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ONSOZ

Yer Bilimlerinde sayisal modelleme

Giliniimiizde niceliksel analiz ve tekniklerin yer
bilimleri ve ilgili alanlardaki disiplinler arasi
arastirma konularinda yaygin olarak kullanildig:
iyi bilinmektedir. Ustelik, zamansal ve mekansal
olarak degisen, tiim dlgek ve boyutlardaki (2B ve
3B) tahmine dayali modeller aracilifiyla, kiiciik
parcalarin “biiyiik” bir resme nasil sigabilecegi
konusunda daha iyi bir anlay1s ortaya konmaktadir.
Modelleme, diinya ¢apinda trend olan arastirma
konulart gibi Tirkiye’deki yer bilimlerinde
de yeni gelisen bir alan olarak bilinmektedir.
Tiirkiye Jeoloji Biilteni kapsaminda yayinlanan
bu 6zel say1, yer bilimlerinde modellemenin temel
kavramlarini ele alan 5 makaleden olusmaktadir.

Sengiil Uluocak’m calismasi, gliniimiizde
jeodinamik modellemedeki algoritmalarin veri
toplama ve analizlerin 6nemli rollinii nasil gdzden
kacirabilecegine dair mini bir inceleme ve degerli
bir tartisma sunuyor. Yazar, tektonige uygulanan
modellemedeki belirsizlikleri azaltmaya yardimci
olabilecek c¢agdas probleme dayali c¢oziimler
onermektedir.

Sengiil Uluocak ve Emin Ulugergerli, sayisal
modellemeyi jeofizikten elde edilen gozlemlerle,
yani Ozdireng yontemiyle birlestiriyor. Yazarlara
gore, bu yeni veri-modeli iligkisi kavrami, yeni
bir is akisini tanimlayabilir ve atik sahasmin
boyutunun ortaya ¢ikarilmasi gibi mevcut kentsel
cevre sorunlari igin kullanilabilir.

Eskive Sozbilir, SAR interferometri verilerini
Bati Anadolu’nun en aktif bi¢imde deforme
olan (genisleyen) bolgelerinden birinde tektonik
problemi ¢dzmek icin yorumlamaktadir. Ozellikle
yazarlar, sismik deprem donglisii sirasinda
a-sismik hareketin, graben kenarindaki gecici
yiizey yer degistirmelerinin ana nedenlerinden biri
oldugunu vurgulamaktadir.

Karaoglu’'nun  sayisal  modeli, Orta
Anadolu’'nun Kapadokya volkanik bolgesindeki
magma odasmin altindaki sicaklik degisimine
iligkin bir tahmin sagliyor. Bu hesaplamalar,
manyetotelliirik  ¢alismalardan  elde  edilen
varsayimlarla desteklenerek, yer kabugunun en st
birka¢ km’sindeki potansiyel jeotermal hedefleri
konusunda yol gostermektedir.

Son olarak Bodur’un analitik hesaplamalari
bize yeryiiziindeki topografik gecislerin manto
akisia bagli gerilimler tarafindan nasil kontrol
edilebilecegini gosteriyor. Bu, izostasiye ek olarak
vurguladigi dinamik topografya kavramina yeni bir
boyut katryor. Dahasi, plakalara uygulanan bu tiir
bazal gerilimler, yalnizca topografik degisiklikleri
yonlendirmekle kalmiyor, ayn1 zamanda kitalarin
egimini de kontrol ediyor.

Bu alanda gelecekteki yonelimleri goz
Onlinde bulundurarak, test edilebilir niceliksel
modellemenin jeoloji, jeofizik ve miihendisligin
yerini almas1 anlamina gelmedigini, bunun yerine
farkli hipotezler arasinda ayrim yapmak igin
anahtar rol istlendigini belirtmek gerekir. S6z
konusu yer bilimleri calismalarinda kullanilan
sayisal modellemenin ana disiplinleri tamamlayan
derin ve pratik bir yontem oldugunu yinelemek
isterim.

Misafir Editor
Oguz Hakan GOGUS
ORCID: https://orcid.org/0000-0002-6199-303X



PREFACE

Quantitative modeling in Earth Sciences

Nowadays, it is well established that quantitative
analyses and techniques account for cross-
disciplinary research topics in earth sciences and
related fields. Moreover, through predictive earth
models in all scales and dimensions (2D and 3D),
varying temporally and spatially, we develop a
better understanding about how small pieces can
fit into a “big” picture. Akin to trending research
topics around the globe, modeling is an emerging
field in Tiirkiyes earth sciences. This special
issue published under the Geological Bulletin
of Tiirkiye, consists of 5 papers in which each
publication addresses the fundamental concepts
of modeling in the broad field of earth sciences.

The work by Sengiil Uluocak provides a mini
review and valuable discussion on how algorithms
in geodynamic modeling may overlook the
important role of data acquisition and analyses.
Author suggests that contemporary problem
based solutions that may help to diminish the
uncertainities in modeling applied to tectonics.

Sengiil Uluocak with Emin Ulugergerli
combines numerical modeling with observations
derived from geophysics, namely the resistivity
method. According to authors, this data-model
feedback can describe a new workflow between
the two and may be used for current urban
environmental problems, such as revealing the
extent of the waste disposal site.

Eski and Sozbilir interprets the SAR
interferometry data to one of the most actively
deforming (extending) regions in western Anatolia.
Specifically, authors emphasize that a-seismic
(probably creep) motion during interseismic
earthquake cycle is one of the main reasons for
transient surface displacements in the graben
margin.

Numerical model by Karaoglu provides an
estimate for the temperature variation beneath
the magma chamber in the central Anatolia’s
Cappadocia volcanic province. These calculations
can delineate the potential geothermal targets in
the top few kms of the earth’s crust, supported by
postulations from magnetotelluric studies.

Finally, the analytical calculations of Bodur
shows us how topographic transients on earth can
be controlled by mantle flow related stresses. This
adds a new dimension into the concept of dynamic
topography where recent discoveries highlight
this in addition to isostasy. Furthermore, such
basal stresses exerted to the plates not only drive
topographic changes but also control tilting of the
continents.

Considering future directions in this field, 1
would like to reiterate that testable quantitative
modeling is NOT meant to be a replacement for
geology, geophysics and engineering rather it is a
profound and practical method for complementing
these major disciplines while providing key control
for distinguishing among competing hypotheses.

Guest Editor
Oguz Hakan GOGUS
ORCID: https://orcid.org/0000-0002-6199-303X
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Abstract: Numerical models have found widespread use in geosciences, mainly due to high-resolution datasets and
the development of supercomputing facilities with powerful data processing and storage capabilities during the past
two decades. Instantaneous and time-dependent geodynamic modeling studies were carried out in many regions of
the Alpine-Himalayan orogenic belt, including the Anatolian Plate, to investigate mantle dynamics such as lower
lithosphere deformation, upper mantle flow, and their surface implications.

This study focuses on the instantaneous numerical modeling technique by considering multidimensional
thermomechanical models in the Central and East Anatolian plateaus. To this end, conventional geodynamic
modeling processes are explained with a conceptual flow chart that shows a feed-forward backpropagation modeling
architecture which is nonlinearly fed by a large parameter space. While addressing a complex natural phenomenon
controlled by variables on a wide range of space-time scales, the limitations as well as advantages of numerical
models are analyzed.

In addition to conventional techniques, systematic data improvement is discussed as a new strategy in data/
parameter-dependent numerical model design through an iterative process based on the Grounded Theory method
for the construction of an explanatory theory from the model. This involves not refinement but (re)construction of the
data (i.e., measurement/analysis/scaling) as an effective way to reveal theory/information grounded in data.

It is speculated that this procedure, which includes problem-oriented data reconstruction accompanying the
numerical modeling process, may provide an integrated perspective for instantaneous numerical modelling.

Keywords: Anatolian Plate, geodynamic modeling, geophysics, Grounded Theory, numerical model.

Oz: Sayisal modeller, son yirmi yilda yiiksek ¢oziiniirliiklii veri setleri ve giilii veri isleme ve depolama kapasiteleri
olan stiper bilgisayar olanaklari sayesinde yer bilimlerinde yaygin bir kullanmim alami bulmugstur. Alt litosfer
deformasyonu, tist manto akisi ve bunlarin yiizey etkileri gibi manto dinamiklerini arastirmak ig¢in Anadolu Levhasi
da dahil olmak iizere Alp-Himalaya orojenik kusagimin bir¢ok bélgesinde anlik ve zamana bagl jeodinamik
modelleme ¢aligsmalart yapilmistir. Bu ¢alisma, Orta ve Dogu Anadolu platolarinda ¢ok boyutlu termomekanik
modelleri dikkate alarak, anlik sayisal modelleme teknigine odaklanmaktadir:. Bu amagla, geleneksel jeodinamik
modelleme siiregleri, genis bir parametre uzayt tarafindan dogrusal olmayan bir sekilde beslenen ileri beslemeli
geri yayitlim modelleme mimarisini gésteren kavramsal bir akis semast ile a¢iklanmaktadir. Cok ¢esitli uzay-zaman
olceklerindeki degiskenler tarafindan kontrol edilen karmasik bir doga olayini ele alirken, sayisal modellerin

Correspondence / Yazisma: ebrusengul@comu.edu.tr, © 2024 JMO Her hakk saklidwr/All rights reserved
ebrusengul@gmail.com http://tib.jmo.org.tr
http://dergipark.gov.tr/tjib


https://doi.org/10.25288/tjb.1318091
https://doi.org/10.25288/tjb.1318091
https://orcid.org/0000-0002-6701-463X

Ebru Sengiil ULUOCAK

tistiinliiklerinin yam sira svurlamalart da burada analiz edilmektedir. Geleneksel tekniklere ek olarak, sistematik
veri iyilestirme, modelden ac¢iklayici kuramin olusturulmasinda Temellendirilmis Kuram yénteminin yinelemeli bir
stireci araciligryla veri/parametre bagimli sayisal model tasariminda yeni bir strateji olarak tartisilmaktadr. Bu,
verilere dayanan teoriyi/bilgiyi ortaya ¢ikarmanin etkili bir yolu olarak sadece veri iyilestirmeyi degil, verilerin
(veniden) insasini (yani 6l¢iim/analiz/6l¢eklendirme gibi) icerir. Sayisal modelleme siirecine eslik eden problem
odakl veri yeniden yapilandirmasint gésteren bu prosediiriin, anlik sayisal modellemeye biitiinlesik bir bakis agisi

saglayabilecegi diisiiniilmektedir.

Anahtar Kelimeler: Anadolu Levhas, jeodinamik modelleme, jeofizik, Temellendirilmis Kuram, sayisal model.

INTRODUCTION

Multidimensional instantaneous (time-
independent/present-day) and time-dependent
(evolution) numerical models are a complex form
of scientific hypotheses (Oreskes et al., 1994) that
are used to investigate internal planetary forces that
consistently affect the Earth’s topography, plate
boundaries, crustal and lithospheric deformation
processes (e.g., Pysklywec et al., 2000; 2002;
Pysklywec and Beaumont, 2004; Ismail-Zadeh
and Tackley, 2010; Flament et al., 2013; Faccenna
and Becker, 2010; 2020; Gerya, 2022; Davies
et al.,, 2023; Lanari et al., 2023). Numerical
models, therefore, help to better understand
complex natural processes that can be controlled,
for example, by the rheology of materials (and/
or viscosity, King, 2016) such as temperature,
density, and petrographic properties at a wide
range of spatiotemporal scales. Rheology is used
here to refer to the flow of materials in liquid and/
or solid-state, which indicates viscous behavior
rather than elastic deformation in response to
applied forces (Ranalli & Murphy, 1987) by
analogy with the motto “everything flows (névrta
pel)” of Simplicius of Cilicia, an Anatolian
philosopher and mathematician (1st century BC,
Beris and Giacomin, 2014).

In this paper, the focus is on instantaneous
geodynamic models involving a process of
theory construction from data to investigate
time-independent variations originating in the
upper mantle. To this aim, numerical models
in the Anatolian Plate are considered (Sengiil
Uluocak et al., 2016; 2021) with a discussion
about the heuristic nature of numerical modeling

in geosciences. First, the numerical modeling
strategy was analyzed through the conventional
modeling approach and then a systematic
problem-oriented data reconstruction procedure
is discussed as an improvement to the numerical
geodynamic modeling design.

INSTANTANEOUS GEODYNAMIC
MODELING ARCHITECTURE

Multidimensional thermomechanical models of
the Central and East Anatolian plateaus (Sengiil
Uluocak et al., 2016; 2021), which are discussed
here specifically, were conducted following
the conceptual flow chart in Figure 1, partly
presented for conventional numerical modeling
(e.g., Ismail-Zadeh and Tackley, 2010). That
is, the model inherently begins with a research
problem and continues in turn with the definition
of physical and mathematical models, numerical
methods and coding, and subsequent construction
of explanatory theories. The systematic research
process in Figure 1 refers to a feedforward (forward
modeling) backpropagation (inversion) modeling
architecture where the geodynamic concept
determines what type of data will be used in the
model and the data (observations and/or laboratory
experiments) feeds the model
This approach involves evaluating the results
and tuning/adjusting parameters and boundary
conditions to avoid oversimplification and/or
missing inputs, although some simplifications
(e.g., 3-layered earth model, Figure 2a) are
inevitable when modeling spatially-temporally
constrained 3-dimensional (3D) natural processes.

nonlinearly.
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Figure 1. Conceptual flow chart showing feed-forward backpropagation modeling architecture for the instantaneous
numerical geodynamic model. Orange arrows indicate the data reconstruction procedure following the Grounded

Theory (GT) method.

Sekil 1. Anlik sayisal jeodinamik model i¢in ileri beslemeli geri yayilimli modelleme mimarisini gésteren kavramsal
akis semast. Turuncu oklar Temellendirilmis Teori yontemini izleyen veri yeniden yapilandirilmasi siirecine isaret

etmektedir.

Possible mismatches between estimations
and multidisciplinary independent datasets are
optimized systematically during the inversion
procedure using empirical approaches, as well
as statistical and probabilistic inversion methods
(e.g., Van Zelst et al., 2022 and references
therein). This is shown as confirmation in Figure
1, implying the legitimacy of the estimation (e.g.,
Oreskes et al., 1994). In practice, following visual
inspection including pattern recognition and
qualitative comparison, the independent variables

are iteratively renewed to achieve the most possible
unique result (viz. empirically adequate result,
e.g., Oreskes et al., 1994 and references therein)
that addresses the research problem. For instance,
comparing spatial patterns and amplitudes is a
common way to analyze the agreement between
model results and observations (e.g., Sengiil
Uluocak et al., 2019; Faccenna and Becker, 2020).
Thus, finally, the model provides an ultimate
result with insight that enables the modeler to
(re)produce and/or to (re)interpret independent



observations (e.g., surface heat flow, magmatism,
density, crustal and lithospheric boundaries)
and relate them to the natural phenomena (e.g.,
lithospheric removal, crustal extension).

In Central and Eastern Anatolia (Figure 2),
numerical models were designed based on material
properties derived from numerous observations
and laboratory experiments (e.g., Ranalli, 1995;
Hirth and Kohlstedt, 1996; 2003; Naliboff and
Buiter, 2015; references in Sengiil Uluocak et al.,
2021) with three compositional layers (i.e. crust,
lithospheric mantle, and asthenosphere) extending
from the surface to depths of 1000 km (Figure
2b) and 600 km (Figure 2d). Average thicknesses
for crustal and lithosphere-asthenosphere (LAB)
boundaries (ranging from ~30-43 km for the
Moho, ~60-140 km for the LAB, e.g., Seber et
al., 2001; Starostenko et al., 2004; Pamukc¢u et
al., 2007; Zor, 2008; Molinari and Morelli 2011;
Priestley et al., 2012; Priestley and McKenzie,
2013; Laske et al., 2013; Kheirkhah et al., 2013;
Yegorova et al., 2013; Karabulut et al., 2019) were
used (e.g., 36 km and 60 km in Central Anatolia,
Figure 2b). Densities were obtained from seismic
data (Piromallo and Morelli, 2003) and have good
agreement with the latest high-resolution seismic
tomography models, especially in terms of large-
scale variations of upper mantle structures beneath
the Anatolian Plate (e.g., Portner et al., 2018;
a compilation of seismic tomography models
in Sengiil Uluocak et al., 2021). Thermal fields
were obtained based on the thermal expansion
rule; p(T) = p, (1-aAT), where p, is the reference
density (e.g., Figure 2b) and a is the coefficient
of thermal expansivity (K™!). The temperature
gradient (AT, Figure 2b) with normal geotherms
was used to obtain the temperature field (cross-
section in Figure 2d, Karato, 1993; Demetrescu
and Andreescu, 1994; Shaw and Pysklywec, 2007,
Komut et al., 2012; Sengiil Uluocak et al., 2016).

In the mathematical model (Figure 1), thermal
convection and deformation were calculated for an
incompressible medium by using the Boussinesq
approximation for the conservation equations of

Ebru Sengiil ULUOCAK

mass (, momentum , and energy , where v is the
velocity -m/s; is the stress tensor; is density; g is
the gravitational acceleration- m/s? C, is specific
heat capacity- J/kg/K; T is the temperature-K; t
is time-s and k is thermal conductivity-W/m/K)
(e.g., Fullsack, 1995; Bangerth et al., 2019). The
stress tensor () changes depending on the plastic
yield stress and viscous stress in the calculations ()
(e.g., Pysklywec et al., 2000; Glerum et al., 2018;
Bangerth et al., 2019; Van Zelst et al., 2022 and
references therein). The effective viscosity () is a
function of the second invariant of the deviatoric
strain rate tensor () and temperature , where B is the
viscosity parameter (Pa™s™), n is non-Newtonian
viscosity exponent, Q is activation energy (Jmol
) and R is the universal gas constant (Jmol'K™).
The transition zone was defined by considering
viscosity variation between the upper and lower
mantle in the 2D model (i.e., a 100-fold increase in
viscosity at 660 km depth) along the profile A-A’
(Figure 2a and 2b). Boundary conditions were set
as a free surface on the top allowing for dynamic
topography caused by normal fluid stresses in the
underlying mantle, and free slip for the rest of the
boundaries.

Since the process requires the analysis and
calculation of large volumes of data, all models
were run on supercomputing clusters using
different open-source libraries and numerical
modeling codes based on the finite element
method (SOPALE and ASPECT, Fullsack, 1995;
Pysklywec et al., 2002; Kronbichler et al., 2012;
Heister et al., 2017; Bangerth et al., 2019). Time-
dependent changes, such as erosion, internal
heating and sedimentation, were neglected in the
instantaneous models. Estimations were obtained
from a series of numerical results testing different
parameters (test/tunning) densities,
thicknesses, strain rates/viscosity, and temperature
configurations in the investigated regions. The
reader is referred to Sengiil Uluocak et al. (2016;
2021) for further details of the initial parameters
used in the numerical models.

such as
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Figure 2. a) Location of Profile A-A’ (33°E) in Central Anatolia. b) 2D temperature variations with Moho and LAB
interfaces (black lines, see text for references). ¢) Dynamic topography along the profile in Central Anatolia. Gray
arrows in (b) show the upper mantle-induced convection pattern (modified from Sengiil Uluocak et al., 2016). d) 3D
variation of cold upper mantle structures with mantle flow vectors from the surface to a depth of 600 km. Cross-
section of the temperature field (42°E) beneath Eastern Anatolian Plateau (modified from Sengiil Uluocak et al.,
2021).

Sekil 2. a) Orta Anadolu, A-A’ Profilinin konumu (33°E). b) Moho ve LAB ara yiizleri (siyah ¢izgiler) ile 2B sicaklik
degisimi (kaynaklar metinde sunulmustur). ¢) Orta Anadolu’yu kesen profil boyunca dinamik topografya. (b) deki
gri oklar iist manto tarafindan indiiklenen konveksiyon modelini/dokusunu gostermektedir (Sengiil Uluocak vd.,
2016 dan diizenlenmistir). d) Soguk iist manto yapilar: ve manto akis vektorlerinin yiizeyden 600 km derinlige degin
3B degisimi. Dogu Anadolu Platosu altindaki sicakligin kesiti (42°E) (Sengiil Uluocak vd., 2016 dan diizenlenmistir).



