 4.3. Using the amplitude of the flat portion of the displacement

spectrum, the moment magnitude (Mw) values for each earthquake at various stations

were computed, and the average of these values was utilized to determine the moment

magnitude.

In Figure 5.5 illustrates the variations in stress drop over time. During the 2017

activity, significantly high-stress drop earthquakes are observed. The geographical

distribution of stress drops is presented in Figure 5.6. Furthermore, in Figure 5.7

illustrates the stress drop in relation to distance and time from the geothermal reservoir

(2016-2017). In Figure 5.8 displays the stress drop based on the distance from the

geothermal area for the year 2017 activity.

The distributions shown in Figures 5.7 and Figures 5.8 indicate a significant num-

ber of larger magnitude earthquakes with substantial stress drop in close proximity to

the geothermal energy region. However, it is noteworthy that the distribution appears

to be quite scattered. In Figure 5.7 also shows that the activity started close to the

geothermal power plant and spread to the Tuzla fault.

In Figure 5.8 shows the average distribution of stress drop over different time

intervals. In addition, the seismic activity in the Ayvacık region has been computed as

the daily seismicity rate. The seismicity catalog was obtained by combining data from

AFAD and KOERI data base.
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Figure 5.5. Temporal distribution of stress drop of earthquakes that occurred in 2016

in Tuzla region, (b) Temporal distribution of stress drop of earthquakes that occurred

in 2017 in Tuzla region, (c)Relationship between moment magnitude and corner

frequency, (d)Relationship between stress drop and moment magnitude.

In Figure 5.5(d) relationship between stress drop and moment magnitude is ex-

plored. The values of earthquakes with magnitudes 2.8 and below were excluded from

the analysis due to the high attenuation observed in these earthquakes, which may

lead to an overestimation of the corner frequency. Therefore, only earthquakes with a

magnitude greater than 2.8 (Mw > 2.8) were included in the analysis.
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Figure 5.6. The distribution of stress drops of earthquakes in 2017 Ayvacık

earthquakes(given in MPa).The region indicated by triangle shows the location of the

geothermal power plant facility.
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Figure 5.7. The stress drops of earthquakes that occurred during the period of

2016-2017 are represented based on their distance from geothermal power plants and

time. The stress drops are shown logarithmic scale and measured in MPa units.
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Figure 5.8. The stress drops of earthquakes that occurred during the period of 2017

are represented based on their distance from geothermal power plants and time. The

stress drops are shown logarithmic scale and measured in MPa units.
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Figure 5.9. Seismicity rate (blue curve) and temporal evolution of the mean stress

drop. The horizontal lines show the average stress drop values of earthquakes within

the time interval(left axis). Uncertainty bars represent 1− σ standard deviations

from the mean values. The seismicity distribution was calculated on a daily basis

with 5 days weighted averages (right axis).

Prior to the seismic activity in 2017, the average stress drops showed a declining

trend. In the second half of the year 2016, the average stress drop is about 3 MPa.

However, with the onset of the seismic activity in January 2017, the stress drops

increased significantly. Typically the stress drop values of earthquakes range between

1 and 10 MPa, as reported by Abercrombie and Rice [22]. The investigation of stress

drop values in the Ayvacık region indicated that they fell within the normal range.

Nevertheless, during the onset of the seismic activity between 2016 and 2017, the

average stress drop values were very close to 10 MPa, close to the upper limit of the

normal range. At the beginning of 2016, the fewer earthquakes and lower seismic

activity levels may have resulted in less conclusive average stress drop values.
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During the 2017 activity, the elevated stress drop values in the geothermal area

can be attributed to changes in pore pressure. The pore pressure alterations lead to

a decrease in effective normal stress, consequently leading to a higher shear slip and

therefore higher stress drop.
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6. DISCUSSION

The stress drop values of earthquakes in the Tuzla-Ayvacik region obtained in

this study range from 0.06 MPa to the highest value of 33.16 MPa. The 2017 swarm

is also associated with relatively high values of stress drops with a mean value around

7-9 MPa.

Allmann and Shearer studied 2000 earthquake with mb ≥ 5.5 in Japan [23]. They

found earthquakes with stress drop values between 0.3 and 50 MPa. The median of the

stress drop values is 4 Mpa and is independent of magnitude. According to Baltay the

mean stress drop and apparent stress does not show significant variation except some

anomalous activities [24] . Considering the median value of 4 MPa and mean values of

7-9 MPa during the 2017 earthquake swarm in Ayvacık, it is clear that on average the

anomalous activity has high stress drop.