RESULTS and DISCUSSION

2D and 3D mantle flows are presented with
temperature models mainly based on seismically
inferred mantle structures beneath the Anatolian
Plate (Figure 2). The purpose here is to show
variations with a discussion of overall findings
and introduce an iterative process of the Grounded
Theory method to obtain the most unbiased/unique
modeling results. Accordingly, thermomechanical
model estimations (Figure 2b-d) indicate long-
wavelength (> ~150 km) dynamic support of the
observed topography (~ 1 km in Central Anatolia,
Figure 2¢) in response to the upwelling mantle
beneath the plateaus. Along the cross-section (A-
A’, Figure 2a) cutting across Central Anatolia, the
result shows the upper mantle support imaged as
northward flows through the Cyprus slab tear in
the south of the study area (Figure 2b). Towards the
north of the profile, return flows that are bounded
by the dense/cold material of the Black Sea region
and the northward subducted ruptured-Cyprus
slab accumulating in the mantle transition zone are
observed (Figure 2b). The 3D model, on the other
hand, reveals a significant SW-NE directional
mantle flow at long wavelengths with a westward
regional flow pattern in the East Anatolian Plateau
(Figure 2d). These general findings are in good
agreement with numerous observations (e.g.,
Biryol et al., 2011; Legendre et al., 2021; Sengiil
Uluocak et al., 2016; 2021 and references therein)
and lithospheric removal hypotheses proposed for
these parts of the Anatolian Plate. For instance, a
lithospheric drip under the Central Anatolian arc/
Kirsehir arc (Gogis et al., 2017) and lithospheric
delamination or progressive lithospheric peeling
under the East Anatolian crust (Gogiis and
Pysklywec, 2008; Memis et al., 2020) support
the idea that the study regions are isostatically
uncompensated and significantly affected by
an upwelling mantle in concordance with slow
upper mantle seismic tomography anomalies
(e.g., Portner et al., 2018; Kounoudis et al., 2020;
Sengiil Uluocak et al., 2016; 2021).
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As a result, it can be concluded from the
modeling estimations here that multidimensional
instantaneous
obtained by the conventional modeling approach
provide useful information about the upper
mantle-induced forces and their surface effects
in the study regions. Yet it should be noted that
relative quantitative results may involve some
uncertainties/inconsistencies mainly due to the
limited knowledge of subsurface structures and
poorly constrained data used in the numerical
models (e.g., Sengiil Uluocak et al., 2019; Petrescu
etal.,2023). In this case, a high-resolution physical
model with data (such as density, temperature,
etc.) sensitive to relatively small-scale structures
(e.g., crustal heterogeneities), for instance,
could be used to improve numerical results and
interpretations. The crust-based model with a
viscously strong lithospheric layer beneath the
Central Anatolian Plateau, the T-2 model based
on the latest regional tomography data in Eastern
Anatolia, and the combined temperature model
(Model-2) in the Southeast Carpathians are some
examples of model improvement applications
(Sengiil Uluocak et al., 2016; 2019; 2021).
Refinements of parameters and thus of results (i.e.
inversion in conventional modeling) will not be
further elaborated here. From a critical point of
view, however, it can be argued that the estimations
are often data (and/or parameter)-dependent and
that sometimes problem-oriented refinements to
the data may be necessary to exploit the heuristic
results of the numerical model.

thermomechanical models

Overall, given that the results of geodynamic
models are not unique and their accuracy may
not be fully tested, ultimate outcomes exclusively
provide an approximation to nature with an
argument that needs to be falsified. Unlike the
standalone mathematical models and numerical
coding of the principals driving the flow in the
upper mantle, verification and/or validation of the
estimations might be impossible mainly due to
geodynamic models with empirically-based input
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parameters not being closed systems in which all
components are correct and founded independently
(Oreskes et al., 1994; Chandra et al., 2019).
Namely, there is no ultimate model that satisfies
all observations and solves the whole conundrum
with a complete 3D view of mantle deformation.
It should also be noted that a more complex model
does not necessarily mean a more reliable/accurate
result (e.g., Van Zelst et al., 2022). Contrarily in
fact, I suggest that a simple model, with a heuristic
nature derived from a wide parameter space, often
says more. This is the case especially with the
results obtained from the conventional modeling
approach that also includes empirical inversion
processes as discussed here. The implication
is that while addressing a complex research
phenomenon by using instantaneous numerical
geodynamic models, it is worth considering the
discrepancies as well as consistencies between
results and independent observations, and/or
previous hypotheses. For example, the relationship
of the modeling results with relatively small-
scale Pontides-cold anomalies and uppermost
mantle structures beneath Eastern Anatolia (i.e.,
slab fragments, Figure 2) does not appear to be
consistent with previous hypotheses and/or with
some of the regional seismic tomography models
(e.g., Sengiil Uluocak et al., 2021 and references
therein). That is, an active drip-like deformation
and/or a piecemeal Tethyan slab foundering are
not generally accepted hypotheses to explain the
lithospheric removal beneath Central and Eastern
Anatolia, respectively. However, model results
may lead the interpretation of upper mantle-
induced forces, as well as the emergence of new
research questions for the detailed study on related
anomalies.

Unlike the hypothesis-dependent evolution
models (theory-first), instantaneous numerical
models (facts-before-theory) are substantially
dependent on the resolution and sensitivity of the
chosen primary data sets, even if optimization has
been made during the inversion stage to achieve

possible unique/adequate results. Leaving aside a
methodological discussion on what counts as data
and the fundamental so-called secure knowledge
used to measure/collect it, the a priori theory
only considered in thermomechanical models
is that nature with observable properties can be
known using scientific methods without requiring
pre-formulated postulates. In other words, the
numerical models shown here were designed based
on data (observations and laboratory experiments)
without any previous theoretical input (e.g., slab
tear, lithospheric drip, and delamination, etc.),
therefore, information that is embedded in data
plays an important role in the results. To extract
this information (a theory according to the context
here) from data, performing data analysis and also
measurements iteratively during the modeling
procedure may be suggested as a way to improve
data quality/sensitivity and/or problem-oriented
data acquisition at scales chosen in the numerical
models. These processes shown as orange arrows
in Figure 1 indicate not adjustment and/or
refinement but the substantial reconstruction of
data. Namely, orange arrows imply a relationship
between the modeling problematic and the process
of data construction (i.e., measurement/analysis/
scaling) and show a practical way to improve
numerical models using problem-oriented data.
Hence, the question of “observations: what for?”
(e.g., Sengor, 2019) involves a dynamic process in
numerical modeling and is iteratively re-answered
by reconstructing the data in each problem.

In this manner, the proposed modeling
procedure follows orthodox Grounded Theory
(GT), which was first introduced by Glaser
and Strauss (1967) for qualitative research in
social science as a strategy to construct a theory
inductively derived from data. Since then, the GT
method has been elaborated further and extended
for different quantitative and qualitative research
areas (e.g., Strauss & Corbin, 1990; Glaser 1992;
Diazetal.,2023). All in all, as can be inferred from
the conventional GT perspective, which shares a



‘bottom-up’ conception of scientific inquiry with
the abductive theory of method (e.g., Magnani
et al.,, 2018 and references therein; Danermark
et al., 2019), data used in the instantaneous
numerical model should be approached in the
most unbiased way possible, with a strategy that
involves iteratively reconstructing data (with or
without data collection) that should be followed
to understand what the data implies. Together, my
analyses lead to the conclusion that the modeling
approach introduced here could be highly
functional for modelers/geoscientists in terms of
avoiding data waste for the sake of theory and by
eliciting theory grounded in data.

GENISLETILMIS OZET

Bu c¢alismada, yer bilimlerinde karmasik bir

arastrma  olgusu ele almirken  kullanilan

Jjeodinamik sayisal modellerin  metodolojisi

tizerinde bir tartisma yiiriitiilmiistiin. Bu amacla
oncelikle,  geleneksel  sayisal  jeodinamik
Anadolu  Levhasindaki

(Orta ve Dogu Anadolu platolary) giincel

modelleme  yontemi,
(zaman-bagimsiz) 2 ve 3-boyutlu termomekanik
modellerden (Sengiil Uluocak vd., 2016; 2021)
yararlanilarak ve Sekil 1’de sunulan kavramsal
akis semasindaki adimlar izlenerek aciklanmistir.
Calismada orneklendirilen modellerin sonuclart
(Sekil 2) genel olarak degerlendirilmis, giincel-
kasithiklar
ve tistiinliiklerine deginilmistir Bu asamada

¢ok boyutlu sayisal modellerin
modellerin dogast geregi elde edilen goreceli
degisimler ve dolaysiyla jeodinamik model
tasarmminda bir iyilestirme stratejisi olarak sayisal
modellemede  sistematik veri yapilandirmast
lizerinde durulmustur. Onerilen bu yaklasim
burada da orneklendirilen ve zaten yapilagelen
veridiizeltme/iyilestirme siire¢leriyanisira, sayisal
modelleme calismalarinda kullanilan verinin
onemli olgiide probleme dayali olarak (veniden)

insasint icermektedir. Boylelikle, sosyal bilimlerde
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yaygin olarak kullanilan Temellendirilmis Kuram
yaklasiminin yer bilimlerinde sayisal modelleme
dikkat

¢ekilerek, hipotez (buradaki kavramsallastirma

stratejisi  kapsamindaki  kullanimina

dogrultusunda;  kuram) ugruna veriyi goz
ardr  etmekten ka¢inmada ve veriye dayall
kuramin ortaya ¢ikarilmasinda Yer Bilimciler/
Modelciler icin son derece iglevsel olabilecegi

degerlendirilmistir.
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Oz: Yer bilimleri ile ilgili bir arastirmada, jeolojik veya mithendislik problemlerini incelerken, modelleme calismalar
iki asamal1 olarak islev gormektedir; i) arazi calismasindan dnce dl¢tim parametrelerinin elde edilmesi (kavramsal
model) ve ii) arazi ¢alismasindan sonra, kavramsal model yardimiyla tahmini yeralti modelinin dogrulugunun
kontrol edilmesi. Sayisal modelleme siireci her iki agamada da tek basina yeterli olmamakla birlikte, disiplinler aras1
calismalardan elde edilen ek bilgilerle sayisal modellerin gergekgi bir yeralt1 yapisina yakinsamast miimkiindiir.

Bu makalede yerbilimlerinde kullanilan modelleme ¢alismalar ile ilgili bir is akisi tanimlanmistir ve Canakkale
(Tiirkiye) eski diizensiz kat1 atik depolama alaninda gerceklestirilen bir ¢evre kirliligi arastirmasi bu is akisi takip
edilerek sunulmustur. Buna gore, kavramsal bir modele gore belirlenen dogrultularda elektrik 6zdiren¢ yontemi ile
tomografi Olciileri alinmis, calisma alanin yeralt1 6zdireng yapisindan gozeneklilik kesiti elde edilerek, varsayimsal
iki boyutlu (2B) sayisal birlesik kirlilik iletim modeli tiretilmistir. Sonuglar, jeofizik dl¢timlerin yapildigi yillar (2004,
2008 ve 2009) ve sayisal modelleme zamani (13,6 y1l) boyunca depolama sahasindan kaynaklanan kirliligin mekansal
ve zamansal degisimini gostermektedir. Ayrica, sayisal modelleme sonuglari, olasi aragtirma profilinin uzunlugu ve
derinligi ile (sirastyla, ~40-250m ve 0-25 m), ileride bu bolgede yapilabilecek kirlilik ¢aligmalart i¢in kavramsal
bir model sunmaktadir. Sonuglar, acik atik depolama alanmi gibi kirletici bir kaynaktan yayilan kirlilik bulutunun
uzamsal ve zamansal yayilimina duyarli sayisal modeller ve jeofizik caligmalarin birlikte degerlendirilmesinin
onemini gostermektedir.

Anahtar Kelimeler: Cevre kirliligi, kavramsal model, sayisal modelleme.

Abstract: In an earth science-related research study, while investigating geological or engineering problems,
numerical modeling functions in two stages, i) prior to the fieldwork, obtaining the survey parameters (conceptual
model), and ii) subsequent to the fieldwork, confirming the accuracy of the estimated subsurface structures with the
help of the conceptual model. Although the numerical modeling process alone is not sufficient in both stages, it is
possible to converge the numerical models into a realistic subsurface structure with additional information obtained
from interdisciplinary studies.

In this article, a workflow is proposed employing modeling studies used in earth sciences. Environmental
pollution studies carried out on a now-unused open waste disposal site in Canakkale (Tiirkiye) are presented
following this workflow. Accordingly, tomography measurements were made by using the electrical resistivity method
along the profiles determined based on a conceptual model, and then a hypothetical two-dimensional (2D) combined
solute transport model was produced by obtaining the porosity cross-section from the subsurface resistivity structure
of the study area. The results show the spatial and temporal variation of pollution in the landfill during the years
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that geophysical measurements (i.e., 2004, 2008, and 2009) were taken, and the numerical modeling time (13,6 yrs).
Besides, the numerical modeling results provide a conceptual model for future pollution studies in this area, with
the length and depth of the possible survey profile (~40-250 m and 0-25 m, respectively). The results emphasize the
importance of evaluating geophysical studies together with numerical models sensitive to the spatial and temporal
spread of the pollution cloud emitted from a polluting source, such as an open dumpsite.

Keywords: Conceptual model, environmental pollution, mumerical modeling.

GIRIS

“Tim modeller yanligtir” istatistikte yaygin
olarak kullanilan bir 06zdeyis (aphorism) ve
kesinsizlik (anapodoton) ifadesidir. Box (1976);
“Biitiin modeller yanligtir, bazilar1 faydalidir”
inli satirmi1  yazdigi makalesinde, modelden
elde edilecek bir bulgunun her durumda dogru
olup olmadigini tartismanin sonsuza dek siirecek
bir kisir dongii olacagini, bunun yerine model
sonuglarinin glinliik hayatta yararli bir sekilde
uygulanip uygulanamayacagina daha fazla
odaklanilmas1 gerektigini belirtmistir. Benzer bir
anlayisla parametre, baginti ve yaklasimlardaki
kisitlamalar  nedeniyle  gerek  istatistiksel
gerekse de sayisal modellerin her zaman gercek
yapiy1 acgiklamada yetersiz kalacagi, ancak
dinamik diinyay1 anlamada oldukc¢a kullanish
olabilecekleri sdylenebilir. Bu nedenle, disiplinler
aras1 arastirmalarda genellikle yeni ve hatta
bulussal denebilecek sonuglar, modelleme siireci
ve model varsayimlari hakkindaki tartismalardan
ve soyutlamalardan tiiretilir. Boylelikle modeller
aslinda, gozlemlenen bilgilere neden olan
karmagik sistemler ve mekanizmalar hakkinda bir
diisiinme bi¢imi saglarlar.

Son yillardaki bilgisayar teknolojilerindeki
ilerlemelerin de etkisiyle, sayisal modeller
kullanarak firetilen bilginin, yer bilimlerinde
hizli bir gelismeye ve yorum giiciinde artisa
yol ag¢tif1 soylenebilir. Bu calismada sayisal
modellemenin yer bilimlerindeki kullanimi genel
olarak tamimlanmis, Ozglin bir ¢evre jeofizigi
arastirmast ile de orneklendirilmistir. Ornek
calismada 1989-2009 yillar1 arasinda etkin
olarak kullanilan Canakkale diizensiz kati atik
alanindan kaynaklanan ¢evre kirliligi dogru akim
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elektrik 6zdireng yontemi ile aragtirilmistir. Ayrica
kirliligin zaman bagimli yayilma &riintiisii sonlu
elemanlar yontemi kullanilarak modellenmistir.
Jeofizik 6lcii sonuglari ile birlikte basitlestirilmis
yer yapist modeli, atiktan kaynaklanan kirleticinin
(sizint1 suyu) yer igindeki yayilim siirecine bir
yaklagim saglamaktadir. Buna gore izleyen
boliimlerde oOncelikle modelleme tanimi ele
alarak yeraltinin goriintiilenmesi ¢alismalarinda
nasil kullanildigr 6zetlenecek, ardindan ornek
uygulama degerlendirilecektir.

MODELLEMEDE GENEL TANIM ve
YAKLASIMLAR

Yer bilimlerinde sayisal modellemede kullanilan
terminoloji, makale igerigine uygun bicimde genel
bir ¢ercevede aciklanacaktir. Deginilen tanimlarin
amacabagliolarak genisletilebilecegi ve istatistikte
onemli bir ¢calisma alan1 olan rastgeleligin burada
gbz Online alinmadigi unutulmamalidir. Buna
gore; i) veri, tekrarlanabilir gdzlem veya deney
stiregleri ile elde edilebilen, ayni1 kosullar altinda
(vani, sabit zaman araligi, alet ve konum gibi)
tekrarlanabilir ~ (yeniden-iiretilebilir)  6zelligi
olan, nicel veya anlam kaybi olmadan nicele
cevrilebilen bilgiler biitiinli olarak tanimlanabilir.
ii) Parametre, modelde kullanilan ve verinin
iiretilmesinde etkili olan nicel veya anlam kaybi
olmadan nicele cevrilebilen degistirgenlerdir. iii)
Deney veya gozlem, bir veya daha fazla baginti
ile tanimlanabilen ve tekrarlanabilir nicel bilgi
iireten siireclerdir. iv) Modelleme, bagint1 ve/veya
islem dizileri kullanilarak, deney ve/veya gozlem
stirecinin matematiksel olarak tanimlanmasi ve veri
hacmi de dikkate alindiginda bilgisayar ortaminda



Yer Bilimlerinde Modellemeye Genel Bir Bakis; Cevre Jeofizigi Uygulamalarindan Cikarimlar

canlandirilmasi (simiilasyon) calismasidir.
Modelleme bir veya daha fazla ardisik siirec
igerebilir ve burada tiim bu siire¢ “doniisiim islemi”
olarak tanimlanmistir (Sekil 1). v) Kavramsal
veya diisiinsel model, calisma alaninda arastirilan
soruna yonelik olarak beklentiler dogrultusunda
olusturulan yer/yap1 tanimidir. Kavramsal modelin
matematik bagint1 ile tanimlanma zorunlulugu
yoktur. Ornegin litolojik bilgilerden veya jeolojik
birimleri temsil eden nicel degerlerden olusabilir.
vi) Bu calisma ¢ercevesinde belirti, en sade
tanimu ile, cevresine gore farklilik gosteren nicel
veri olarak tanimlanmistir. G6zlemden beklenen,
ortalamadan farkliliklarin, yani belirtilerin ortaya
konmasidir.  Genellestirilmis bir modelleme
stireci Sekil 1’de sunulmustur. Sekilde parametre
girdiyi tanimlarken, veri ¢ikt1 veya olas1 gozlem
degerleridir. Kuramsal olarak modelleme siireci
tersine dondiiriilebilir ve veriyi olusturan parametre
arastirilabilir. Sekil 1’de gri ve siyah oklar amaca
gore farkli islem siireclerini tanimlamaktadir.
Sekil 2’de ise parametre, doniisiim islemi ve veri
tanimlar i¢in nicel ve nitel modelleme Ornekleri
yer almaktadir. Sekil 1 ile iligkilendirildiginde
girdi bir islem sonucunda ¢iktiya dontismektedir.
Yukarida deginildigi gibi kuramsal olarak bu
islem tersine isleyebilir. Yani Sekil 1 ve 2,
parametreden verinin, veriden de parametrenin
eldesinde (diger bir ifadeyle diiz ve ters ¢dziim
islemlerinde) sayisal modellemenin kullanimini
tanimlar. Girdi ve ¢iktinin yer degistirebilecegini
gostermek sekillerde igin ¢ift yonlii ok isaretleri
kullanilmustir.

pe }-&
islemi

Sekil 1. Bir modelleme siireci sematik gosterimi. Gri
ve siyah oklar amaca gore segilecek siirecleri
tanimlamaktadir.

Figure 1. Schematic representation of modeling
process. Gray and black arrows define selected
processes according to the aim of the research.
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Kiregtasi Metamofizma Mermer
Jeolojik
birimlerin Dalga Si
kahnhklar ve denklemi Ismogram
sismik hizlari
Tabakali D e

stratigrafi

Sekil 2. Sayisal ve sayisal olmayan modelleme
ornekleri.

Figure 2. Examples of numerical and non-numerical
modeling.

Genellestirilmis bir arastirma donglisii goz
oniine alindiginda,
yeri, diger jeofizik aramalara da kolayca
uyarlanabilir bigimde, jeotermal arastirma ornegi
dikkate almarak iki evrede (diiz ve ters ¢oziim)
aciklanmigtir. Sekil 3’te sunulan siireg, arastirma
probleminin ve buna bagli olarak da kavramsal
jeolojik modelin tanimlanmasi ile baslar.
Kavramsal model olmadan aragtirmanin yapilmasi
ve sonuclarinin degerlendirilmesi sistematik bir
yaklasim olmayip, kisir bir dongiiye yol acabilir.
Incelenen bolgeye iliskin dogrudan nicel bilgiye
mekanik sondaj olmadan ulasilamayacagindan,
onceki calismalardan, laboratuvar ve/veya arazi
Ol¢iimlerinden elde edilen veri ve parametreler
ile (Ornegin Ozdireng degerleri), yani alani
tanimlayabilecek fiziksel etkilere bir yaklagim
ile kavramsal model olusturulur (6rn., Cumming,
2009). Ornek olarak bir jeotermal alandan beklenen
litoloji ve 6zdireng deger aralig1 kavramsal model
olarak Sekil 4’te sunulmustur (Johnston vd.,
1992). Uygulanacak jeofizik yontemlerin se¢imi,
onerilen jeofizik Ol¢limlere fiziksel degisimlerin
etkisi incelenerek yapilir. Bu seg¢imde aranan
yapinin olasi boyutu, icerigi (6rn., gézenekliligi,
stv1 igerigi, mineral bilesimi vb.) gibi bilgilerin
tanimlanacagi kavramsal model ile yontem
iligkisi, yontemin duyarlilig1 ve uygulanabilirligi

modelleme c¢aligmalarinin



de dikkate alinarak (lojistik vb. ile) analiz edilir.
Diger bir ifadeyle, kavramsal modelin sayisal
ifadesi olan matematiksel model ile farkli jeofizik
yontemlerin verecegi belirti hesaplanir; yani
kuramsal veri elde edilir (Sekil 1, gri oklar).
Kavramsal modelden elde edilen kuramsal
veriye bagli olarak, yapisal boyut beklentileri
ile yontemin duyarlilig1 karsilastirilir ve yetersiz
kalan yontem(ler) elenir. Jeofizik yontemler
igcinde yerin elektriksel 6zelliklerine duyarli olan
bircok yontem olmasina karsin, Manyetoteliirik
(MT) ve Dogru Akim Elektrik Ozdireng (DAO)
yontemleri jeotermal aramacilikta yaygin olarak
kullanilmaktadir ve hangi yontemin kullanacagina
ve birden fazla yonteme gerek olup olmadigina bu
asamayla karar verilir.

Tamm

-Arastirma probleminin
tamimlanmasi ve probleme
iligkin fiziksel etkilerin
belirlenmesi/6ngoriilmesi
-Kavramsal modelin
olusturulmasi

Yorumlama Secim
-Bulgulari
jeoloji ile
bagdastirma

-Fiziksel degisime
duyarl (jeofizik)
yontemlerin

e s segilmesi
-Sondaj yerine
karara verme -Yapisal boyut —
yontem duyarlihg
ile yontemleri
simflama/eleme

(Sondaj logu
igin galisma
plani)

Uygulama
-Alan galigmasi
ile veri
toplanmasi
-Veriye uygun
degerlendirme
yontemi segin
-Modelleme

Tasarim
-Segilen
yontemin
uygulama
tiirtiniin
incelenmesi
-Alan
caligmasinin
belirlenmesi

Sekil 3. Aragtirma dongiisii.
Figure 3. Research cycle.

Arastirmanin izleyen agamasinda kavramsal
model ve segilen yontemin dayandigi farkli
fiziksel parametreler (gozlem siireci degiskenleri)
ile elde edilebilecek en uygun veri tiirii (Sekil 1,
gri oklar) ve bu veriden kestirilebilecek en ayrmntili
yapisal bilgi tanimlanmaya ¢alisilir (yapiya iligkin
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uzanim ve derinlik gibi degiskenlerin belirlendigi
ters ¢0ziim evresi, Sekil 1, siyah oklar). Veriden
parametrelerin kestirimlerinde bilgi kaybi en az
diizeyde olmalidir. Yani Sekil 4 6rnegindeki kil
kapak model sonuglarindan elde edilemiyorsa
kavramsal model degil, secilen arazi uygulama
parametreleri diizeltilmelidir (6rn., MT frekans
araligl, istasyon aralifi se¢imi gibi). Arazi
parametreleri olarak adlandirilan bu degiskenlerin
belirlenmesi ile birinci modelleme evresi
tamamlanmis olur. Kavramsal modelin icerdigi
ayrintilara bagl olarak tiim yapisal degisimlerin/
birimlerin/katmanlarin ~ temsil  edildigi  bir
kuramsal veri elde edilemeyebilir. Bu durum, ya
yontemin veya kavramsal modeldeki genis bir
aralikta degisen parametrelerin neden oldugu
kisit olarak degerlendirilir. Jeofizik yontemden
kaynakli alan bagimli kisitlamalar, daha sonraki
asamalarda g6z Oniine alinmasi gereken bir bilgi
notu olarak dikkate alinir ve ¢alismanin yontemi
ve/veya hedefi yeniden tanmimlanir. Ornegin
Sekil 4’te sunulan modelde “rezervuar” yerine
kil tiirevlerinden olusan kapak hedef alimir. Bu
asamaya kadar arazi ¢aligmast yapilmamaktadir.

Kil
kapak

Rezervuar A
(Propilitik) :

Sekil 4. Jeotermal alan i¢in kavramsal model (Johnston
vd., 1992°den degistirilerek).

Figure 4. Conceptual model for a geothermal field
(modified from Johnston et al., 1992).
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Modelleme yapilarak belirlenen alanda
uygulama parametreleri (saha/arazi/alan
parametreleri) ile olglimler gergeklestirilir. Alan
uygulama parametreleri 6l¢lim tiirii kadar 6lglim
noktalarinin  (istasyonlarinin)  dagilimmi da
(6rnekleme araligi) belirlemektedir. Ardindan
ol¢lim teknigi ve dl¢lim istasyonlarma (ayrik dlgi
durumunda, 6rn., diisey elektrik sondaj-DES) ve/
veya Ol¢lim dagilimina gore (siirekli 6l¢ii durumu-
ornegin elektrik 6zdireng tomografi-EOT) veriye
uygundegerlendirme yontemisecilir(Sekil 1, siyah
oklar). Ikinci evre modelleme ¢alismasi ise arazi
Ol¢iimlerinden kavramsal modelin bilesenlerinin
kestirilmesi icin gergeklestirilir (ters ¢dziim). Bu
evrenin basarisi kavramsal modelle karsilagtirma
ve “Tasarim” asamasinda (Sekil 3) ortaya c¢ikan
kisithiliklar ¢ergevesinde degerlendirilir. Model
kestirimleri (bulgular) gercek jeoloji/yapr ile
benzestirilerek/iliskilendirilerek sondaj yerine
karar verilir. Tasarim asamasindaki beklentilere
(yapisal bilgilere) ulagilamamasi durumunda
“Tanim” asamasina geri doniiliir. Farkli bir yontem
veya yontemler dizisi ile dongii tekrarlanir.
Kuramsal model parametrelerinin yinelemeli
olarak kestirimi ve kuramsal ile arazi verisi
uyumsuzlugunun en kiigiiklenmesini igeren ters
¢oziim yontemleri (Sekil 1, siyah oklar) hakkinda
literatiirde oldukca fazla yayin bulunmaktadir
(6rn., Meju, 1994; 2009; Canitez, 2003; Zhdanov
2002; Menke, 2018) ve calismada bu konuya
ayrintilt deginilmeyecektir.

Uygulamada Karsilasilan Sorunlar

Modelleme konusunda genellikle, i) boyut
kavraminin anlagilmamasi; ii) Ol¢iim ile yer/
yapt arasindaki iligkinin  bilinmemesi; iii)
degerlendirmede kullanilan farkli yazilimlarin
(bilgisayar kodlariin/programlarin) ayni islevde
oldugunun varsayilmasi (son kullanici hatalari);
iv) yontem ve dolayisiyla elde edilecek veri
kisitlarinin alan bagimli oldugunun anlasilamamast
gibi nedenlerle hatalar yapilmaktadir.
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Boyutluluk
Modelleme  asamasinda  kullanilan  boyut
basitlestirilmis jeolojiyi tanimlamaktadir.

Tektonizma etkisinde kalmamis ve gorece yatay
konumda tortul birimlerden olusan jeolojik yapilar
jeofizik calismalarda bir boyutlu (1B) olarak
tanimlanmaktadir (Sekil 5a). Burada istifteki her
bir birimin kendi i¢inde tek diize (homojen) ve yon
bagimsiz (izotrop) yapida oldugu varsayildigindan,
sayisal modellerde istifteki bir birim veya birimler
toplulugu tabaka olarak tanimlanir ve kalinlig1 ile
fiziksel 6zelligi (6zdirenci, sismik hizi, yogunlugu
vb.) modelde sabit kabul edilir. Jeolojik yap1 her
yerde ayni oldugu i¢in tek bir 6l¢iim noktasinda
toplanan jeofizik veri (DES, MT, sismik, gravite,
manyetik vb.) ortami1 tanimlamaya yeterli oldugu
varsayilir.

Tektonizmaya maruz kalmis ve birbirinden
acisal olarak ayrilmis birimlerden olusan jeolojik
yapilar ise jeofizik ¢alismalarda iki boyutlu (2B)
olarak tanimlanmaktadir (Sekil 5b). Kartezyen
koordinatlarda  ifade  edildiginde, yapisal
gorlintlinlin y ekseni boyunca arastirma derinligi
esdegeri yatay uzakliga kadar degismedigi
varsayilir. 1B varsayiminin aksine x yoOniinde
yapisal siireklilik olmadigindan sayisal modellerde
istifteki bir birim veya birimler toplulugu y ekseni
boyunca sonsuza uzanan hiicreler ile tanimlanir.
2B durumunda her bir hiicrenin en, boy ve fiziksel
ozelligi (0zdirenci, sismik hizi, yogunlugu vb.)
sabit kabul edilmektedir. x ekseni boyunca
almacak bir dizi dlglim ile yer yapisi bilgisine
ulasilabilir. Bu tiir ortamlarda arazi parametreleri
onem kazanir. Hatali secilen arazi parametreleri
2B modelleme kullanilsa bile 1B benzeri sonug
tiretir.

Ug boyutlu (3B) yapilar ise, farkli ydnlerde
tektonizma etkisinde kalmis, sokulumlar ile
litolojisi degismis birimlerden olusan jeolojik
yapilara karsilik gelmektedir (Sekil 5c¢). 3B
durumunda sayisal modellerde istifteki bir birim
veya birimler toplulugu sonlu boyutta hiicreler
ile tanimlanir. Her bir 3B hiicrenin eni, boyu,



derinligi ve fiziksel 6zelligi (6zdirenci, sismik
hizi, yogunlugu vb.) sabit kabul edilir. Fiziksel
parametrelerin farkliliginin (kontrast) o6lgiilen
veriye tam olarak yansitilabilmesi i¢in dl¢timlerde
ornekleme araligi sik aralikli ve dagilmis olarak
toplanmalidir. Hatali secilen arazi parametreleri
toplanan  verilerin  degerlendirilmesinde 3B
modelleme kullanilsa bile elde edilen yer modeli
birgok yapisal ayrintiy1 igermeyecektir. Bu bilgiler
dogrultusunda Sekil 4’te sunulan bir jeotermal
alanin kavramsal modeli ele alindiginda, sayisal
modelin 1B olamayacagi, 2B yaklagiminin
ise smirli olarak gecerli olabilecegi kolaylikla
belirlenebilir.

Uzamsal boyut kavramina ek olarak zaman
bagimli model degisimleri c¢alismalara konu
olmaktadir. Yani, bir istasyondaki jeofizik 6l¢iimiin
farkli zaman araliklari ile tekrarinda farkli degerler
elde edilebilir ve biitiin degisimler dort boyutlu
(4B) olarak tanimlanip, modellenebilmektedir
(6rn.,, Dimech vd., 2022). Kriy1 akiferlerine
deniz suyu girisimi, atik alanindan kaynakl
sizintinin yer i¢indeki dagilimi gibi ¢evre kirliligi
arastirilmalarinda ve heyelan, deprem gibi dinamik
kuvvetler altindaki yapi/zemin davraniglarinin
arastirilmasinda ve hidrokarbon iiretim sahalarinda
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yapilan iretim izleme c¢aligmalarinda zaman 4.
degisken olarak modellerde dikkate alinmaktadir
(6rn., Wilkinson vd., 2016).

Olgiim ile yer yapisi arast iliski

Olciimlerden elde edilen veriler kavramsal
model boyutundan bagimsizdir. Tek istasyonda
Olciilmiis bile olsa verilerin her zaman karmasik
3B yapilardan etkilendigi ve tiim jeolojik yapilara
ait bilgiyi de igerdigi unutulmamalidir. Bu
nedenle modelin boyutu 6l¢lim istasyonu sayisina
gore degil, kavramsal modele gore secilmelidir,
kavramsal modele bagli olarak Ol¢iim sayisi
ve Olglim istasyonu konumlari belirlenmelidir.
Calismalarin ekonomik boyutu nedeniyle dlgiim
sayisinin azaltilmasi uzak durulmasi gereken bir
yaklagimdir.

Programlarin ayni islevde oldugunun
varsayllmasi

Olgiim say1sina veya 6lgiim istasyonu dagilimina
gbre program secimi, uygulamada karsilasilan
yaygin diger bir hatadir. 2B jeolojik yap1
varsayilarak yapilan Olgiimlerin 1B model

varsayimi ile degerlendirilmesine ornek Sekil
6’da sunulmustur.

R Viiy Ry

.

1B 2B

-
<

3B

Sekil 5. Jeolojik yap1 ve boyut iliskisi (URL1, 2 ve 3).

Figure 5. Geological structure and dimension relationship (URL1, 2 and 3).
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Bu oOrnekte yeralti suyu aranmasi amaciyla
DAO yéntemiyle dlgiimler yapilmistir (ayrintilar
icin Ertekin ve Ulugergerli, 2023). Kavramsal
modele uygun olarak secgilen bes istasyonda
toplanan veriler 2B modelleme (Sekil 6a) ve
1B modelleme (Sekil 6b) varsayimlari ile
degerlendirilmis ve goriiniir 6zdirence bagh yer
elektrik kesitleri elde dilmistir (Sekil 1, siyah
oklar). Buna gore, 1B yap1 yaklasimi her istasyon
arasinda yalanci faylar (stireksizlikler) olusmasina
neden olmustur (Sekil 6b). Uygulamada yaygin
olarak kullanilan 1B sayisal modelleme yapan
programlarin tamaminda bu kuramsal sorun
gorlilmekte ve olusan yalanci faylar yorumlanabilir
yapilar gibialgilanip degerlendirilmektedir. Burada
hatali boyut tanimi, sayisal modelleme yapan
baz1 ticari ve agik kaynak kodlu programlarin,
uygulamacilar tarafindan yanlis kullaniminda da
sorun olmaktadir.

P3

P4

m)

Yontemlerin kisitlarinin anlasilamamasi

Onceki  boliimlerde
yontemlerinin
dogas1 geregi karsilasilan kuramsal kisitliklarin
(¢Oziiniirliik, arastirma derinligi vb.) yani sira
arazide kullanilan Ol¢lim parametrelerine ve
jeolojik birimlerin veya bu birimleri temsil
edebilecek fiziksel degisimlerin dagilimlarina
bagli olarak ek kisitlamalar ortaya ¢ikabilmektedir.
Bu iki kisit birbirine karistirilmakta ve hatah
uygulamalar sonucu elde edilen sonuglar yontemin
zayiflig1 veya eksikligi olarak yorumlanmaktadir.
Unutulmamas1 gereken, bu sorunlar arazi
kosullara gore degisiklik gosterebilir ve ancak
kavramsal modele bagli yapilacak hem olgiim
tasarimi (Ol¢lim noktasi araligi ile dagilimi, kayit
frekans veya zamanlarmin belirlenmesi vb.)
hem de modelleme tiiriiniin se¢imi ile en aza
indirilebilir.

deginildigi
uygulanmasinda

gibi arama
yontemlerin

P5 P6

Derinlik
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Sekil 6. a) 2B modelleme ve b) 1B modelleme varsayimlari ile diisey elektrik sondaj- DES verilerinden kestirilen
yer elektrik kesitleri (Pi: 6l¢l istasyonu numarasi, i=2-6, Ertekin ve Ulugergerli, 2023).

Figure 6. Electrical cross sections estimated from vertical electrical sounding-VES data based on the a) 2D and b)
1D modeling assumptions (Pi: station numbers, i=2-6, Ertekin ve Ulugergerli, 2023).
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UYGULAMA ORNEGIi; CANAKKALE
DUZENSIZ KATI ATIK ALANI CEVRE
KIiRLILiGi ARASTIRMASI

Jeofizik arama yontemleri ve sayisal modelleme
caligmalarinin  birlikte  kullanimi1  diinyada
olduk¢a yaygindir, ancak oOzellikle c¢evre
kirliligi arasgtirmalart kapsaminda iilkemizdeki
uygulamalar1 sinirh sayidadir (Barker, 1990;
McNeill, 1990; Zheng ve Bennett, 1995; Ogilvy
vd., 2009; Karlik ve Kaya, 2001; Olofsson vd.,
2006; Witter ve Phillips, 2012; Uyanik, 2019;
Oyeyemi vd., 2021; Boonsakul vd., 2022). Bu
ornek calismada Canakkale eski diizensiz kati atik
alaninda 4 arastirma dogrultusu (profili) tizerinde
gerceklestirilen 6zdireng tomografi uygulamalari
ozetlenecektir. Ornek calisma, 6nceki boliimlerde
vurgulanan kavramlar dikkate alinarak ve Sekil
3’te sunulan basitlestirilmis genel arastirma
dongiisii izlenerek; 1) Tanim ve Seg¢im, ii) Tasarim
ve Uygulama ile iii) Yorumlama alt bagliklari ile
analiz edilecektir.

Tanim ve Se¢im

Inceleme alan1 (Canakkale Kurugesme Atik alani),
sehir havaalaninin yaklasik 1,5 km giineyinde,
Fistikli vadisi i¢inde yer almaktadir (Sekil 7a). Atik
alan1 1989-2009 yillar1 arasinda vahsi depolama
yapilarak kullanilmis olup, yiizey alan1 61.000 m?,
alandaki toplam atik miktart ise ~850.000 m*’tiir
(Seyfert, 2009). Bolgede stratigrafik olarak alttan
iiste dogru Canakkale Formasyonu, Kuvaterner
yasl aliivyal seki ve aliivyon siralanirken, az
peklesmis tortullardan meydana gelen Canakkale
formasyonu Ust Miyosen-Pliyosen yaghdir
(Aktimur vd., 1993; Deniz, 2005). Diizensiz kati
atik alan1 bu Neojen yash gegirgen (~10+#-10°
cm/s) tortullar lizerinde yer almaktadir ve bolgede
temelde kumtasi seviyeleri olmak iizere, siltli ve
killi seviyeler de gozlenmektedir (Sengiil, 2004;
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Deniz, 2005; Kaya vd., 2007). Caligma alaninin
ana akiferini olusturan aliivyon birim, taneli ve
serbest akifer niteligindedir ve akiferden tarimsal
sulama amach yararlanilmistir (Sengtil, 2004;
Aksakal, 2008). Yeralt1 su seviyesi mevsimsel
olarak degismekle birlikte olduk¢a sigdir (~2 m,
Sengiil, 2004; Kaya vd., 2007).

Diizensiz atik alanlarindan kaynakli kirlilik,
depo gazlarinin sikigmasi, yanmasi ve atmosfere
dogrudan yayilmasi ile koku ve goriintii kirliligi
gibi farkli bagliklar altinda degerlendirilmektedir
(orn., Sengiil, 2004). Ancak rezidans (ikamet)
siiresi ve c¢evresel etkileri dikkate alindiginda,
atik kaynakli kirliligin en 6nemli unsurlarindan
birisi sizinti suyudur. Yiizey ve meteorik
sularin da etkisiyle, atiklardaki ¢oziinebilen ve
¢Oziinemeyen bilesikler, atikta gelisen kimyasal
biyolojik  reaksiyonlar olusan
kirleticiler ile birlikte sizintt suyu olarak tasinir
(6rn., Ozkidik, 1995; Oztiirk vd., 2009). Ozellikle
s1g derinliklerde 6zdireng zitliklari ile -¢oziinmiis
iyon derigimine bagli olarak- tanimlanabilen
¢opliik s1zint1 suyunun, jeolojik birimler ve yeralti
suyu ile etkilesimi ve dolayisiyla sizinti suyu
kaynakli kirlilik bulutunun mekansal ve zamansal
dagilimi jeofizik arastirmanin odagmi olusturur
(genellestirilmis kuramsal model Sekil 7b). Diger
bir ifadeyle, kavramsal model ile basitlestirilerek
sunuldugu gibi, bu uygulama izleyen kuramsal
degerlendirmelere ~ dayanmaktadir; 1)  si18
derinliklerde vadinin boyuna kesiti boyunca
elektriksel olarak yanal degisim sunan (2B)
karmasik yap1 beklentisi; 2) zamana bagl akiskan
Orlintlisiinii tanimlamak i¢in yanal gegirgenligi
yiksek olan tortulardan olusan bir ortam. Burada

Ve sonucu

vadi yapisinin her iki tarafi gegirimsiz birimler
icerdiginden ve uzun siireli kullanim nedeniyle
tortul birimlerin kirleticiye doygunlugu nedeniyle
3B degisim 6ngoriilememistir.
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Sekil 7. a) Canakkale eski diizensiz kati atik alani ve
cevresinin sayisal ylikseklik modeli ve jeofizik Slgii
profilleri (Aksakal, 2008’den degistirilerek). P-1 P-2 ve
P-4 olgileri sirasiyla 2004, 2008 ve 2009 yillarinda,
aynt profil dogrultusunda (6lgtimler birbirleri ile
cakisacak bigimde), P-1’den P-4’¢ artan derinlik
¢Oziintrligi ile elde edilmistir. b) Caligma alaninin
kavramsal modeli (Sengiil, 2004’ten degistirilerek).

Figure 7. a) Digital elevation model of the Canakkale
old open waste disposal site and its surroundings
and geophysical survey lines (modifed from Aksakal,
2008). P-1, P-2 and P-4 were obtained in 2004, 2008
and 2009, respectively, in the same profile direction
(overlapping measurements), with increasing depth
resolution from P-1 to P-4. b) Conceptual model of the
study area (modified from Sengiil, 2004).