Eyidoğan argues that since the geothermal power plant production began in 2012,

the seismic activity in Ayvacık region has been increasing and larger magnitude earth-

quakes started occurring with increasing geothermal power plant activity. He argues

that the extraction and reinjection of fluids changes the stress environment leading to

earthquakes along the Tuzla Fault [25] .

On the other hand, it is challenging to relate the geothermal power plant activity

to seismicity. The relocated hypocenter locations of the 2017 activity clearly indicate

a listric dipping fault structure consistent with the normal focal mechanisms. The

depth range of earthquakes vary from vary several km to 15 km. Considering that the

geothermal power plants operate in the top several km, direct correlation of earthquakes

at 10-15 km depth with the extraction and injection of fluids requires further research.

However, observations that the activity started near the geothermal reservoir and at

shallow depths might be an indication that the geothermal activity might have triggered

the 2017 swarm.
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Staszek studied the Geysers Geothermal Field in California. He find that the high

stress drop earthquakes occur when injection rate starts to decrease [26]. Nikurashin

and Kwiatek carried out that a decrease in stress drop associated with higher pore

fluid pressure during geothermal injection in Switzerland. These examples show that

while changes in stress drop are observed, relation to the injection rates are not straight

forward [27], [28].

In the case of Tuzla activity, since we do not have access to extraction and

injection rates, a direct comparison can not be made. However, considering that the

geothermal power plant is close to the normal fault, where the largest stress orientation

σ1 is vertical, and the activity started near the operation site, it is viable that small

changes in stress conditions, such as fluid extraction and injection, changes in pore

pressure leading to anomalous seismic activity.

Gezer found a correlation between the locations of geothermal fields and the

b-value parameter. The spatiotemporal analysis of earthquake data along the Saros-

Ayvacık-Edremit reveals an increase in b-values prior to the 2014 and 2017 earth-

quakes, followed by a subsequent decline, signifying distinct seismic behavior during

these events [29] .
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7. CONCLUSION

In this study, we examined the activity along the Tuzla Fault in the Ayvacık

region of Çanakkale before, during, and after the seismic crisis of 2017. Considering

that the region is characterized by a geothermal reservoir that is actively exploited by

geothermal power plants, it is important to understand the source characteristics of

the earthquakes during this unusual activity.

In that regard, we study the stress of drops of earthquakes in the region. Our

results show that the stress drop values for earthquakes before the 2017 activity are

relatively low with values around 1 MPa. The stress drop values during the high rate

of activity during the first 2 months of 2017 are highly variable, but on average are

relatively high about 8 MPa. The mean stress drop in the region before the earthquake

is about 3 MPa. This rapid increase of stress drop values might be related to the pore

pressure changes. Whether the shallow geothermal activity of extracting and injecting

ground water leads to earthquakes at the depths of 10-15 km requires further research.
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9. Konca, A. O., S. E. Güvercin, H. Karabulut, F. Turhan and T. Bekler, “Analysis

of an Unusual Seismic Activity of a Geothermal Reservoir in Ayvacık, Çanakkale,
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Table 1: The parameters of the 139 earthquakes(Mw >

2.8) between 2016 and 2017 .(Cont.)

Date latitude longitude fc(Hz) Mw △σ(MPa)