Tasarim ve Uygulama

Ozdireng verileri hedeflenen en kiiciik yapisal
degisim ve fiziksel oOzellikler (elektriksel
iletkenlik degisimi) dikkate alinarak, farkh
derinlik seviyelerine duyarli 6rnekleme araliklar
1, 3 m ve 10 m olacak sekilde tomografi teknigi
ile Olgiilmiistiir. Jeofizik ¢aligmalar sirasinda
atik alanin kullanima ag¢ik olmasi ve bdlgede
yiiriitiilen iyilestirme (rehabilitasyon) ¢alismalari,
Olcii profillerinin se¢imi ile sistematik uzamsal-
zamansal 6rnekleme gibi siiregleri zorlagtirmistir.
Buna gore bolgede Sekil 7a ve Sekil 8a’da sunulan
P-1 arastirma profili iizerinde (I m Ornekleme
araligr ile 10 derinlik seviyesi i¢in 2004 yil
oOlciisii, Sengiil, 2004; Kaya vd., 2007) ayn1 KB-
GD dogrultulu, 3 metre ornekleme araligi ile
P-2 profili 6zdireng 6lgiisii alinmistir (Aksakal,
2008). Sekil 8b’de sunulan P-2’ye paralel ve bu
profilin ~1,5 metre dogusunda bulunan P-3’te ise
3 m elektrot araliklari ile 6l¢im yapilmistir (Sekil
8c, Aksakal, 2008). P-4 profilinde (Sekil 9), diger
Olc¢ii profillerine paralel olacak bigimde, alandaki
kirliliginin goreceli olarak bolgesel yayilimi
hakkinda bilgi edinmek i¢in 10 metre drnekleme
araligt ile Ozdireng Ol¢iisii  kaydedilmistir
(Beskardes, 2009). Tim ol¢ii profilleri egime
bagl olarak yeralti suyu akig yoniindedir (Sekil
7). Olgiiler RES2DINV programinda (Loke,
2004) degerlendirilmistir (Sekil 1, siyah oklar).
Bu programda yer elektrik iletkenlik degisimleri
yinelemeli Gauss Newton yontemi ile kestirilmistir
(RMS < % ~10) ve Sekil 8 ve 9°da 2B kesitler
olarak sunulmustur.

Sayisal kirlilik iletim modelinde, doygun
ortam dengeli hal kabulii ile toplam kirletici
tasinimi kismi tiirev denklemi sonlu elemanlar
yontemi kullanilarak hesaplanmigtir (Beskardes,
2009). Modelleme asamasinda toplam kirletici
tasimminin, hem adveksiyon (sadece yeralti
suyu ile kiitlenin taginimi) hem de dispersiyon
ile gerceklestigi, tasinan kirleticinin kimyasal
tepkimeye  girmedigi ve  sOniimlenmedigi
varsayilmistir. Buna gore diizenli bir yeralti suyu
akist i¢in kartezyen koordinatlarda x-yoniindeki
3-boyutlu kirlilik iletim esitligi (Istok, 1989),
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Sekil 8. 2B yer elektrik kesitleri, a) P-1 2, b) P-2 ve ¢) P3 (kiiciik sekil profil konumlarimi gosterir). Siyah oklar atik
alan1 kaynakli kirlenmis bolgeleri gosterir (ayrinti icin metne bakiniz). 2004 (P-1) ve 2008 (P-2 ve P-3) yili elektrik
Ozdireng tomografi dlgiileri sirasiyla 1m ve 3 m 6rnekleme araliklari ile, Wenner-Schlumberger (Sengtil, 2004, Kaya
vd., 2007) ve dipol-dipol (Aksakal, 2008) elektrot dizgeleri kullanilarak elde edilmistir.

Figure 8. 2D electrical resistivity cross sections, a) P-1, b) P-2 and c¢) P3 (inset figure shows the profile locations).
Black arrows indicate contaminated areas from landfill (see text for details). 2004 (P-1) and 2008 (P-2 and P-3)
electrical resistivity tomography measurements were obtained by using Wenner-Schlumberger (Sengiil, 2004, Kaya
et al., 2007) and dipole-dipole (Aksakal, 2008) electrode arrays with 1 m and 3 m sampling intervals, respectively.

GD ! P-4 Ozdireng -

0 . 20 . 40 60Y 80 100 120 140 160 180 200 220 (m)
= 25 —~——
é 75 rﬁ
é12.8

[
0249

I N N N (N (N (N N (W A Ohm-m
12 19 29 47 75 119 19 303

Sekil 9. P-4 (2009) 6l¢ii profili, yer elektrik kesiti. Wenner-Schlumberger 6l¢ii dizgesi ve 10 m elektrot aralig
kullanilmistir (Beskardes, 2009).

Figure 9. Profile P-4 (2009), electrical resistivity cross section. Wenner- Schlumberger array and 10 m electrode
spacing were used (Beskardes, 2009).
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62 2 2

a(6C)
= DX@(GC) + DYW(GC) + Dzﬁ

ot

dir. Burada, : gozeneklilik, C: kirletici madde
yogusmasi (mg/l),
suyu hizi (m/giin), : Bulk yogunlugu (kg/m?),
: denge dagilim katsayisi, : kirletici kaynagin
soniimlenme sabiti, sirastyla x, y, z yonlerindeki
sacihm Kkatsayisidir (m?/giin). Calismada, =0
olarak alimmmakta ve iki boyutlu caligildigindan
kabul edilmektedir. Dengeli rejim yeraltt suyu
akisi icin kirlilik iletim esitliginin dizey ifadesi
sonlu elemanlar teknigi ile ¢oziilmistiir (Istok,
1989);

: x yoniindeki gorliniir yeraltt

([A] + At[DD{C}rsac = [AIC} + At{K} hae (2)

A: global sogrulma dizeyi, D: global yeralt1
suyu ile tasinim (adveksiyon- dispersiyon) dizeyi,
K: belirlenmis kirlilik bilesenleri dizeyi, C: kirlilik
yogusma yoneyi, t: zaman, zaman araligidir.
Model parametreleri igin P-4 Olgiisiinden elde
edilen gergek Ozdiren¢ degerleri kullanilarak
(Sekil 9) Archie bagmtist yardimi ile bolgeye
iligkin gézeneklilik hesaplanmistir (Archie 1942),
, F: formasyon faktorii, R : kayag 6zdirenci, R
formasyon suyu oOzdirencidir. Kirlilik iletim
modelleme ¢aligmasinda, bolgenin jeolojisi goz
oniine almarak gevsek zeminler i¢in formasyon
faktorii; F=0,81/temel alinmigtir. Ortam hem diisey
hem de yatay yonde gecirimli kabul edilmistir.
Aliivyon birimlerin egimin etkisi gdz Oniine
alinarak yatay yonde daha fazla gecirimli oldugu
varsayilmistir (yani ¢oziimde su akis yonii dikkate
alinmistir). Gegirimlilik ve yogunluk degerleri,
altivyon ve kil i¢in literatiirde dnerilen degerlerdir
(Istok, 1989). Buna gore aliivyon i¢in yatay yonde
gecirimlilik 0,035 m/giin, diisey yonde 0,001 m/
giin alinmustir. Kil igin ise her iki yonde 10 m/giin
baslangi¢ degeri tanimlanmistir. Aliivyon birimler
icin bulk yogunlugu 1,5 g/cm?, killi birimler igin
ise 1,2 g/cm? kabul edilmistir. Literatlirde onerilen
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(6C) - &(VXC) - a(PbKdC) —AO6C + ppKaC) (1)

abaklar yardimiyla enine sac¢ilim katsayisi (0,03
m, Gelhar vd., 1992) ve boyuna sacilim katsayisi
(8,26 m, Xu ve Eckstein, 1995) degerleri ¢aligma
alaninin boyuna bagli olarak elde edilmistir.
Yapilan 2B kirlilik iletim modellemesinde kaynak,
sonlu elemanlar aginda derinligi ve genisligi olan
bir alan olarak belirlenmistir (Sekil 10a). Yani
kirletici kaynak, atik alanindan siiziilmiis ve 6l¢iim
alanma yanal yonde giris yapan kirletici madde
yogusmasi oldukea yliksek olan sizint1 suyu olarak
tanimlanmaktadir. Modelde kaynagin baslangi¢
yogusmasi 900 mg/l olarak Ongorilmiistir ve
bu kirliligin kaynaktan tasinimi i¢in gecen siire
hesaplanarak Sekil 10°da sunulmustur. P-4 profili
(Sekil 9) ile iliskilendirilerek olusturulan sayisal
model sonucu basitlestirilmis kavramsal modelle
uyumludur ve goreceli lokal degisimlere de
duyarlidir (Sekil 8).

Yorumlama

Canakkale diizensiz kat1 atik alanindan kaynakli
kirliligin 2004-2008-2009 yillarindaki degisimini
incelemek i¢in yapilan jeofizik arastirmanin
sonuglaria gore Sekil 8 ve Sekil 9’da sunulan 2B
kesitlerde, sizint1 suyundan kaynaklanan kirletici
madde yogunlasmasina bagli olarak diislik
Ozdireng (<10 Ohm-m) degerleri elde edilmistir.
P-1 (2004 y1l1) 2B yer elektrik kesitinin (Sekil 8a)
atik alanina en yakin GD bdlgesinde, atiktan sizan
kirleticilerin yer i¢ine girisimi < 2 Ohm-m gibi
oldukcadiisiik 6zdiren¢ degerleriiletanimlanmaistir.
Ayni kesitin GD’sindeki diigiikk degerlikli (< 2
Ohm-m) degisimler, alanin o bolgesinde yer
alan sizintt suyu toplama havuzundan (Sekil
11a) kaynaklanan ve Ol¢li sirasinda yiizeyden
gbzlenmeyen kirlilige isaret etmektedir. Bu kirlilik
yayinimi izleyen 4 yil boyunca devam etmis, P-2,
P-3 ve P-4 profillerinde (2008 ve 2009 yillarinda)
yapilan dlciilerde de sizint1 suyu toplama havuzu



etrafinda kirlilik etkileri olarak gozlenmistir
(6rn., KB yoniindeki < 2 Ohm-m degerlikli
doygun bolgeler, Sekil 8b ve 8c). Ayrica 6zellikle
Sekil 8a ve 8b profillerinde plastik igerikli tibbi
atik cukuruyla iligkili olarak (Sekil 11b) ~25-
60 Ohm-m degerlikli (okla gosterilen) yliksek
Ozdirengli bolgeler goriintiilenmistir.

P-4 profili yer elektrik kesitinde 6zdireng
farlilig1 gosteren yanal gecisler 6zellikle yer i¢inde
kirliligin atiktan uzaga tasinmasini tanimlamak
bakimindan 6nemlidir (okla isaret edilen bolgeler,
Sekil 9). Bu kesitte sar1 ve kahverengi bdlgelerin
(11,4-18,5 Ohm-m) kirlilik yayilimina olanak
veren aliivyon birimler, yesilin tonlariyla ifade
edilen (4,3-6,9 Ohm-m) bolgelerin ise sizint1 suyu
ile karigmig yeralt1 suyuna doygun killi birimler
olabilecegi yorumlanmistir (Beskardes, 2009).
Yatay eksende 60-70 metre arasindaki yanal
0zdireng degisiminin diger profillerle de uyumlu
oldugu (Sekil 8), atik alanina yakin sizint1 suyuna
doygunbdlgeleriisaretettigi degerlendirilmektedir.
90-120 metreler arasindaki Olgtler,
suyunun ylizey suyuyla tasindigi bolgeye karsilik
geldiginden olduk¢a diisiik Ozdireng degerleri
P-4 6l¢ii profilinde gozlenmektedir (Sekil 9). P-4
Olcim sonuglar1 dogrultusunda sonlu elemanlar
teknigi ile dretilen 2B sayisal birlesik kirlilik
iletim modelinde kirlilik yogusma degerleri 500
giin (1,3 yil) araliklarla toplam 5000 giin (atik
alaninin en yogun olarak kullanildig: 13,6 yil igin)
icin hesaplanmistir. Kirlilik yaymimmi es-kirlilik
kesitleri olusturularak Sekil 10°da sunulmustur.
Sayisal model bolgenin yeralt1 jeolojisine, atigin
ozelliklerine (atigin icerigi, yasi, kullanim siiresi
gibi) ve c¢evresel etkilere bagli olarak (meteorik
sularla etkilesim gibi), kirletici bir kaynaktan
(atiktaki kimyasal reaksiyonlar
cevresel etkilerle olusan ¢oziinmiis kirleticilerin
yogun olarak bulundugu sivi, Sekil 11a) yer
icine yayilan kirlilik bulutunu gostermektedir.
Ayrica elde edilen sonuglar, uzaklik ve derinlik
degisimleri dikkate alindiginda, alanda yapilacak
genis Olgekli galigmalar i¢in kullanilabilecek bir

s1zint1

¢lirlime, ve
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tasarim modeli olarak oldukea islevseldir. Diger
bir ifade ile sayisal model, kirliligin uzamsal
degisimini arastirilmasinda yerel degisimler igin
kisa (~40 m) bolgesel degisimler i¢in ise uzun
(~250 m) olgti profilleri segilmesi gerektigini ve
ayrica arastirma derinliginin (0- 25 m) 6ngoriilmesi
gerektigini ortaya koymaktadir.

SONUCLAR ve TARTISMA

Canakkale kenti eski diizensiz kat1 atik alaninda
gerceklestirilen jeofizik uygulama ve sayisal
sonuglart  atik kaynakl
kirliligin yer igindeki uzamsal ve zamansal
etkilerini gdstermektedir. Buna gore yer elektrik
kesitlerindeki diisiik 6zdirengli bolgelerle iligkili
olarak, Olciimlerin yapildigi 2004-2008-2009
yillart siiresince sizinti suyu kaynakli kirliligin
devam ettigi gozlenmistir (Sekil 8 ve 9). Ayrica
2003 yillarinda depolanan plastik igerikli atiklarin
(Sekil 11b), aradan gegen 6 yil sonra bile dogada
korundugu ve yer elektrik kesitlerinde yiiksek
ozdirengli belirti grubu olarak goriintiilenen ¢evre
kirliligine neden oldugu belirlenmistir. Kirliligin
etkilerinin, atiktan yayilan kirleticinin yeralt:
jeolojisi ile zaman i¢indeki etkilesimini de dikkate
alan birlesik kirlilik iletim modelleri (Sekil 10)
ile analiz edilebilecegi, bu calismanin bir diger
onemli bulgusudur. Bélgede yapilacak olasi kirlilik
calismalarinda sayisal model sonuglari, aragtirma
profillerinin 6ngoriilen uzunluk (~40-25 m) ve
derinligini (~0-25 m) tanimlamasi bakimindan
kavramsal bir model olarak da degerlendirilebilir.

Elde edilen bulgular yapilan
degerlendirmeler, atiklarin dogal ortama gelisi
giizel birakilmasi ile olusturulan diizensiz kati
atik rehabilitasyon  ¢aligmalari
sonrasi bile- c¢evreye olan olumsuz etkilerine
dikkat c¢ekmesi acisindan olduk¢a Onemlidir.
Ayrica burada bir 6rnegi sunulan sayisal modelin,
ozellikle eski deponilerdeki potansiyel kirliligin
belirlenmesi, kirlilik iyilestirme sistemlerinin
tasarimi, en etkili desarj kuyu yer secimi ve

model alanindan

Ve

alanlarmin-
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pompaj oranlarinin belirlenmesi gibi amaglar
icin kullanilmasi Onerilebilir. Dahasi, bir atik
depolama alan1 tasariminda jeofizik Olgiilerle
desteklenecek sayisal model kullaniminin, daha
sonra olusabilecek c¢evre kirliginin Onlenmesi
icin oldukca etkili oldugu sdylenebilir. Boylelikle

o

=1
o

*

~
Kirletici

Derinlik (m)
g 3

N
oo}

Derinlik (m)
AW N =
o o o o

o

—_
=)

Derinlik (m)
S

3

Derinlik (

kirlilik bulutunun gelecekteki ve/veya giincel
durumunun kestirimi yapilabilir ve siirdiiriilebilir
gevre yonetimi i¢in kirletici  taginiminin
belirlenmesi amaci ile gelistirilecek sayisal
modeller karar vericiler olarak kullanilabilir.

(a) Baslangig modeli, t=0

T T T g/
0100 300 500 700 900

(b) t=500 giin

(c) t=2500 gln

(d) t=5000 giin

200
Uzaklik (m)

Sekil 10. Sayisal model, 2B es-kirlilik kesitleri, a) baslangi¢ kosulu, t=0, b) t=500 giin, ¢) t=2500 giin, d) t=5000 giin

(Beskardes, 2009’dan degistirilerek).

Figure 10. Numerical model, 2D iso-contamination sections, a) initial condition, t=0, b) t=500 days, c) t=2500

days, d) t=5000 days (modified from Beskardes, 2009).
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Sizinti suyu
(a) havuzu

——— amn”
o=

Sekil 11. Aragtirma alani. a) P-1 elektrik 6zdireng dl¢ii profili, vahsi (dere yatagi) ve kontrollii (havuz) sizinti suyu
toplanma alanlar1 (fotograflarin ¢ekildigi yil 2004) ve b) plastik igerikli hastane atik alani (fotografin gekildigi yil
2003, bakis yonii KB’den GD’ye dogrudur, Sengiil, 2004).

Figure 11. Survey area. a) P-1 electrical resistivity measurement profile, wild (stream bed) and controlled (pool)
leachate gathering areas (in 2004), and b) hospital waste site containing plastic content (in 2003, viewed from NW
to SE, Sengiil, 2004).
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Sonug olarak, yer bilimleri problemlerinin
¢Oziimiinde, oOzellikle disiplinler arasi ortak
caligmalarda, katilimcilar bilingli veya bilingsiz
olarak modelleri Box (1976)’in basa bela
mottosu ile sorgulamaktadirlar. Oysaki "Biitiin
modeller yanlistir, bazilar1 faydalidir" ifadesi bir
modelin yararliliginin, temsilin dogrulugu ile
Olciilmedigini, ancak hipotezlerin olusturulmasi,
test edilmesini ve 1iyilestirilmesindeki ©nemli
icindir. Turing (1952)
matematiksel bir modelin amacini agiklarken,
modellemenin secilen parametreler ve bagintilar
ozelinde bir basitlestirme ve ideallestirme ve sonug

roliinli  vurgulamak

olarak bir yanlis yonlendirme siireci olacagini
belirmistir. Dolayistyla kullanilan ydntemin ve
veri degerlendirme tekniklerini kisitlar1 bilindigi
siirece, arazi parametrelerinin uygun se¢imi ile
kavramsal modeli destekleyen veya eksiklerini
ortaya koyan bilgilerin elde edilmesi olasidir.
Ayrica bilgi birikimi ¢ercevesinde,
arastirmaya konu olarak kullanilan parametrelerin
ve yaklasimlarin diger ayrintilara gore ¢ok
daha oOnemli oldugu diislincesi, modellemenin

giincel

gerekliligini desteklemektedir.

Modellemenin iki ayr1 evrede de kullanilmasi
ve Ol¢iime kavramsal modele gore karar verilmesi
hatali bir islem olarak algilanabilir. Ancak
unutulmamas1 gerekir ki, tasarim asamasinda
kullanilan kavramsal model, arastirilan alana ait
tim bilgileri icermeyecektir. Eger boyle olsaydi
elbette ki gercek yeralti modeli olarak ele alinacak
ve arastirmaya gerek kalmayacakti. Kavramsal
model bolgeye ait ylizeyden gézlemlenmis veya
onceki calismalardan elde edilmis bdolgesel
Olcekteki birimleri igeren c¢ogunlukla diisiinsel
bir tasarimdir. Bu genel bilgi arazide kullanilacak
Olcim parametrelerini belirlemek igin yeterli
olacaktir. ikinci evrede sayisal modeller ile
Olclilen wverilerden elde edilecek sonug ise
renklerden veya sayilardan ibaret gorseldir.
Yerel yapi/jeoloji ile olan iligki kavramsal model
yardimiyla saglanabilir. Ornegin temel kayanin,
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ylizeyde goézlenmis bir fayin ve diger bilinen

yapilarin  kesitle iligkilendirilmesinden sonra
arastirmaya konu olan ayritilar tanimlanmaya
baslanabilir. Ozetle, modele bir sonu¢ olarak
odaklanmak yerine, modelleme siireci ve nicel
olarak elde edilmis model tahminleri, karmasik
dogrusal olmayan siire¢ler hakkinda “diigiinme
yollart”” (6rn., Apweiler vd., 2018) olarak

degerlendirilmelidir.

EXTENDED SUMMARY

In this study of a site in Canakkale province, the
use of numerical modeling in Earth Sciences
is reviewed in general and is exemplified by
geophysics research targeting an environmental
problem. In the study, the environmental pollution
caused by the open waste disposal site, which
was used effectively between 1989 and 2009, was
investigated by using the direct current electrical
resistivity method. The research steps, as given as
the simplified general research cycle presented in
Figure 3, are i) definition and selection, ii) design
and implementation, and iii) interpretation.

In the first phase, as a result of the modeling
work done with the conceptual model, 1) there is
an expectation of a complex structure (2D) that
presents an electrical lateral variation along
the longitudinal section of the valley at shallow
depths; and 2) a medium consisting of sediments
with high lateral permeability is envisaged to
describe the time-dependent fluid pattern.

studies with the
conceptual model reveal that short (~40 m) and
long (~250 m) profiles should be selected for
local and regional changes, respectively, and
also the depth of the research (0 -25m) should be
predicted while investigating the spatial variation
of pollution.

In the design phase,

In the application of the numerical modeling
phase, resistivity data were measured by the



tomography technique with electrode spacings
of 1 m, 3 m, and 10 m in order to investigate
different depth levels, considering the smallest
changes in the geologic structure and physical
properties (electrical conductivity change). All
gauge profiles are swaged in the groundwater
flow direction, depending on the slope (Figure
7). Measures were evaluated in the RES2DINV
program (Loke, 2004). The solute transport in the
saturated porous geologic medium was modeled
by using the finite element method.

For the model parameters, the porosity of the
region was calculated with the help of Archie’s
equation (Archie, 1942) by using the recovered
resistivity values obtained from the P-4 measure
(Figure 9). The source is defined as leachate, with
high pollutant condensation that has drained from
the waste area and enters the measurement area
laterally. Both the simulated solute concentrations
and the subsurface electrical resistivity structure
are compatible with the simplified conceptual
model, and are sensitive to relative local changes.
In addition, the results obtained are quite
functional as a design model for future large-scale
studies to be carried out in the field, considering
the changes in distance and depth.

In the interpretation phase, according to the
results of the geophysical research carried out to
examine the change in the pollution originating
from the old Canakkale dumpsite between 2004-
2008-2009, the 2D sections presented in Figure 8
and Figure 9 show low resistivity (<10 Ohm-m).
This is due to the concentration of pollutants
originating from the leachate. In the P-1 (2004)
2D ground electrical section (Figure 8a) of the SE
area closest to the waste area, the penetration of
pollutants leaking from the waste into the ground
is defined by very low resistivity values, such as <2
Ohm-m. Low-value (<2 Ohm-m) changes in the SE
of the same section indicate pollution originating
from the leachate collection pool (Figure 1la)
located in that part of the area and not observed
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from the surface at the time of measurement. This
pollution continued to spread for the following
years, and pollution effects were observed around
the leachate collection pool at the measurements
made in the P-2, P-3 and P-4 profiles (in 2008 and
2009). In addition, high resistivity regions of ~25-
60 Ohm-m (arrowed) are visualized in relation to
the plastic-containing medical waste pit (Figure
11b), especially in Figure 8a and 8b profiles.

In conclusion, it can be suggested that the use
of a numerical model together with geophysical
measurements in environmental geophysical
studies is highly effective in determining both
ongoing environmental pollution and predicting
potential pollution. Also, rather than focusing
on the numerical model as an ultimate outcome,
the modeling process and quantitatively-derived
model estimations can be considered as ways of
thinking about complex nonlinear processes (e. g.,

Apweiler et al., 2018).
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Oz: Gediz (Alasehir) Grabeni’nde 1969 Alasehir depreminden sonra yiizey kirig1 olusturacak bityiikliikte bir deprem
olmamasina ragmen, Alagehir-Sarigdl arasinda ciddi yiizey catlaklar1 ve ¢okiintiiler meydana gelmektedir. Bolgede
yapilan caligmalarda, bu deformasyonlarin tektonik etkilerden mi yoksa yeralti su seviyesi (YAS) degisimlerinden
mi kaynaklandigi konusunda heniiz bir fikir birligine varilamamaistir.

Bu arastirma, PS-InSAR teknigi kullanilarak elde edilen 2B’lu diisey ve yatay hiz oranlarinin jeolojik bilgiler
1s1ginda degerlendirilmesini ve deformasyona neden olan tektonik modelin ortaya konmasini hedeflemistir.
Bunun igin 2015-2023 yillar1 arasindaki Sentinel-1 uydu goriintiileri kullanilmistir. Buna gore Sarigdl Fayi’nin
tavan blogunda deformasyon hizi -26 mm/yil, taban blogunda +3 mm/yil’dir. Bu da aktif tektonik rejim altinda
Bozdag Horstu’nun yiikselirken, grabenin siirekli ¢oktiiglinii gostermektedir. Alinan Serit profiller, graben kenar
faylarinin havzanin ¢okiintii geometrisini dogrudan kontrol ettigini gdstermektedir. Bulgularimiza gore 11 mm/yil
(batiya) ile 7 mm/yil (doguya) zit yonlii yatay hareketlerin maksimum diisey deformasyon alaninda gbézlenmesi,
¢Okmenin yatay diizlemde radyal yayilimla, diiseyde ise senformal geometride gerceklestigini gosterir. Yani, yatay
hareket bolgedeki KB-GD yonlii sikismadan ziyade, havzanin ¢okme rejimini kontrol eden giiney kenar faylarinin
geometrisi ve tlirliyle iliskilidir. Gliney kenara dogru artan, havzanin igine dogru azalan diisey deformasyonlar, listrik
geometrili ana graben faymin tavan blogundaki domino tarzi geri doniise isaret eder. Deformasyonlarin Alasehir’in
batisindan itibaren gdziikmemesi, literatiirde bahsedildigi gibi Alasehir ve Salihli alt havzalarimin ortiili yar: disey
bir fayla smirlanmis olmasindan kaynaklanir. Bazi noktalarda diisey hiz ve YAS degisimlerine ait tutarsizliklarin
gozlenmesi ve bu noktalarin Alasehir depremi ile olugmus yiizey kiriklarina yakin olmasi, deformasyonlarin 6nemli
bir béliimiiniin tektonik etkiler altinda meydana geldigini diistindiirmektedir.

Sonug olarak deformasyonlar, 1969 Alasehir depreminin kosismik evresinde gelisen sismik atimlara ek olarak,
intersismik donemde meydana gelen a-sismik kaymalarla olusmustur. Bu nedenle mevcut deformasyonlari tek bagina
yeralti su seviyesi degisimlerine baglamak hatali modellemelere neden olabilir. YAS’ taki ani degisimler, intersismik
donemde meydana gelecek a-sismik deformasyonun, tektonik kontrol altinda gelisen sediman konsolidasyonu
hizlandirmasina ve deformasyonlarin hizli bir sekilde gerceklesmesine neden olmaktadir.

Anahtar Kelimeler: Aktif tektonik, Gediz Grabeni, PS-InSAR, radar interferometri, Sarigdl-Alasehir/Manisa,
StaMPS.

Abstract: Although there has been no earthquake in the Gediz (Alasehir) Graben since the 1969 Alasehir earthquake
to cause a surface rupture, serious surface cracks and depressions occur between the Alasehir and Sarigol area.
Studies performed in the region have not reached a consensus on whether these deformations are due to tectonic
effects or groundwater level changes.
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Our research claims to evaluate the 2D vertical and horizontal velocity ratios obtained by using the PS-InSAR
technique in the light of geological information and to establish the tectonic model that caused the deformation. For
this, Sentinel-1 satellite images between 2015-2023 were used. Accordingly, the deformation rate in the hanging-
wall of the Sarigol Fault is -26 mm/y and +3 mm/y in the footwall. This means that under the tectonic regime, the
Bozdag Horst is uplifing while the graben is continuously collapsing. The Swath profiles clearly show that the graben
border faults directly control the subsidence geometry of the basin. The fact that we obtained 11 mm/y (westward)
and 7 mm/y (eastward) horizontal movements in opposite directions in the area of the maximum vertical deformation
area indicates that the subsidence occurred with radial bulging in the horizontal plane and in a synformal geometry
vertically. That is, the horizontal movement is related to the geometry and type of the southern border faults that
directly control the subsidence regime of the basin, rather than the NW-SE directional compression in the region. In
addition, the vertical deformations, which increase towards the southern margin and decrease towards the interior
of the basin, point that the main graben fault with listric geometry may have been caused by a domino-style reversal
in the hanging-wall. The fact that the deformations are not visible from the west of Alasehir is due to the fact that
the Alagehir and Salihli sub-basins mentioned in the literature are limited by a covered semi-vertical fault. The
observations of inconsistencies in vertical velocity and groundwater level changes at some points and the fact that
these points are close to surface ruptures caused by the Alasehir earthquake suggest that a significant part of the
deformations occurred under tectonic effects.

As a result, the deformations between Alagehir and Sarigol occurred with a-seismic creep that occurred during
the ongoing interseismic phase, in addition to the seismic pulses that developed in the coseismic phase of the 1969
Alagehir earthquake. Therefore, attributing current deformations to groundwater level changes alone may lead to
erroneous modellings. Sudden changes in the groundwater level cause the a-seismic deformation that will occur
during the interseismic phase to accelerate the sediment consolidation developed under tectonic control and cause
deformations to occur rapidly.

Keywords: Active tectonics, Gediz Graben, PS-InSAR, radar interferometry, Sarigol-Alasehir/Manisa, StaMPS.

GIRIS Gediz (Alasehir) Grabeni iginde yer alan ve
ylizey deformasyonlarinin goézlendigi Alasehir-
Sar1gdl arasinda kalan alanda, tipki Bolvadin Fay1
orneginde oldugu gibi, 1969 depreminin (M:6,9)
ylzey kirigi bulunmaktadir (Sekil 2a). Bunedenle,
Ozkaymak vd. (2017)’nin kurmus oldugu benzer
deformasyon-yiizey kirig iligkisini, Alasehir-

Son yillarda 6zellikle Bati Anadolu’da gelisen
a-sismik yiizey deformasyonlarimin &nemli bir
boliimiiniin eski yiizey kiriklarini izlemesi dikkat
cekicidir. Bati Anadolu Genisleme Bolgesi
(BAGB)’nde (Eyidogan ve Jackson, 1985; Sengor
vd., 1985; Sengor, 1987; Jackson ve McKenzie,
1988; Ambraseys 1988; Reilinger vd., 1997, i
McClusky vd., 2000; Bozkurt, 2001a; Taymaz bu galismanin temelleri atilmistur.

Sar1gdl arasinda kalan alanda aragtirmak amaciyla

vd, 2007; Biryol vd., 2011) bulunan grabenler Bu ¢alismada Gediz Grabeni’nin dogu ucunda
igerisinde meydana gelen ve son 30 yildir rapor yer alan Alasehir ile Sarig6l ilgeleri arasindaki
edilen a-sismik yiizey deformasyonlarinin bolgede Persistent Scatterer-InSAR (PS-InSAR)
lokasyonlarini Gediz (Alasehir), Kii¢iilk Menderes, yontemi kullanilarak yilizey deformasyonlari
Biiyiik Menderes, Burdur, Giilovas: ve Afyon- incelenmis, yapilan arazi ¢aligmalar ile bolgenin
Aksehir grabenleri olarak siralamak miimkiindiir aktif tektonigi ve giincel deformasyonlarinin

(Sekil 1). Ornegin Bolvadin (Afyon-Aksehir nedenleri tartisilmisti. Uzun periyodda elde
Grabeni)’'nde yiizey deformasyonlarinin Sekil edilen goriintiiler ile 18 Ekim 2020’de yagan

Ib’de 2 numarali yildizla gosterilen Bolvadin siddetli yagmur ve dolu sonras1 Sarigol’de gelisen
Fay1’nin eski yiizey kirig1 iizerinde gelistigine dair yariklarin, 1969 Alasehir depremi sonucu olusan
jeodezik ve paleosismolojik veriler elde edilmistir ylizey kiriklar1 ve grabenin ¢okme geometrisi

(Ozkaymak vd., 2017). Bu ¢alismaya konu olan ile iligkisi tartistlmigtir. Sarigél Asagir Kocgaklar
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Mahallesi’'nde gozlenen yikimin boyutunu ve
hizin1 dlgmek icin arazi ¢aligmalarinin yani sira,
PS-InSAR yontemi kullanilarak elde edilen tim
veriler, jeolojik, hidrojeolojik, jeofizik ve jeodezik
caligmalarla birlikte degerlendirilmis, bdlgede
gelisen uzun periyotlu deformasyonun etkileri
yorumlanmistir. Tiim bu korelasyonlarla elde
edilen bulgular birlestirilerek tektonik c¢okme
modeli olusturulmustur. Bu c¢alisma, bolgenin

¢okme geometrisi ile iliskili tektonik modeli
ilk kez ortaya koyarak, gelecekte yapilacak
calismalara farkli bir bakis a¢is1 kazandirmayi
amaglamistir. Ayrica bu ¢alisma ile aktif tektonik
etkiler altinda gelisen graben tipi havzalarda
¢okme geometrisinin, sadece yeralti su seviyesi
ve faylarla kontrol edilmedigi, eskiden kalitsal
yapilarin da deformasyondaki dagilimda biiyiik
rol oynadig1 anlagilmustir.
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Sekil 1. A) Tirkiye’nin ana tektonik hatlart ve ¢alisma alaninin Bati Anadolu tektonigindeki konumu (Bozkurt
(2001a)’den uyarlanmistir). B) Batt Anadolu Genisleme Bolgesi’nin (BAGB) aktif havzalarini ve a-sismik yiizey

deformasyonlarii gosteren basitlestirilmis harita.

Figure 1. A) Main tectonic structures of Tiirkiye and location of study area in the Western Anatolian tectonics
(adapted from Bozkurt (2001a)). B) Simplified map showing active basins and a-seismic surface deformations of

Western Anatolian Extensional Province (WAEP).
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Sekil 2. A) Calisma alaninin yapisal elemanlarini gésteren COPDEM (30 m.)’ den yararlanilarak olusturulmus 3
boyutlu Sayisal Yiikseklik Modeli (SYM) haritas1 (Diri faylar Emre vd. (2018)” den alinmistir) ve B) bu ¢aligmada
kullanilan Sentinel-1 goriintii ¢ergeveleri.

Figure 2. A) 3D DEM created using COPDEM (30m) showing structural elements of study area (active faults are
taken from Emre et al. (2018)) and B) Sentinel-1 images frames used in this study.

BOLGENIN TEKTONIK CATISI 1987; Jackson ve McKenzie, 1988; Ambraseys

Alasehir ve Sarigol, Bati Anadolu Genisleme 1988; Reilinger vd., 1997; McClusky vd., 2000;
Bolgesi (BAGB)'nin (Sekil 1la) (Eyidogan Bozkurt, 2001a; Taymaz vd, 2007; Biryol vd.,
ve Jackson, 1985; Sengdr vd., 1985; Sengor, 2011) i¢indeki onemli tektonik alanlardan biri
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olan, iki kenar1 faylarla smirli dar ve uzun bir
geometrideki (Ketin, 1968) Gediz Grabeni
(Alasehir)’nin dogu ucunda yer alir (Sekil 1b).
BAGB, farkli calismacilara gore; 13,5 mm/yil
(Eyidogan, 1988), 11,75 mm/yil (Le Pichon vd.,
1995), 20 mm/y1l (Reilinger vd., 2006), 10 mm/
yil (Nocquet, 2012) hizla, K-G yonde genisleyen
(McKenzie, 1978; Le Pichon ve Angelier, 1979;
Taymaz vd., 1991; Price ve Scott, 1994; Seyitoglu
ve Scott, 1996; Geng vd., 2001; Lips vd., 2001;
Sozbilir, 2001; Sozbilir vd., 2003a; Sozbilir vd.,
2003b; Bozkurt, 2003, 2004; Purvis ve Robertson,
2005; Reilinger vd., 1997; Ozkaymak ve Sozbilir,
2008; Nocquet, 2012; Sangu vd., 2020; Saroglu
ve Giiler, 2020; Weiss vd., 2020) ve bu harckete
bagli olarak olusan yaklagik D-B uzanimli normal
fay sistemleri ve K-G uzanimli verev ve dogrultu
atimhi faylarla karakterizedir (Kogyigit, 1984).
BAGB’deki genislemenin KD-
GB yoOnde gergeklestigini belirten calismalar da
mevcuttur (Dumont vd., 1979; Angelier vd., 1981;
Zanchi ve Angelier, 1993; Saatcilar vd., 1999;
Rojay vd., 2005; Poyraz vd., 2019). Gilineydogu
Ege bolgesi Avrasya’ya gore, saat yOniiniin
tersine ve giineybat1 Ege’ye gore 10 £ 1 mm/yil
hizla Helen hendegine dogru (yani GD’ye dogru)
hareket ederek, bu tutarli hareketten 6nemli 6l¢iide
sapar (McClusky vd., 2000).

Giinlimiizde

Ege genisleme rejimine (Sengér, 1979)
neden olan olay, Dewey ve Sengoér (1979)’a
gore gec Miyosen sonrasi, Sengor vd. (1985)°e
gore erken Miyosen’de Anadolu’nun Avrasya ve
Afrika’ya gore batiya dogru hareketidir. Helen
Yayr’ndaki litosferik dalimm tavan blogundaki
evriminin neden oldugu genisleme, farkli hizlara
sahip levhanin “yatay” gerilmesinden (no slab
pull break-off) kaynaklanir (Innocenti vd., 2005).
Ege’deki kabuk incelmesinin K-G genigleme
yoniinde bir O6rnek olmadigi da bilinmektedir
(Zhu vd., 2006). BAGB i¢indeki Alasehir (Gediz)
ve Bilyilk Menderes grabeninin tavan blogu
cokellerinden elde edilen sporomorf tayinleri,
D-B gidisli bu iki ana genislemeli yapimin
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yasmin erken Miyosen oldugunu gdstermektedir
(Seyitoglu ve Scott, 1996). Literatiirdeki birgok
calismada (Yilmaz vd., 2000; Hetzel vd., 1998;
Seyitoglu vd., 1992; Seyitoglu ve Scott 1991,
1994, 1996; Seyitoglu vd., 2002; Bozkurt, 2003;
Ring vd., 2003; Purvis ve Robertson, 2004; Purvis
vd., 2005; Thomson ve Ring, 2006; S6zbilir, 2002;
Ersoy ve Helvaci, 2007; Ciftgi ve Bozkurt, 2009b;
Oner ve Dilek, 2011; Gessner vd., 2013; Jolivet
vd., 2013; Stimer vd., 2013; Uzel vd., 2015; Uzel
vd., 2020) genisleme yasmin erken Miyosen
oldugu konusunda hemfikirken, genigleme yasini
Oligosen donemine kadar indigini ifade eden
calismalar da vardir (Lips vd., 2001; Isik ve
Tekeli, 2001; Gessner vd., 2001a, 2001b; Bozkurt
vd., 2006; Dilek vd., 2009; Forster ve Lister 2009;
van Hinsbergen vd., 2010; Ersoy vd., 2010; Asti
vd., 2018).

Aktif fay diizlemlerinde yapilan paleostres
caligmalarina  gore, Gediz  Grabeni geg
Pliyosen’den beri K-G, KKD-GGB, KB-GD
gibi ortalama K-G Neojen genisleme yonii
gostermektedir (Temiz, vd, 1998; Bozkurt, 2001b;
Bozkurt ve Sozbilir, 2006; Rojay, 2009; Ciftei ve
Bozkurt, 2009a ve b; Tekin vd., 2022). Kogyigit
vd. (1999), Gediz Grabeni’nin kisa bir sikisma
faziyla ayrilan iki farkli genisleme asamasiyla
olustugunu belirtmektedir. Hali hazirda bu kaniy1
destekleyen ¢ok sayida calisma da (Bozkurt, 2000
ve 2001a; Yilmaz vd., 2000; Kaya vd., 2004;
Bozkurt ve Rojay 2005; Beccaletto ve Steiner,
2005; Erkil vd., 2005; Bozkurt ve Sozbilir,
2004 ve 2006; Uzel ve Sozbilir, 2008; Emre ve
Sozbilir, 2007; Giirer vd., 2009; Rojay, 2009;
Girboga vd., 2013; Goktas ve Hakyemez, 2015;
Rojay vd., 2019) bulunmaktadir. Bunun yaninda,
Gediz Graben Sistemi Faylar1 (Emre vd., 2018)
icerisinde yer alan Manisa Fay1 ve Akgapinar
Segmenti’nde goriilen aktarim rampast (relay
ramp), bolgesel genisleme yoniine dik gelisen
lokal stres degisimlerini yansitmaktadir (Bozkurt
ve Sozbilir, 2006; Cift¢i ve Bozkurt, 2007).
Grabeni sinirlayan normal faylarin daglara paralel



basamakli bir yapt sundugu (Arpat ve Bingdl,
1969; Kog¢man, 1985) ve aktif genislemeli fay
izlerinin baskin olarak grabenin giiney kenarinda
izlendigi (Roberts, 1988) cok eski ¢aligmalardan
beri bilinmektedir (Sekil 3). Bozdag Horstu’nda
bulunan akarsulardan alinan uzunluk profillerinde,
en az 3 ayri genglesme seviyesi gosteren
basamaklar1 (Celik, 1991), ayni zamanda kalin
Neojen tortullart sinirlamaktadir (Paton, 1992).
Buradaki basamak tipi normal faylar, tortul
kayaclarda 15°’lik doniisle egimlenmeye neden
olmustur (Hetzel vd., 1995). Bu déniisiin, Gediz
Siyrilma Fay1’nin tavan blogunda meydana geldigi
(Savasgin vd., 1999) ve faylarin re-aktivasyonu
ile stireksiz olan ve ortiisen daha kii¢iik basamakli
bitisik faylarin etkilesimiyle Dbirleserek fay
segmentlerini olugturdugu bilinmektedir (Bozkurt
ve Sozbilir, 2006) (Sekil 3). Siyrilma fayi, 0,5°-
1°/My oranda gilineye devrilme (Buscher vd.,
2013) nedeniyle, Yuvarlanan Reze (Rolling
Hinge) in bir sonucu olarak 40°-60°’lik baglangi¢
egiminden glinlimiizde 0°-20°’lik daha diisiik bir
egime gerilemistir (Gessner vd., 2001b). Tavan
blogunda bulunan tiim yapilarin ardisik gelisimi,
grabenlesme modellerinden biri olan Yuvarlanan
Reze Mekanizmas1 (flexural rotation/rolling
hinge) olarak adlandirilmistir (Seyitoglu vd.,
2002). Havzaya dogru genclesen basamak yapili
faylar, rift stmirmin havzaya dogru gocl olarak
da yorumlanmaktadir (Cift¢i ve Bozkurt, 2010).
Bodur vd. (2023)’iin jeodinamik modellerinde,
bu basamak yapili yiiksek acili normal faylarin,
kabuksal akisin barindirdigi yatay bir eksen
etrafinda giderek ~40° daha si1g egimlere dogru
dondiigiinii gostermektedir.