2016.023 39.5000 25.9790 5.7 3.5496 21.6865

2016.024 39.5170 26.0030 5.46 2.9000 2.0328

2016.026 39.4980 25.9840 6.1 3.2496 9.4309

2016.028 39.5050 25.9940 8.98 2.8496 7.5732

2016.035 39.6400 26.0740 6.8 2.9663 4.9107

2016.121 39.5800 26.0440 5.4 3.0264 3.0265

2016.173 39.5100 25.9930 7.1 3.0199 6.7265

2016.180 39.4120 25.9260 1.5 3.2179 0.1257

2016.180 39.4590 25.9720 3.3 3.1232 0.9650

2016.180 39.4130 25.9140 4.0 3.7646 15.7487

2016.180 39.4320 25.9340 8.03 2.8496 5.4189

2016.181 39.3940 25.9160 3.5 3.0168 0.7972

2016.183 39.4140 25.9440 3.3 2.9983 0.6268

2016.184 39.4220 25.9390 3.6 3.1990 1.6277

2016.187 39.4240 25.9720 1.5 3.3102 0.1729

2016.204 39.4240 25.9520 7.2 2.9318 5.1744

2016.297 39.5020 26.0310 6.10 2.9000 2.8228

2016.297 39.5050 26.0460 7.60 2.8496 4.5815

2016.357 39.5340 26.1490 3.89 2.8000 0.5206

2017.002 39.5340 26.1490 7.6 3.0000 7.7020

2017.014 39.5370 26.1360 0.8 4.2474 0.6676

2017.015 39.5390 26.1080 3.6 3.4496 3.8679

2017.015 39.5400 26.1240 5.1 3.4000 9.2656

2017.018 39.5440 26.1120 3.5 3.1000 1.0626

2017.020 39.5370 26.1520 5.6 3.1330 4.8778

2017.027 39.5420 26.1220 1.3 3.1464 0.0639



33

2017.028 39.5440 26.1120 5.1 3.1496 3.9019

2017.030 39.6100 26.4350 5.6 3.6880 33.1687

2017.033 39.5420 26.0950 5.79 2.8000 1.7088

2017.037 39.5410 26.1170 0.5 4.9497 1.8434

2017.037 39.5310 26.1090 1.1 3.4467 0.1092

2017.037 39.5220 26.1250 3.3 2.8284 0.3486

2017.037 39.5380 26.1320 5.4 3.1984 5.4821

2017.037 39.5290 26.1030 1.8 3.8987 2.2805

2017.037 39.5430 26.1190 5.1 3.3496 7.7853

2017.037 39.5480 26.1090 5.7 3.0741 4.1970

2017.037 39.5210 26.1150 2.7 3.8000 5.4734

2017.037 39.5600 26.1260 5.1 3.5000 13.0880

2017.037 39.5300 26.1140 3.9 3.4496 4.9177

2017.037 39.5390 26.0910 3.6 3.6469 7.6458

2017.037 39.5120 26.1020 3.9 3.5412 6.7477

2017.037 39.5500 26.0790 5.1 3.3496 7.7853

2017.040 39.5470 26.0970 4.1 3.6497 11.4042

2017.040 39.5420 26.0960 5.0 3.2309 4.8688

2017.040 39.4190 26.1350 2.96 2.9000 0.3243

2017.040 39.5290 26.1640 5.18 2.8496 1.4512

2017.040 39.5150 26.1310 7.0 2.9595 5.2325

2017.040 39.5500 26.0660 7.0 3.3990 23.8758

2017.040 39.5550 26.0900 4.62 2.8496 1.0296

2017.040 39.5460 26.1210 5.15 2.9000 1.7040

2017.040 39.5330 26.0390 4.90 2.9000 1.4613

2017.040 39.5390 26.0700 4.7 3.2309 4.0440

2017.040 39.5270 26.1960 4.63 2.8496 1.0368

2017.040 39.5390 26.0580 4.14 2.9000 0.8830

2017.040 39.5430 26.1680 2.22 2.8496 0.1153
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2017.040 39.5280 26.1250 5.6 3.1278 4.7910

2017.041 39.4380 26.2060 3.92 2.8000 0.5314

2017.041 39.5390 26.0620 4.2 3.3643 4.5747

2017.041 39.5430 26.0390 7.0 3.0652 7.5380

2017.041 39.5170 26.1620 1.4 4.5475 10.0878

2017.041 39.5250 26.0070 3.92 2.9000 0.7507

2017.041 39.5450 26.0510 4.14 2.9000 0.8830

2017.041 39.5320 6.1400 5.180 2.9000 1.7271

2017.041 39.5440 26.0830 5.75 2.8000 1.6784

2017.042 39.5230 26.1790 3.1 3.5412 3.3888

2017.042 39.5510 26.1360 2.2 3.9497 4.9657

2017.043 39.5380 26.0560 3.6 3.7987 12.9158

2017.043 39.5150 26.1170 0.9 4.6433 3.7311

2017.043 39.5360 26.1580 4.1 3.1937 2.3608

2017.043 39.5560 26.1160 2.4 3.6497 2.2874

2017.044 39.5230 26.1870 5.1 3.5000 13.0880

2017.045 39.5440 26.1470 3.5 3.3496 2.5163

2017.045 39.5390 26.1610 3.4 3.2000 1.3759

2017.045 39.5010 26.0630 6.8 3.0984 7.7498

2017.045 39.5400 26.0890 4.6 3.1984 3.3887

2017.046 39.5040 26.1490 6.5 3.1969 9.5116

2017.046 39.4900 26.1960 6.1 3.3289 12.4023

2017.047 39.5150 26.0590 2.5 3.9887 8.3375

2017.047 39.5160 26.0850 4.3 3.1984 2.7680

2017.047 39.5350 26.1740 4.3 3.3496 4.6663

2017.047 39.5080 26.0580 6.8 3.1984 10.9469

2017.048 39.5700 26.0760 5.1 3.1496 3.9019

2017.048 39.5320 26.1910 7.6 3.2000 15.3676

2017.050 39.5380 26.1790 5.2 3.0989 3.4716
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2017.050 39.5350 26.1710 5.44 2.8496 1.6842