Havzaya dogru ilerleyen bu basamak
faylarinin en son iirlini, 28.03.1969 tarihli
Alasehir depreminin yiizey kirigidir (Sekil 2a ve
3). Depreme neden olan fay, ilk olarak Hancock
ve Barka (1987) tarafindan Alagehir Fay1 olarak
adlandirilmig, glinimiizde ise Gediz Graben
Sistemi faylar1 i¢ine dahil edilerek Alagehir
Segmenti (Emre vd., 2018) olarak tanimlanmustir.
Meydana gelen Ms=6,5 (6,9) biiyilikliigiindeki
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deprem, 49 can kaybma ve 4651 konutun
yikilmasina veya agir hasar gérmesine neden
olmustur (Arpat ve Bing6l, 1969). Deprem
sirasinda Kent (2015)’e gore 30 km, Arpat ve
Bing6l (1969)’a gore 12 km uzunlugunda yiizey
kirgr meydana gelmisti. Emre vd. (2018)’in
haritas1 baz alnarak, bu c¢aligmada hesaplanan
uzunluk ise yaklagik 40 km’dir (Sekil 3). Koca vd.
(2011) karotlu sondajlardan elde edilen bilgiler
15181nda bolgede meydana gelen deformasyonlarin
nedenlerini tartigmig, grabeni sinirlayan faylarin
ylizey hasarlarinda etkili oldugu sonucuna
varmistir. Gediz Grabeninde GNSS (Poyraz vd.,
2015; Poyraz vd., 2019; Tiryakioglu vd., 2019;
Dogan vd., 2022) ve InSAR (Poyraz ve Hastaoglu,
2020; Hastaoglu vd., 2023) yontemleri kullanilarak
yapilmis smirli sayida c¢alisma bulunmakla
birlikte, elde edilen sonuglar genel olarak jeodezik
temelde ve kisa periyodda elde edilen goriintiiler
ve Olciimler kullanmlarak degerlendirilmistir.
28.03.1969 tarihli Alasehir depreminden sonra
yizey kirigi olusturacak biiylikliikte depremler
olmamasina bolgede hali hazirda
ciddi yiizey catlaklar1 ve ¢okiintiiler meydana
gelmektedir. 1969 yiizey kirig1 boyunca gozlenen
giincel yiizey deformasyonlarinin nedenleri, Koca
vd. (2011) tarafindan yapilan bir calismada jeolojik
haritalama, morfometrik dlgtimler, karotlu zemin
sondaji, konsolidasyon deneyleri gibi yontemler
kullanilarak  detayli
Fakat bugiine kadar yapilan bir¢ok ¢alismada
deformasyonlarin nedenleri ile ilgili farkli goriisler
bulunmaktadir. Bazi caligmalar meydana gelen
deformasyonlart mikrosismik aktiviteye (Giirsoy
vd., 1997) baglamis, bazilar ise tektonik krip ile
a-sismik olarak meydana geldigini (Hodgkinson,
1996; Eraver vd., 2009; Goren, 2016; Dogan
vd., 2022) belirtmislerdir. Koca vd., 2011 ve
Poyraz vd., (2019) ise deformasyonlarin her iki
nedenle de meydana geldigini ifade etmektedir.
Yapilan tiim ¢aligmalardan anlagilacagi tizere bu
deformasyonlar grabenin genisleme rejimi ile
dogrudan iliskilidir.

ragmen,

olarak  yorumlanmuistir.
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Sekil 3. Calisma alanmin SYM {izerine giydirilmis jeoloji haritasi. Analizlerde kullanilan yeralt1 su seviyesi
Ol¢iimii yapilmis kuyularin lokasyonu ve Cift¢i ve Bozkurt (2009a)’da yer alan sismik profil hatlar1 haritada
gosterilmistir. Diri faylar Emre vd. (2018)’den, metamorfik birim yiizlekleri ise Koralay vd. (2011)’den

yararlanilarak ¢izilmistir.

Figure 3. Geological map of study area overlaid on DEM. (The seismic profile lines in Cifici and Bozkurt (2009) and
locations of wells used in analyzes, for which groundwater level measurements were performed, are shown on the
map. Active faults taken from Emre et al. (2018) and metamorphic unit outcrops drawn using Koralay et al. (2011)).

Graben bazinda yapilan GPS ve GNSS
hizlaria gore genislemenin hizi, grabenin bati ucu
boyunca 11 mm/yil ve dogu ucu boyunca 5 mm/
yiI’dir (Hodgkinson, 1996). Barka ve Reilinger
(1997) gore bu hiz 10£5 mm/yil, Nocquet
(2012)’ye gore 6 mm/y1l Oner ve Dilek (2011)’e
gore ise Alasehir Havzasi’nda ortalama 6 ile 8-9
mm/y1l’dir.

MATERYALLER ve YONTEMLER

Aktif  tektonigin  hakim oldugu alanlarda
yapilan ilk jeodezik arastirma 17 Mayis 1892
Tapanuli-Sumatra depremiyle baslamis (Yeats
vd., 2006), Reid (1910)’un 1906 San Francisco
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depremi ile ilgili caligmasiyla birlikte yaygin
olarak kullanilmaya baglamistir. Son yillarda,
Interferometrik Yapay Aciklikli Radar (InSAR),
zemin deformasyonunu karakterize etmede (Dai
vd., 2002; Shahabi ve Hashim, 2015; Anderson
vd., 2016; Bozzano vd., 2019) ve levha smirlart
boyunca gerinim birikimi ve gerilim oranini
degerlendirmede yayginlasan bir ara¢ haline
gelmistir (Cigna vd., 2012; Sarychikhina ve
Glowacka, 2015; Danisor vd., 2018; De Novellis
vd., 2018; Kim ve Jung, 2018; Ali vd., 2019; Aslan
vd.,2019; Blasco vd., 2019). Ancak bu yontemlerin
uygulanmasi  sirasinda  ortaya  ¢ikabilecek
mekansal ve zamansal kisitlamalarin elde edilecek
sonuglar tizerinde dogrudan veya dolayli etkileri



bulunmaktadir. Daha dogru sonuglar i¢in, elde
edilen verilerin jeolojik bilgilerle korelasyonunun
yapilmasi gerekir. Boylece cografi tehlikelerin
yonetimi i¢in daha giivenli bir arazi planlamas1 ve
koordinasyonu saglanabilir (Zhang vd., 2016).

Tiirkiye’deki aktif tektonik alanlarda InSAR
yonteminin ilk kullanimi (Cakir vd., 2003) 17
Agustos 1999 Izmit depremi ile baslamis, yer
kabugunun tektonik etkiler altindaki hareketini
anlamak adina giiniimiizde de bir¢ok calismada
(6rn. Cetin vd., 2014; Akoglu vd., 2018; Aslan
vd., 2019; Caglayan vd., 2019; Dogru, 2020; Tatar
vd., 2020; Isik vd., 2021; Oktar vd., 2021; Taymaz
vd., 2022; Saber, vd., 2023) kullanilan etkili
bir yontem haline gelmistir. Tektonik alanlarin
disinda baraj, koprii, elektrik santrali, yerlesim
alan1 gibi iist yap1, jeotermal alan, heyelan bolgesi
vb. yeraltt su seviyesi degisimleri ile gelisen
a-sismik ¢okiintlii alanlarinin takibi i¢in yapilan
sayisiz calismada da (6rn. Abdikan vd., 2014;
Imamoglu vd., 2019 ve 2022; Bayik vd., 2021;
Gezgin, 2022) kullanilmaktadir. Giinlimiizde
InSAR, kabuksal stres alanlarindaki deformasyon
degisimlerini goriintiilemenin yani sira, meydana
gelen kayma dagilimlarini haritalayarak, sismik
ve a-sismik olaylara yanit vermek igin kullanilan
bir arag haline gelmistir (Reid, 1910; Fialko, 2006;
Walters, vd., 2011; Elliott vd., 2016; Ingleby ve
Wright, 2017).

Yiiksek oranda ile
karakterize edilen alanlarda, uzun zaman serileri
(on yillik) ve zemin deformasyonuna iligkin en
dogru gozlemler sabit GNSS gozlem aglar ile
saglanmaktadir (Fattahi, 2015). GNNS veya
nivelman yaklagimlar1 gibi geleneksel jeodezik
yontemlerin ¢ogu pahalidir ve zaman agisindan
stirdiirebilirligi zordur. GNSS &lgiimleri, esasen
Diinya yiizeyindeki nokta oOlgiimlerine dayanir
ve tiim alanda meydana gelen hareketin tam
bir resmini elde etmeyi zorlagtirir (Maghsoudi
vd., 2018). Buna karsin, Diferansiyel SAR
interferometrisi (DInSAR), genis bir uzamsal
kapsama alaninda ve birkag metreye kadar

gerinim  birikimi
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yiiksek bir uzamsal c¢oziiniirlikle ana kaya
deformasyonunu elde etmek icin hizli, ucuz ve
essiz bir firsat saglayabilir (Rosen vd. 1996;
Massonnet, 1997). Geleneksel DInSAR, heyelan
ve deprem gibi ani olaylarin neden oldugu biiyiik
yer degistirmelerini incelemek i¢in oldukga etkili
bir yontemdir. Ancak izleme yapilan donem
nispeten uzun bir periyodu kapsadiginda, fazlarin
de-korelasyonu ve atmosferik yapaylik nedeniyle
sinyal almada bazi zorluklarla karsilasir (Haghighi,
2019). Bu kisitlamanin istesinden gelmek igin
¢ok zamanli radar (MT-SAR) veri yi1gimin1 analiz
ederken, Sabit Sacici Interferometri (Persistent
Scatterer Interferometry (PSI)) ve Kiiciik Temel
Alt Kiimesi (Small BAseline Subset (SBAS))
yontemleri kullanilir (Lauknes vd., 2010; Shanker
vd., 2011; Yen vd., 2011).

InSAR Veri Setleri

Copernicus Sentinel-1 (S-1) uydusunun giiniimiiz
misyonu, Avrupa Uzay Ajansi’na (ESA) veri
stirekliligi saglamak i¢in, A ve B birimlerinden
olusan 0zdes C-bandi sentetik acgiklikli radar
(SAR) uydularindan olusan bir takim uydusuna
dayanmaktadir (Yagiie-Martinez vd., 2016). Bu
calismada kullanilan Copernicus Sentinel verileri
[2015-2023], ESA tarafindan islenen ASF DAAC
[03 Ocak 2023 veri erisimi]’den alinan Sentinel-1A
(C-band1: dalga boyu 5,6 cm) uydu goriintiilerini
(74 algalan ve 76 ylikselen yoriinge) kapsamaktadir
(Sekil 2b ve Sekil 4). Sentinel-1 goreviyle, Serit
Haritas1 Modu (SM), Interferometrik Genis Alan
Modu (IW), Ekstra Genis Alan Modu (EW) ve
Dalga Modu (WM) olmak iizere dort farkli 6lgiim
modu ve gorlintii 6zelligine sahip veri triinleri
elde edilir. interferometrik genis alan modu (IW)
cogu uygulamada yaygin olarak kullanilan bir
moddur. Bumod, genis bir serit (swath) genisligini
(250 km) orta diizeyde bir geometrik ¢oziiniirliikte
(5m x 20m) interferogram goriintiileri elde etmek
i¢in kullanilir (Torres vd., 2012). Bu ¢alismada
kullanilan goriintiiler, 2015 Mart ile 2023 Ocak
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zaman araligindaki, VV polarizasyonlu Tek Bakigh
Kompleks (SLC) Interferometrik Genis (IW) serit
modu 1s1nlart olarak kaydedilmistir. Goriintiilerin
dik referans hatt1 £200 m arasinda degismektedir
(Sekil 4). SLC veri setinin 6n islemleri ve referans
goriintii se¢cimleri Avrupa Uzay Ajansi tarafindan
saglanan SNAP programiyla hazirlanmistir.
Yikselen yoriingede (Path 131) 20190509,
alcalan yoriingede (Path 138) ise 20190311 tarihli
referans goriintiiler kullanilmistir (Sekil 4). Radar
fazindaki topografik katkilar1 diizeltmek i¢in
Copernicus DEM (GLO-30) Sayisal Yiikseklik
Modeli (SYM) ile c¢ahsilmistir. On islemden
sonra, SLC verileri ayni alana kirpilarak hem
mesafede hem de azimutta Olgeklendirilmis,
boylece yardimci goriintiilerin ana geometriyle
aynt  Olcekte  interferogramlar
saglanmistir. Sonug olarak, radar pikselleri Cigna

olusturmasi

vd. (2012) tarafindan onerildigi gibi yar1 boyuta
(yani yaklasik 2 m’ye 10 m) indirgenmistir.

Cok Zamanl InSAR islemleri

Zaman serisi analizi olarak da bilinen ¢ok zamanli
InSAR (MTI) isleme, en iyi sinyali elde etmek
icin, ayni ydringelerdeki birden fazla SAR
gorlintlistinii isleyerek sinyallerdeki bozulmalarin
(zamansal korelasyon ve atmosferik etkiler)
iistesinden gelmeyi amaglamaktadir (Hooper vd.,
2012; Osmanoglu vd., 2016; Bayik vd., 2021;
Imamoglu vd., 2022). Cok zamanli InSAR analizi
yaklagimlar1 PS-InSAR ve SBAS olmak iizere
iki genel kategoriye ayrilmistir. Bu kategorilerin
her biri, SAR goriintiilerinde belirli bir sagilma
mekanizmasi tiirli i¢in optimize edilmistir.
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o
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Sekil 4. Bu calismada kullanilan Sentinel-1A referans goriintiiler (ylikselen ve algalan yoriingeler) icin baz ¢izgi-
zaman grafikleri. Kirmizi ve yesil nokta, her bir yoriinge i¢in referans olarak kullanilan ana goriintiiyli gostermektedir.

Figure 4. Baseline-time plots for the Sentinel-1A4 reference images (ascending and descending) used in this study.
(Red and green dots show main image used as reference for each track.)
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PS-InSAR olarak adlandirilan ilk yaklagsimda,
onemli herhangi bir zamansal bozulma belirtisi
gbstermeden, uzun siire boyunca daha kararl
ozellikler gosteren, diinya ylizeyindeki kalici
sacicilardan  yararlanir  (Ferretti vd., 2001,
Hooper vd., 2004). Interferogramlar, herhangi bir
mekansal/zamansal temel Ol¢iit olmaksizin, veri
seti i¢indeki tek referanshi bir SAR goriintiisiine
gore olusturulur ve yalnizca kalict saginim
noktalart Ol¢iim noktalar1 olarak analiz edilir
(Imamoglu vd., 2022). Ikinci yaklasim olan SBAS,
sadece kiiciik mekansal/zamansal taban ¢izgileri
ile interferogram olusumunu zorlayarak zamansal
dekorelasyonu azaltmay1 amaglar (Berardino vd.,
2002; Hooper, 2008). PS-InSAR teknigi, nokta
hedefleri olarak adlandirilan nesneler iizerine
odaklanir, yani muhtemelen kiigiik boyutlu ve
kose reflektorleri (6rnegin binalar, kayalar) gibi
¢ok iyi karakterize edilmis bir geometriye sahip ve
yiksek geri sagilma gosteren alanlarda kullanilir
(Wang vd., 2009). SBAS teknigi ise agik alanlar
veya ¢ok geometrik olarak karakterize edilmemis
nesneler gibi s6zde dagitilmis hedefler {izerine
yogunlagsmaktadir (Wang vd., 2009).

Yapilan arazi ¢aligmalari sel
felaketinin Oncesinde ve sonrasinda meydana
gelen deformasyonlarin, genel olarak yerlesim
alanlarma denk geldigi tespit edilmistir. Bu
nedenle bu c¢aligmada, deformasyon O&lglimleri
icin PS-InSAR metodu kullanilmigtir. Elde edilen
interferogram yiginlari, StaMPS (Hooper, 2008;
Hooper vd., 2012) kullanilarak islenmistir. PS
secim adim1 bir¢ok alt adim igerir ve PS noktalar
genlik dagilim indeksi (DA) ile tamimlanir
(Ferretti vd., 2001). Oncelikle noktalarin giiriiltii
ozellikleri genlik analizi ile incelenir; ikinci
olarak esik degeri belirlenir. Aslan vd. (2019),
rastgele genlik degiskenligini en aza indirmek ve
tarim alanlar1 veya kar nedeniyle olusan iliskisiz
pikselleri ortadan kaldirmak i¢in esik DA degerini
0,4 olarak Onermistir. Radar interferogram
filtrelemesi  (Goldstein &  Werner, 1998),

sonraki 2B’lu faz ¢oziimiinii iyilestirmek ve faz

sonucu,
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giirtiltiisiinii azaltmak i¢in tiim interferogramlarda
gerceklestirilmistir. Faz ¢oziimii yaklagimi i¢in,
SNAPHU (Chen ve Zebker, 2002) kullanilmistir.
Daha sonra atmosferik etkileri ortadan kaldirmak
icin Bekaert vd. (2015) tarafindan gelistirilen
acik kaynak kodlu Reducing Atmospheric InSAR
Noise (TRAIN) programindan yararlanilmastir.

Sentinel-1 Verilerinin 2B Yer Degistirme
Oranlarina Ayristirilmasi

Yalnizca LOS (Line of Sight) bilesenlerini
olcen InSAR tekniginin (Imamoglu vd., 2022),
diisey, D-B ve K-G yonlerinde ii¢ boyutlu (3B)
deformasyon vektoriinii elde edebilmesi i¢in en
az U¢ bagimsiz alim geometrisi gereklidir (Hu
vd., 2014). Gediz Grabeni iki farkli yoriingeden
gelen goriintiileme geometrisine sahip Sentinel-1
verileri icinde kaldigindan sadece iki farkl
gorlintiileme geometrisi mevcuttur. Bu sebeple,
gergcek deformasyon vektoriiniin li¢ bileseninden
yalnizca diisey ve D-B yonlii olanlari, algalan
ve yiikselen uydu goriintiiliilerinden elde edilen
LOS verileriyle, denklem (1)’de verilen formiil
(Fernandez vd., 2018; Aslan vd., 2019; Pawluszek-
Filipiak ve Borkowski, 2020; Bayramov vd.,
2021) kullanilarak doniistiirilmiistiir.

—CcosAgsc sineasc) ( dyer (Up-Down) ) (1)
—cosagsc Sinbasc) \dnor (East-West)

(58) - (o

Bu denklemde 6 ve 6, lokal gelis agilarini,
o ve a, ise uydularn yon agilarini sembolize
etmektedir. Elde edilen yilik LOS hareket
hizlarmin mevsimsel yeralti su seviyesi degigimi
ile korelasyonu, deformasyonun gelecek donem
etkilerinin tahmin edilmesi ve 6nlem alinmasini
saglamanin yani sira, a-sismik deformasyonla
gelisen ¢okiintii alanlarinin dagiliminin ortaya
konmasi agisindan Onemlidir. Bu kapsamda,
Hastaoglu vd. (2023)’iin Devlet Su Isleri’ne ait
ILGIN (2013-2018) ve Dogan vd. (2022)’de
kullanilan DELEMENLER (2011-2019) kuyu
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verileri ile, Simgek ve Demirkesen (2022)’nin
calisma alanimiz iginde kalan 9 adet kuyuda
hesapladigr kisa donem kuyu izleme sonuglari
(2017-2019) kuyu kiinyeleri
kullanilarak yeralti su seviyesi degisimlerinin

degistirilmeden

deformasyon tizerine etkisi degerlendirilmistir
(Sekil 3). Yeralt1 su seviyesi ve diisey yonlii
yer degisim grafikleri olusturulurken, o&lgiim
yapilan zaman sifir kabul edilerek kiimilatif
degisim oranlarina gore hesaplanmistir. Pandemi
doneminde ve sonrasinda kuyu gozlemleri
2023)

yillarin verileri degerlendirilememistir. Yiikselen

yapilmadigindan (Hastaoglu vd., son
ve algalan yoriinge veri setlerinde goriintli edinim
tarihleri esit olarak Orneklenemediginden, LOS
deformasyon zaman serisinde ortak bir zaman
kullanilmig, tiim noktalarimi temsil
edebilen bir fonksiyon ile ara deger hesabi
yapmaytr mimkiin kilmakicin, her iki
setine Ikinci Dereceden Bag Interpolasyonu
(Quadratic  Spline  Interpolation)

uygulanarak yeniden haritalama yapilmistir. Bu

referansi
veri
yontemi

sayede PS yogunlugunun diisiik oldugu yerlerde
(tarim ve sulak alan nedeniyle diisiik tutarlilik
degerinin oldugu yerlerde) deformasyon verileri
hakkinda bilgi edinme sansina sahip olunmustur.
Bu c¢alisgma kapsaminda jeolojik haritalama
caligmalart yapilmis (Sekil 3), Ciftci ve Bozkurt
(2009a)’da yer alan ve Tiirkiye Petrolleri Anonim
Ortakligi’'na ait (TPAO) sismik kesitlerinden
(Sekil 3) yorumlanarak c¢izilen enine jeolojik
kesit kullanilmis, yiizey deformasyonunun kaya
birimleri ve yapisal hatlarla olan iligkisinin ortaya
konmasi amaglanmustir.

PS-InSAR SONUCLARI

Alasehir-Sarigdl arasini kapsayan 1100 km?’lik
alanda yapilan PS-InSAR islemiyle, yiikselen ve
alcalan yoriingelerde sirasiyla 10508 PS ve 8508
PS veri noktasi elde edilmistir. Ortalama nokta
yogunlugu yiikselen ve algcalan yoriingeler igin
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sirasiyla 9,5 ve 7,73 PS/km? olmustur (Sekil 5a ve
b). Her iki hattin benzer LOS hiz noktalar1 diisey
yonlii deformasyon gosterirken, farklt mekansal
model gosteren alanlar ise yatay yer degisimini
ifade etmektedir (Sekil 5). Sekil 5a ve b’de
gosterildigi gibi, yiiksek zamansal uyumsuzluk
nedeniyle, graben iginde tarimsal alanlarin yogun
oldugu kesimlerde PS-InSAR kullanarak zemin
yer degistirmesini tahmin etmek giliclesmektedir.
Ikinci Dereceden Bag Interpolasyon ile yeniden
modellenen LOS yillik hiz degerleri yiikselen
yoriinge i¢in -28,9 mm/yil ile +9,3 mm/yil,
algalan yoriinge i¢in -16,5 mm/yil ile +9,3 mm/
yil arasindadir (Sekil 5¢ ve d). 2015-2023 donemi
boyunca LOS olgiimlerinin 2B  ayristirilmast
ile elde edilen diisey yer degistirmeler, graben
iizerindeki yillik ortalama diisey deformasyon
hizinin mm/y1l araliginda belirlenmesine olanak
saglamistir. Yikselen ve alcalan yoriingelerde
Denklem (1)’de verilen esitlikle hazirlanan 2B’lu
sonuglar, disey hiz (Sekil 6a) ve D-B yonli
hizlarin (Sekil 6b) yillik yer degisim miktarlarini
yansitmaktadir. Negatif degerlere sahip piksellerin
sayisina dayanarak, Alasehir-Sarigél’iin graben
icerisinde bulunan alanlarinda hakim olan ¢okme
stireclerinin agikca gozlemlendigini sdylemek
mimkiindiir. ~ Yansimalarin oldugu
alanlarda yillik ortalama diisey deformasyon
hizlari, Alasehir merkezinde -16,92 ile -6,94 mm/
yil arasinda, Sarig6l merkezinde ise -12,8 ile 0,8
mm/y1l arasindadir (Sekil 6a). Diisey deformasyon
hizlarina bakildiginda, en yiiksek ¢ékme orani -26

yogun

mm/y1l ile Alasehir’e bagh Uziimli Koyii’nde
tespit edilmistir. LOS dl¢timlerinin yatay dogu-bati
yer degistirmeye gore 2B ayrisim, yillik ortalama
yatay deformasyon hizinin 11 mm/y1l (batiya) ve
7 mm/yil (doguya) oldugunu gostermistir (Sekil
6b). 18 Ekim 2020 tarihinde Sarigél’de meydana
gelen yariklarin oldugu alanda ise 6-4 mm/y1l arasi
degisen hiz oranlartyla yatay yer degistirmeler
tespit edilmistir.
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Sekil 5. Alasehir-Sarigol civarinin LOS deformasyon hizi: A) yiikselen yoriinge ve B) algalan yoriingelere ait PS
noktalari. C) yiikselen ve D) algalan yériingelere ait ikinci Dereceden Bag interpolasyonu ile yeniden haritalanmis
LOS deformasyon haritasi. Numaralandirilmis siyah yuvarlak isaretler ayristirma sonrasi elde edilen diisey yonlii

zaman serisi grafiklerin (Sekil 7) yerini gostermektedir.

Figure 5. LOS deformation rate of Alasehir-Sarigél vicinity: PS points of A) ascending orbit and B) descending
orbit. LOS deformation map remapped by Spline Interpolation for C) ascending and D) descending orbit (numbered
black circles indicate location of vertical directional time series graphs (Figure 7) obtained after decomposition).

TARTISMA ve SONUCLAR

Bu c¢alismada, Alasehir-Sarig6l arasinda PS-
InSAR sonuglarindan elde ettigimiz LOS hizlar1
2B hizlara donistiiriilerek yatay ve diisey hiz
vektorlerine ayrilmigtir. 2015 Mart ile 2023 Ocak
arasinda hesapladigimiz yillik ortalama diisey
hiz degerleri interpolasyon islemiyle alansal hiz
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degerlerine donistiiriilmts, -26 mm/yil ile +1
mm/y1l arasi degisen diisey hizlar elde edilmistir
(Sekil 6a). Koca vd. (2011)’in 2000 yilinin yaz
aylarinda, deforme olan iist yapilardan alinan
arazi Ol¢iimleri diisey yer degistirme hareketinin
20-45 cm, 2010 yilinda ayni hatta Olgiilen yer
degistirme miktarlarinin ise 1,00-1,25 m oldugunu
gostermistir.
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2D deformaspn hizi
Lyon) y " "
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Sekil 6. Alasehir-Sarigol civarinin 2B ayrismadan elde edilen a) diisey ve b) yatay (dogu-bati) deformasyon hizlari.
Numaralandirilmis siyah yuvarlak isaretler ayristirma sonrasi elde edilen diisey yonlii zaman serisi grafiklerin (Sekil
7) yerini, dikdortgenler ise ortalama hiz degerleri ile topografyanin birlikte yorumlandigi Serit Profil hatlarini (Sekil
8), liggenler ise yeralt1 su verilerinde kullanilan kuyu lokasyonlarini gosterir.

Figure 6. a) vertical and b) horizontal (east-west) deformation velocities of Alagehir-Sarigol vicinity obtained from
2D decomposition. (Numbered black circles indicate location of vertical time series graphs (Figure 7) obtained
after decomposition. Triangles represent well locations used in groundwater level of wells data. Rectangles indicate

Swath profile lines (Figure 8), where average velocity values and topography are interpreted together).

Bu o6l¢iimler, bina, duvar ve yol gibi ilksel
formu bilinen {st yapilarda hesaplanmis ve
toplam deformasyon miktarlarini yansitmaktadir.
Yazarlarin 2000 ve 2010 yili arasindaki farkli
deformasyon  Ol¢iimleri, bolgenin  tarimsal
faaliyetlerinin biiyiik bir ivmeyle artmasma ve
sonug olarak asir1 pompaj sonucu YAS diismesine
baglanabilir. Yillik deformasyon hizinin en yiiksek
oldugu Sar1gdl merkezde dar bir zaman araliginda
yapilan 6l¢iimlere gore, cokme oraninin maksimum
5,2 em/y1l’a ulastigr bilgisi de literatiirde yer alan
veriler arasindadir (Goren, 2016). Sekil 7’de yer
alan grafiklerden de goriilecegi iizere, mevsimsel
dongiilere denk gelen ve kisa donemlerde yapilacak
Olctimlerin 5 cm/y1l’1 astig1 gortilmektedir. Sarigol
mevkiinde GNSS 6lgiimleri 2013-2015 arast -90
mm/y1l (Poyraz vd., 2019), 2017-2020 aras1 70-
80 mm/yil (Dogan vd., 2022) olan yillik diisey
hiz degerleri sunar ve Alagehir’e dogru gidildikge
sirastyla -33 ve -13 mm/yil’a diigmektedir
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(Poyraz vd., 2019). Havzada gomiilii Miyosen
cokellerinin kalitsal sinir1 ile yiizey kiriginin neden
oldugunu disiindiigiimiiz alansal deformasyon
arasindaki iligkiyi anlamak amaciyla yaptigimiz
interpolasyon sonuglari (-26 mm/yil ile +1 mm/
yil diisey hiz), GNSS sonuglarina gore farkli hiz
degerleri sunmaktadir. Bu farkliligin temel sebebi,
interpolasyon Oncesi toplanan verinin dagimik
ve oOzellikle asir1 heterojen oldugu noktalar
homojenize etmesinden kaynaklanir. PS-InSAR
sonuglarini Hizli Fourier doniistimii (Fast Fourier
transformation (FFT)) algoritmasiyla hesaplayan
bir ¢alismada (Hastaoglu vd., 2023) 60 mm/
yil (maksimum),bagka bir ¢caligmada (Poyraz ve
Hastaoglu, 2020) ise LOS yoniindeki -50 mm/
yiI’lik ¢okme degeri elde edilmistir. Bir diger
radar interferometri ¢aligmasinda (Weiss vd.,
2020) grabenin 20 mm/y1l hizla K-G dogrultuda
genisledigi anlasilmaktadir.
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Sekil 7. 2B ayrismadan elde edilen diisey yer degistirme miktarlar (siyah ¢izgiler) ve kuyulara ait yeralt1 su seviyesi
(mavi ve kirmizi ¢izgiler) grafikleri. Kuyu ve 6lgtim lokasyonlari igin Sekil 6’ya bakiniz. Veriler ilk 6l¢tim zamanlari
baz alinarak kiimiilatif olarak yerlestirilmistir.

Figure 7. Graphs of vertical displacements obtained from 2D decomposition (black lines) and groundwater level
(blue and red lines) of wells. (See Figure 6 for location of wells and measurements. Data are cumulatively placed
based on times of first measurements).
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Elde ettigimiz 11 mm/yil (batiya) ile 7 mm/
yil (doguya) arasindaki yatay hareketler (Sekil
6b), Tiryakioglu vd. (2019) tarafindan 18 mm/
yil ile 29 mm/y1l arasinda, Poyraz vd. (2019)
da ise GB’ya 12 mm/yil ile 27 mm/y1l arasinda
bulunmustur. Hastaoglu vd. (2023) genelde diisiik
miktarda yatay hareket 6lgmesine ragmen, spesifik
olarak Sarig6l’iin KB’sinde kiigiik bir alanda 43
mm/y1l battya hareket tespit etmistir. Bu degerler
arasindaki farkliliklarin  temel sebebi, daha
once yapilmis InSAR calismalarindaki Olglim
periyodlari arasinda zamansal farkin kisa olmasi ve
GNSS 6l¢limlerinin dogasi geregi yapilan goreceli
plaka diizeltmeleri olarak diisiiniilmektedir. Bu
calisma kapsaminda elde edilen sonuglar, Poyraz
vd. (2016; 2019; 2020)’nin sonuglariyla birlikte
degerlendirildiginde, bolgedeki aktiftektonik rejim
altinda Bozdag Horstu’nun yiikselirken, grabenin
de es zamanl1 olarak ¢oktiigii anlasilmaktadir.

Onceki  ¢alismalarda  kullanilan ~ YAS
verilerinin zamana bagli degisim grafigi, bu
calismada elde edilen yer degistirme miktart ile
zamansal 6l¢eklendirme yapilarak denestirilmistir
(Sekil 7). Elde ettigimiz sonuglar, havza igerisinde
deformasyon dagilimin her yerde esit olmadigini
(Sekil 6) ve buna nedenin ise yeralt1 su seviyesinin
alansal olarak degiskenlik gdstermesi oldugunu
ortaya koymaktadir (Sekil 7).
arastirmak i¢in, yeraltt su seviyesi degigimleri
ile PS-InSAR kullanilarak elde edilen diisey
hareket karsilastirilmig, hidrojeolojik siireclerin
deformasyon iizerindeki etkisi anlasilmaya
(Sekil 7). Zaman cizelgesinde,
yeralti suyu seviyesindeki azalmanin, Onceki
caligmalarda (Koca vd., 2011; Goren, 2016;
Poyraz vd., 2015; 2016; 2019; Tiryakioglu vd.,
2019; Poyraz ve Hastaoglu, 2020; Dogan vd.,
2022; Hastaoglu vd., 2023) da ifade edildigi gibi
arazideki ¢6kme hiziyla dogrudan iliskili oldugu

Bu durumu

calisilmistir

acikca goriilmektedir (Sekil 7). Mevsimsel sezon
degisiklerinin meydana getirdigi yeralti su seviyesi
degisimleriyle, PS-InSAR sonuglar1 kullanilarak
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yapilan nokta bazli zaman/hiz degisim grafikleri
genel olarak tutarlidir. Grabenin kuzey kenarinda
yer alan Killik Fayi’ndaki aktivitenin, giliney
kenara gore goreceli olarak daha diigiik olmast
da buna neden olan etmenlerden biridir. Bu
durumu daha anlasilabilir kilmak igin, grabene
dik ve paralel yonde alinan Serit Profil (Swath
Profile)’lerde (Sekil 8) bolgenin jeolojisi ve
elde edilen sonuglar birlestirilmis, bu sayede
fay geometrisinin neden oldugu deformasyon
dagilimlart  yorumlanmistir.  Buna  gore,
Alagehir’in batis1 ile Sarigél’in dogusu diisey
yer degisimlerinin sifira yaklagtig1 alanlardir. Bu
sinirlardan merkeze ve giineye gidildikge diisey ve

yanal hizlarda artis gézlenmektedir (Sekil 8).

Sarigdl yerlesim alaninindan gegen faylardan
biri olan Sarigdl Fayi’nin, karotlu sondajlardan
elde edilen veriler 15181nda teorik olarak listrik
normal fay geometrisine sahip oldugu belirtilmistir
(Koca vd., 2011). Sekil 9a’da da gorildigi
lizere, havzanin giiney kenarindan (-26 mm/
yil) kuzeye dogru gidildik¢e (-3 mm/yil) diisey
yonllii deformasyon oranindaki azalma, listrik
normal fay geometrisi teorisini desteklemektedir.
Bu durum, havza igine ilerleyen listrik fay
diizleminin egiminin azalmasiyla birlikte deprem
sonucu gelisen atim miktarinin da azalmasiyla
agiklanabilir. Bu da intersismik dénem sirasinda
¢okel kayalardaki oturma miktarinin, havza igine
ve fayin bitim noktasina dogru azalmasi anlamina
gelir. Bu nedenle grabenin giiney kenarindan
kuzey kenarma dogru ortalama hiz degerlerinin
azaldig1 disiiniilmiistir. Havzanin listrik fay
geometrili yapisal kontrol
aktaran bir diger calisma da Cift¢i ve Bozkurt
(2010)’a aittir. Alagehir’in glineyinde, ana graben
fayr olarak adlandirilan ve havza kenarinda

altinda gelistigini

yer alan yliksek acili faylarla birlikte calisan bu
fayin, ¢aligmacilarin yorumladigt TPAO sismik
kesitlerine gore de listrik geometriye sahip bir fay
oldugu anlagilmaktadir (Sekil 9a).
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Sekil 8. 2B ayrismadan elde edilen diisey (P1, P2, P3) ve yatay (P4) yer degistirme hizlarinin, ana yapisal hatlarla
birlikte ¢izilmis enine kesitleri. Topografya ve PS-InSAR sonuglart 1 km genislikteki serit profil ile alinmistir. Profil
hatlar igin Sekil 6’ya bakiniz.

Figure 8. Cross-sections of vertical (P1, P2, P3) and horizontal (P4) displacement velocities obtained from 2D
decomposition, plotted with main structural lines. (Topography and PS-InSAR results were obtained with a 1 km
wide swath profile. See Figure 6 for swath profile line locations).
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Sekil 9. a) Gediz Grabeni’nin GD kesimindeki yapisal elemanlar ve diisey ¢okme hiz1 arasindaki iliskiyi gosteren
sematik tektonik model (model, bu ¢aligma kapsaminda elde edilen 2B hiz haritasi ve Cift¢i ve Bozkurt (2010)’da
verilen enine jeolojik kesitin korelasyonu ile ¢izilmistir). b) Cokmenin yatay diizlemde radyal yayilimla oldugunu
gosteren P4 kesiti ve ¢) sematik blok InSAR modeli.

Figure 9. a) Schematic tectonic model showing relationship between existing structural elements and vertical
subsidence velocity in SE section of Gediz Graben (tectonic model was drawn by correlating the 2D velocity map
obtained within scope of this study and geological cross-section given in Cift¢ci and Bozkurt (2010)). b) P4 section
and ¢) schematic InSAR model showing that the collapse occurred with radial bulging in horizontal plane.
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Bu da
gelen yer hareketlerinin bu faylarin geometrisi
ile dogrudan iliskili olma nedenini gii¢lendirir.

Alagehir-Sarig6l arasi meydana

Ayrica gliney kenara dogru artan, havzanin icine
dogru azalan diisey deformasyonlarin, yiiksek
acili faylarn listrik geometrili ana graben fayinin
tavan blogundaki domino tarz1 (Cift¢i ve Bozkurt,
2009b) bir geri doniis siirecinden kaynaklanmig
olacagi da diistiniilebilir.

Literatiirde yer alan yatay hareket hizlar
genellikle bolgenin KD-GB yonlii acilmasina
eslik eden KB-GD sikismalarla
aciklanmaya c¢alisilmigtir (Tiryakioglu vd., 2019;
Poyraz vd., 2019). PS-InSAR sonuglarindan elde
edilen 11 mm/y1l (batiya) ile 7 mm/y1l (doguya)
arasindaki yatay hareketler, bati bolimiin
doguya ve dogu boliimiiniin de batiya dogru yer
degistirdigini gostermektedir. Maksimum ¢okme
hizinin gézlendigi alanda zit yonlii (D-B) yatay

yonli

hareketlerdeki cakisma, ¢cokmenin yatay diizlemde
radyal yanal yayilimla, diiseyde ise senformal
geometride gergeklestigini disilindiiriir (Sekil 9b
ve ¢). Bu nedenle yatay hareketin bolgedeki KB-
GD yonli sikigmadan ziyade, havzanin ¢okme
rejimini dogrudan kontrol eden giliney kenar
faylarinin geometrisi ve tiirtiyle iliskili oldugu
diisiiniilmiistiir. Havza i¢inde oldugu diislintilen
senformlar, genisleme kivrimlariyla dogrudan
iligkilidir. Bu kivrimlar, Gediz Grabeni’nin
genel egilimine gére boyuna veya enine yapilar
olarak meydana gelebilir (Ciftci ve Bozkurt,
2008). Gediz Grabeni’nin yapisal evriminin
Miyosen’den giiniimiize kadar, giiney kenar faylar1
ile yakindan iliskili oldugu diistiniilmektedir
(Ciftci ve Bozkurt, 2009b). Ciftgi ve Bozkurt
(2010), Alasehir ve Salihli alt havzalarinin farkl
tortul kalinliklarina sahip olmalarini, olusumlari
sirasindaki zamansal fark ile aciklamaktadir. Bu
kapsamda ele alindiginda, Sekil 6 ve 9’de goriilen
deformasyonlarin Alasehir’in batisindan itibaren
gozilkkmemesi, bu iki alt havzanin, aralarinda
meydana gelen Ortiilii yarn diisey bir fayla
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smirlanmig (Ciftgi ve Bozkurt, 2010) olmasina
baglanabilir.

Aktif faylarin konumlari ¢6kme modelinin
konumsal dagilimiyla (Sekil 6) ve yeralt1 su
seviyesi degisimleri (Sekil 7) ile baz1 yerlerde
uyum i¢indedir. Uyumsuz olan alanlar bolgede
tarimsal sulama amaciyla kullanilan yeralti su
¢ekimi diginda, zemin deformasyon siireglerinin
de dogal tektonik faktorler tarafindan kontrol
edildigi varsayimmi giiclendirir. 1, 2, 5, 8 ve 9
numarali 6l¢lim noktalarinda (Sekil 6a ve Sekil
7) yeralti su seviyesi degisimlerinde tutarsizlik
gbzlenmesi, bu noktalarin Alasehir depremi ile
olugsmus yiizey kiriklarina yakin olmasindan,
bu alanlarda meydana gelen deformasyonlarin
onemli bir bolimiiniin ise tektonik etkiler
altinda meydana gelmesinden kaynaklanabilir.
Ayrica, diisey ve yatay yer degistirmelerin,
Gediz Grabeni’'ni smirlayan yiiksek agili faylar
ve 1969 Alasehir depreminde meydana gelen
ylizey kiriklariyla morfolojik olarak sinirlanmig
oldugu da goriilmektedir (Sekil 6). Bu da tespit
ettigimiz deformasyonlarin biiyiik oranda tektonik
kokenli a-sismik deformasyonlar oldugunu
gostermektedir. Eraver vd. (2009) disey yer
degistirmeleri, normal bilesenli fayin olagandisi
a-sismik hareketlerine baglamistir. Fakat elde
ettigimiz sonuglarla, deformasyonlarin sadece diri
faylarin ylizeye ulastigi alanlarla kisitl olmadigi,
fay diizleminin yatay ve diisey deformasyonlarla
tavan blogunu kontrol ettigi anlasilmistir (Sekil 8
ve Sekil 9a).