2017.051 39.5780 26.1730 3.13 2.8496 0.3202

2017.051 39.5120 26.0160 6.11 2.8496 2.3872

2017.052 39.5250 26.0270 5.7 3.0463 3.8128

2017.052 39.5030 26.0180 6.1 3.1496 6.6766

2017.054 39.5520 26.0970 1.9 4.0622 4.7176

2017.054 39.5000 26.2020 7.60 2.8000 3.8602

2017.054 39.4990 26.2200 6.8 3.1663 9.7981

2017.054 39.4960 26.2200 4.2 3.5321 8.1670

2017.058 39.4920 26.0650 6.1 3.1496 6.6766

2017.059 39.5070 26.0720 4.6 3.2985 4.7884

2017.060 39.4750 26.0280 3.1 3.6964 5.7923

2017.060 39.4890 26.0360 5.0 3.0663 2.7576

2017.060 39.4920 26.1320 5.50 2.8496 1.7364

2017.060 39.5050 26.0690 4.2 3.2288 2.8649

2017.060 39.4800 26.0450 10.03 2.8496 10.5464

2017.060 39.5010 26.2110 12.52 2.7495 14.5134

2017.060 39.4900 26.0640 2.5 2.9307 0.2158

2017.060 39.4960 26.0840 4.37 2.8496 0.8719

2017.060 39.5130 26.0470 3.28 2.9000 0.4396

2017.060 39.4830 26.2190 4.90 2.9000 1.4613

2017.060 39.4990 26.0200 5.78 2.9000 2.4019

2017.061 39.4820 26.0630 3.7 3.6469 8.3008

2017.061 39.5060 26.0580 4.6 3.2496 4.0442

2017.064 39.5140 26.0920 7.1 2.9983 6.2429

2017.066 39.5210 26.1740 6.0 3.1000 5.3533

2017.067 39.4920 26.1200 8.4 3.0496 12.3425

2017.068 39.5490 26.0680 5.1 2.9462 1.9327

2017.069 39.4420 26.2240 3.3 3.0984 0.8857
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2017.069 39.4510 26.2250 2.7 3.1496 0.5790

2017.073 39.5280 26.1930 8.4 3.0000 10.3993

2017.074 39.5170 26.1700 5.4 3.0496 3.2790

2017.077 39.5170 26.1450 6.4 2.9933 4.4942

2017.077 39.5240 26.1630 8.0 3.1496 15.0603

2017.079 39.5270 26.1700 5.1 3.5496 15.5337

2017.079 39.5470 26.1610 1.3 4.0000 1.2190

2017.080 39.5340 26.1810 6.10 2.8496 2.3719

2017.083 39.5470 26.0980 2.4 4.1988 15.2405

2017.085 39.5020 26.1660 6.4 3.2000 9.1771

2017.087 39.5640 26.0200 7.6 3.1464 12.7704

2017.096 39.5610 26.0750 7.6 2.9983 7.6569

2017.097 39.5460 26.1790 3.8 3.4986 5.3878

2017.100 39.5370 26.2030 5.78 2.8496 2.0182

2017.100 39.5420 26.1540 4.59 2.9983 1.6882

2017.101 39.5460 26.0930 6.4 3.3985 18.2161

2017.120 39.5280 26.2080 11.87 2.9000 20.7922

2017.130 39.5280 26.1700 4.36 2.9000 1.0320

2017.140 39.5120 26.1740 11.21 2.9000 17.5263

2017.140 39.5070 26.1940 5.78 2.9000 2.4019

2017.167 39.5130 26.0660 8.49 2.9000 7.6204

2017.188 39.5270 26.1670 10.60 2.8496 12.4504

2017.201 39.5640 26.0010 9.5 3.1496 25.2194

2017.213 39.5310 26.1660 3.8 3.1464 1.5963

2017.251 39.5700 26.0470 4.6 3.2000 3.4075

2017.326 39.5910 26.1130 4.1 2.9496 1.0161