Sonug¢ olarak, gilincel hareket hizlaryla
Alasehir-Sarig6l arasinda ¢okme
yayilim sonucu meydana gelen deformasyonlarin,
1969 Alasehir depremindeki yiizey kiriklariyla
sinirlanmasi tesadiif degildir. Sarigél fay1 boyunca
yapilan jeolojik ve jeodezik gozlemler, Dogan
vd. (2022)’nin de belirttigi gibi, 1969 Alasehir
depreminin kosismik evresinde gelisen sismik
kaymaya ek olarak, gliniimiize kadar devam eden
intersismik donemde a-sismik kayma ile 6nemli
bir gerilme agiga c¢ikmis olabilir. Bolgedeki

ve yanal
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tektonik aktivite gegmisi ve Miyosen’den kalan
kalitsal izlerin varligi, giincel deformasyonlarin
gelisimine halen etki etmektedir. Bu nedenle
mevcut deformasyonlar1 tek basina yeralti
su seviyesi degisimlerine baglamak eksik
modellemelere neden olabilir. Fakat yeralti su
seviyesi degisimlerinin fazla oldugu alanlarda
tektonik kontrol altinda gelisen ¢okme olaylarinin
daha da hizlandig1 anlasilmaktadir. Tektonik
krip, biiyiik depremler icin olas1 bir tetikleyici
faktor ve deprem Onciisii olarak tanimlanmaktadir
(Radiguet vd., 2016). Bu tlirden bir a-sismik
deformasyon zaman i¢inde yavas yavas biiyiiyen
yapisal hasarlar meydana gelebilmektedir.
Giiniimiizde, bdlgedeki deformasyon oranindaki
artis, 1990’l1 yillardan bugiine kadar donemsel
olarak yaganan kuraklik ve yeraltindan asir1 su
cekilmesi nedeniyle mevcut yeralti su seviyesinin
hizla diisiisiiyle artmistir. Bu da uzun intersismik
donemde meydana gelecek yavas deformasyonun,
sediman konsolidasyonunu hizlandirarak ¢ok
daha hizli bir sekilde gerceklesmesine neden
olacaktir. Seviye degisimleri, bolgedeki jeotermal
faaliyet ve yapisal elemanlar da dikkate alinarak
diisiiniilmeli, a-sismik olarak hareket eden diri
fay hatlan {izerinde tampon alanlar olusturma
kriterleri yeniden ele alinmali ve {ist yap1 rezerv
alanlariin belirlenmesinde mutlaka ¢ok disiplinli
calismalar yapilmalidir.

EXTENDED SUMMARY

It is noteworthy that a significant part of the
a-seismic surface deformations developed in
recent years, especially in Western Anatolia,
follow old surface ruptures. It is possible to list
the locations of a-seismic surface deformations
occuring in the grabens in the Western Anatolia
Extensional Province (WAEP) (Eyidogan and
Jackson, 1985, Sengor et al., 1985; Sengor, 1987,
Jackson and McKenzie, 1988, Ambraseys, 1988,
Reilinger et al., 1997, McClusky et al., 2000,
Bozkurt, 2001a; Taymaz et al., 2007; Biryol et al.,
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2011) and reported in the last 30 years as follows:
Gediz (Alasehir), Kiiciik Menderes, Biiyiik
Menderes, Burdur, Giilovasi and Afyon-Aksehir
grabens (Figure 1). For example, geodetic and
paleoseismological data were obtained in Bolvadin
(Afyon-Aksehir Graben) indicating that surface
deformations developed on the old surface rupture
of the Bolvadin Fault, shown with the star number
2 in Figure 1b (Ozkaymak et al., 2017). In the area
between Alasehir and Sarigél located within the
Gediz (Alasehir) Graben, which is the subject of
this study, and where surface deformations are
observed, there is a surface rupture of the 1969
earthquake (M. 6.9), just like in the Bolvadin Fault
example (Figure 2a). Based on this, investigating
the deformation-surface rupture relationship
similar to that put forward by Ozkaymak et al.
(2017) in the area between Alasehir and Sarigol
formed the basis of this study.

In this study, the surface deformations in the
region between Alasehir and Sarigol districts
were examined using the Persistent Scatter-
InSAR (PS-InSAR) method, and the active
tectonics of the region and causes of current
deformations were discussed with field studies.
With the images obtained over a long period, the
relationship between the cracks that developed in
Sarigél after the heavy rain and hail on October
18, 2020 and the surface ruptures formed as a
result of the 1969 Alasehir earthquake and the
subsidence geometry of the graben are discussed.
In addition to field studies, all data obtained
using PS-InSAR were evaluated together with
geological, hydrogeological, geophysical and
geodetic studies to measure the extent and speed
of the destruction observed in the Sarigil-Asagt
Kocaklar neighborhood, and the effects of long-
term deformations developing in the region were
interpreted. A tectonic subsidence model has been
created by combining all the findings obtained
from all these correlations. This study aims to
provide a different perspective for future studies
by revealing for the first time a tectonic model



associated with the subsidence geometry of the
region. In addition, it is now understood that the
subsidence geometry in graben-type basins that
developed under active tectonic effects, not only
controlled by groundwater level and faults but
also old hereditary structures, played a major role
in deformation distribution.

With the PS-InSAR process performed in the
1100 km? area between Alasehir-Sarigdl, 10508
PS and 8508 PS data points were obtained in
ascending and descending orbits, respectively
(Figure 5a and b). The average point density is
9.5 and 7.73 PS/km? for ascending and descending
orbits, respectively. While similar LOS velocity
points of both lines indicate vertical deformation,
areas showing different spatial patterns represent
horizontal displacement (Figure 5). As shown
in Figure 5a and b, it is difficult to estimate the
ground displacement using PS-InSAR in the
agricultural areas within the graben due to the
high temporal unconformity. The LOS annual
velocity values remodeled by Spline Interpolation
are between -28.9 mm/y and +9.3 mm/y for the
ascending orbit, and it ranges from -16.5 mm/y
to +9.3 mm/y for the descending orbit (Figure
Sc and d). Vertical displacements obtained by 2D
decomposition of LOS measurements during the
2015-2023 period allowed us to determine the
annual average vertical deformation rate on the
graben in the range of mm/year. The 2D results
prepared with the equation given in Equation
(1) for ascending and descending orbits reflect
the annual displacement amounts in a vertical
(Figure 6a) and E-W direction (Figure 6b).
Annual average vertical deformation rates in the
areas where reflections are intense are between
-16.92 and -6.94 mm/y in the center of Alasehir
and between -12.8 and 0.8 mm/y in the center
of Sarigol (Figure 6a). Considering the vertical
deformation rates, the highest subsidence rate
was found in the Uziimlii village in Alasehir
with -26 mm/y. The 2D decomposition of LOS
measurements Wwith respect to the horizontal
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east-west displacement showed that the average
annual horizontal deformation rate was 11 mm/y
(westward) and 7 mm/y (eastward) (Figure 6b).
On the other hand, horizontal displacements
were detected with velocities ranging between
6-4 mm/y in the area where cracks occurred in
Sarigél on October 18, 2020. Accordingly, it is
understood that under the active tectonic regime
in the region, while the Bozdag Horst uplifted, the
graben collapsed simultaneously.

Point-based time/velocity variation graphs
using PS-InSAR results are generally consistent
with groundwater level changes caused by
seasonal changes. The fact that the activity on the
Killik Fault on the northern edge of the graben is
relatively lower than on the southern edge is one
of the factors causing this. In order to make this
situation more understandable, the geology of the
region and the results obtained from the Swath
Profiles (Figure 8) taken in the perpendicular and
parallel directions to the graben were combined
thus the deformation distributions caused by the
fault geometry were interpreted. According to this,
west of Alasehir and east of Sarigol are the areas
where vertical displacements approach zero.
Vertical and lateral velocities increase as we go
from these borders to the center and south (Figure

8).

It has been stated that the Sarigol Fault,
one of the faults passing through the Sarigol
settlement area, theoretically has a listric normal
fault geometry in the light of the data obtained
from core drillings (Koca et al., 2011). As seen in
Figure 9, the decrease in the vertical deformation
rate from the southern edge of the basin (-26
mm/y) to the north (-3 mm/y) supports the theory
of listric normal fault geometry. This situation
can be explained by the decrease in the dip of
the listric fault plane advancing into the basin
will also decrease the amount of offset caused
by the earthquake. This means that the amount
of consolidation in the sedimentary rocks during
the interseismic period decreases into the basin
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towards the end of the fault. Therefore, it is thought
that the average velocity values decrease from the
southern edge of the graben to the northern edge.
Another study reporting that the basin developed
under structural control with listric fault geometry
belongs to Cift¢i and Bozkurt (2010). This fault,
which is called the main graben fault in the south
of Alasehir and operates together with the high-
angle faults located at the edge of the basin, is
understood to be a fault with listric geometry,
according to the TPAO seismic sections interpreted
by the researchers (Figure 9a). This strengthens
the reason why the ground movements occurring
between Alasehir and Sarigol arve directly retated
to the geometry of these faults. In addition, the
vertical deformations, which increase towards the
southern margin and decrease towards the interior
of the basin, indicate that the high-angle faults
are caused by a domino-like (Cift¢i and Bozkurt,
2009b) return process in the hanging-wall of the
main graben fault with listric geometry.

The horizontal movement rates in the
literature generally try to be explained by the
NW-SE directional compressions accompanying
the NE-SW directional extension of the region
(Tiryakioglu et al., 2019; Poyraz et al., 2019).
The horizontal movements between 11 mm/y
(westward) and 7 mm/y (eastward) obtained from
PS-InSAR results indicate that the western section
is displaced eastward and the eastern section is
displaced westward. The overlap in opposite
horizontal movements (E-W) in the area where the
maximum collapse velocity is observed suggests
that the collapse occurred with radial bulging in
the horizontal plane and in synformal geometry
in the vertical (Figure 9b and c). Therefore, it is
thought that the horizontal movement is related
to the geometry and type of the southern margin
faults, which directly control the subsidence regime
of the basin, rather than the NW-SE directional
compression in the region. The senforms which are
thought to be within the basin are directly related
to the extensional folds. These folds may occur as
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longitudinal or transverse structures according to
the general trend of the Gediz Graben (Cift¢ci and
Bozkurt, 2008). It is thought that the structural
evolution of the Gediz Graben is closely related to
the southern margin faults from the Miocene to the
present (Ciftci and Bozkurt, 2009b). The fact that
Alagehir and Salihli sub-basins have a different
sedimentary thickness is explained by Cift¢i and
Bozkurt (2010) with the temporal difference in
the formation of these basins. In this context, the
fact that the deformations seen in Figures 6 and
9 are not visible from the west of Alasehir can be
attributed to the fact that these two sub-basins are
bounded by a covered semi-vertical fault (Cifigi
and Bozkurt, 2010).

In some places, the locations of active faults
are compatible with the spatial distribution of the
subsidence model (Figure 6) and groundwater
changes  (Figure 7). Incompatible
areas strengthen the assumption that ground
deformation processes are also controlled by
natural tectonic factors, apart from groundwater

level

abstraction used for agricultural irrigation in
the region. Observation of the inconsistencies in
groundwater level changes at measurement points
1, 2,5, 8 and 9 (Figure 6a and 7) may be due to
the fact that these points are close to the surface
ruptures formed by the Alasehir earthquake and a
significant part of the deformations occurring in
these areas occur under tectonic effects. It is also
seen that the vertical and horizontal displacements
are morphologically constrained by the high
angle faults bounding the Gediz Graben and
the surface ruptures that occurred in the 1969
Alasehir earthquake (Figure 6). This indicates
that the deformations we detected are mostly
a-seismic deformations of tectonic origin. Eravci
et al. (2009) attributed the vertical displacements
to the unusual a-seismic movements of the fault
with a normal component. However, with the
results we obtained, it was easily understood that
the deformations were not limited to the areas
where the active faults reached the surface, and



that the fault plane controlled the hanging-wall
with horizontal and vertical deformations (Figure
8 and 9a).

Consequently, it is not a coincidence that the
deformations occurring as a result of subsidence
and lateral spreading between Alagehir-Sarigol
and current movement rates are bounded by the
surface ruptures of the 1969 Alasehir earthquake.
As Doganetal. (2022) also stated, in addition to the
seismic slip that developed in the coseismic phase
of the 1969 Alasehir earthquake, a significant
stress may have been released by a-seismic slip
in the interseismic phase that continues today.
The history of tectonic activity in the region
and the presence of hereditary traces from the
Miocene still affect the development of current
deformations. Therefore, attributing the existing
deformations to groundwater level changes alone
may lead to incomplete modelling. However; it is
understood that the subsidence events developing
under tectonic control accelerate in areas where
groundwater level changes are high. Tectonic
creep is defined as a possible triggering factor
and earthquake precursor for large earthquakes
(Radiguet et al., 2016). This kind of a—seismic
deformation can cause structural damage that
grows gradually over time.

Today, the deformation rate in the region has
increased due to the rapid decrease in the existing
groundwater level due to periodic drought from
the 1990s to the present and excessive withdrawal
of water from the underground. This will cause
the slow deformation that will occur in the long
interseismic phase to occur much faster by
accelerating sediment consolidation. In order to
eliminate such risks, groundwater level changes
should be evaluated by taking into account the
geothermal activity and structural elements in
the region, the criteria for creating buffer zones
on a-seismically moving active faults should be
reconsidered, and multidisciplinary studies should
be carried out in determination of superstructure
reserve areas.

52

Semih ESKI, Hasan SOZBILIR

KATKI BELIRTME

Bu calisma, Semih ESKI tarafindan Dokuz
Eylil Universitesi Fen Bilimleri Enstitiisii’ne
bagl olarak yiiriitilen doktora tezi kapsaminda
hazirlanmigtir.  Yaymin yazim asamasindaki
destek ve katkilarindan 6tiirii Dr. Cigdem TEPE,
Dog. Dr. Okmen SUMER ve Dr. Atilla ONGAR’a,
makalenin bilimsel agidan kalitesini arttiracak
katkilar saglayan dergi hakemlerine ve “Yer
Bilimlerinde Sayisal Modelleme Ozel Sayisi”
konuk editérii Oguz GOGUS’e tesekkiir ederiz.

ORCID
Semih Eski

Hasan Sozbilir

https://orcid.org/0000-0002-2526-2571
https://orcid.org/0000-0002-3777-4830

KAYNAKLAR / REFERENCES

Abdikan, S., Arikan, M., Sanli, F. B. & Cakir, Z.
(2014). Monitoring of coal mining subsidence in
peri-urban area of Zonguldak city (NW Turkey)
with persistent scatterer interferometry using
ALOS-PALSAR. Environmental Earth Sciences,
71,4081-4089.

Akoglu, A. M., Jonsson, S., Wang, T., Cakir, Z., Dogan,
U., Ergintav, S., ... & Emre, O. (2018). Evidence
for tear faulting from new constraints of the 23
October 2011 Mw 7.1 Van, Turkey, earthquake
based on InSAR, GPS, coastal uplift, and field
observations. Bulletin of the Seismological
Society of America, 108(4), 1929-1946. https:/
doi.org/10.1785/0120170314

Ali, M., Shahzad, M. 1., Nazeer, M., Mahmood, I. & Zia,
I. (2021). Estimation of surface deformation due
to Pasni earthquake using RADAR interferometry.
Geocarto International, 36(14), 1630-1645.

Ambraseys, N. N. (1988). Engineering Seismology.
Earthquake Engineering ve Structural Dynamics,
17, 1-105.

Anderson, E. R., Griffin, R. E. & Irwin, D. E. (2016).
Implications of different digital elevation models
and preprocessing techniques to delineate debris
flow inundation hazard zones in El Salvador.
Natural — Hazard  Uncertainty — Assessment:
Modeling and Decision Support, 167-177.



Gediz (Alagehir) Grabeni 'nde Geligen A-Sismik Yiizey Deformasyonlarin Kokeni

Angelier, J., Dumont, J. F., Karamanderesi, H., Poisson,
A., Simsek, S. & Uysal, S. (1981). Analyses of
fault mechanisms and expansion of southwestern
Anatolia since the late Miocene. Tectonophysics,
75(3-4), T1-T9.

Arpat, E. ve Bingol, E. (1969). Ege Bolgesi graben
sisteminin gelisimi lizerine diislinceler. Mineral

Research and Exploration Institute of Turkey
(MTA) Bulletin, 73, 1-8.

ASF (Alaska Satellite Facility), 2019. https://search.
asf.alaska.edu/#/ , 10 Mart 2019.

Aslan, G., Cakir, Z., Lasserre, C. & Renard, F.
(2019). Investigating subsidence in the Bursa
Plain, Turkey, using ascending and descending
Sentinel-1 satellite data. Remote Sensing, 11(1),
85.

Asti, R., Malusa, M. G. & Faccenna, C. (2018).
Supradetachment basin evolution unravelled by
detrital apatite fission track analysis: the Gediz
Graben (Menderes Massif, Western Turkey).
Basin Research, 30(3), 502-521.

Barka, A. & Reilinger R. (1997). Active Tectonics of
Eastern Mediterranean region: deduced from
GPS, neotectonic and seismicity data. Annali Di
Geofisica, X2(3), 587-610.

Bayik, C., Abdikan, S., Ozdemir, A., Arikan, M., Balik
Sanli, F. & Dogan, U. (2021). Investigation of
the landslides in Beylikdiizii-Esenyurt Districts
of Istanbul from InSAR and GNSS observations.
Natural Hazards, 109(1), 1201-1220.

Bayramov, E., Buchroithner, M., Kada, M. &
Zhuniskenov, Y. (2021). Quantitative assessment
of vertical and horizontal deformations derived by
3d and 2d decompositions of insar line-of-sight
measurements to supplement industry surveillance
programs in the tengiz oilfield (Kazakhstan).
Remote Sensing, 13(13),2579.

Beccaletto, L. & Steiner, C. (2005). Evidence of two-
stage extensional tectonics from the northern edge
of the Edremit Graben, NW Turkey. Geodinamica
Acta, 18(3-4), 283-297.

Bekaert, D. P. S., Walters, R. J., Wright, T. J., Hooper,
A.J. & Parker, D. J. (2015). Statistical comparison
of InSAR tropospheric correction techniques.
Remote Sensing of Environment, 170, 40-47.

53

Berardino, P., Fornaro, G., Lanari, R. & Sansosti, E.
(2002). A new algorithm for surface deformation
monitoring based on small baseline differential
SAR interferograms. [EEE  Transactions
Geoscience and Remote Sensing, 40(11), 2375-
2383.

Biryol, C. B., Beck, S. L., Zandt, G. & Ozacar, A. A.
(2011). Segmented African lithosphere beneath the
Anatolian region inferred from teleseismic P-wave

tomography. Geophysics Journal International,
184(3), 1037-1057.

Blasco, J.M.D., Foumelis, M., Stewart, C. & Hooper,
A. (2019). Measuring urban subsi-dence in the
Rome metropolitan area (Italy) with sentinel-1
SNAP-StaMPSpersistent scatterer interferometry.
Remote Sensing 11(2), 17.

Bodur, O., Gogiis, O. H., Brune, S., Uluocak, E. S.,
Glerum, A., Fichtner, A. & Sozbilir, H. (2023).
Crustal flow driving twin domes exhumation and
low-angle normal faulting in the Menderes Massif
of western Anatolia. Earth and Planetary Science
Letters, 619, Article 118309.

Bozkurt, E. (2000). Timing of Extension on the Biiyiik
Menderes Graben, western Turkey and its tectonic
implications. Geological Society London, 173,
385-403.

Bozkurt, E. (2001a). Neotectonics of Turkey - a
synthesis. Geodinamica Acta, 14, 3-30.

Bozkurt, E. (2001b). Late Alpine evolution of the central
Menderes Massif, western Turkey. International
Journal of Earth Sciences, 89(4), 728-744.

Bozkurt, E. (2003). Origin of NE-trending basins in
western Turkey. Geodinamica Acta, 16(2-6), 61-
81.

Bozkurt, E. (2004). Granitoid rocks of the southern
Menderes Massif (southwestern Turkey): field
evidence for Tertiary magmatism in an extensional

shear zone. [International Journal of Earth
Sciences, 93(1), 52-71.

Bozkurt, E. & Rojay, B. (2005). Episodic, two-stage
Neogene extension and short-term intervening
compression in Western Turkey: field evidence
from the Kiraz Basin and Bozdag Horst.
Geodinamica Acta, 18(3-4), 299-316.

Bozkurt, E. & Sozbilir, H. (2004). Tectonic evolution of
the Gediz Graben: field evidence for an episodic,



two-stage extension in western Turkey. Geological
Magazine, 141(1), 63-79.

Bozkurt, E. & Sozbilir, H. (2006). Evolution of the
large-scale active Manisa Fault, Southwest
Turkey: implications on fault development and
regional tectonics. Geodinamica Acta, 19(6), 427-
453.

Bozkurt, E., Winchester, J. A., Mittwede, S. K. &
Ottley, C. J. (2006). Geochemistry and tectonic
implications of leucogranites and tourmalines of
the southern Menderes Massif, Southwest Turkey.
Geodinamica Acta, 19(5), 363-390.

Bozzano, F., Carabella, C., De Pari, P., Discenza, M. E.,
Fantucci, R., Mazzanti, P., ...& Sciarra, N. (2019).
Geological and geomorphological analysis of
a complex landslides system: the case of San
Martino sulla Marruccina (Abruzzo, Central
Italy). Journal of Maps, 16(2), 123-136. https://
doi.org/10.1080/17445647.2019.1702596

Buscher, J. T., Hampel, A., Hetzel, R., Dunkl, I.,
Glotzbach, C., Struffert, A., Akal, C. & Ritz,
M. (2013). Quantifying rates of detachment
faulting and erosion in the central Menderes
Massif (western Turkey) by thermochronology
and cosmogenic 10Be. Journal of the Geological
Society, 170(4), 669-683. https://doi.org/10.1144/
jgs2012-132

Chen, C. W. & Zebker, H. A. (2002). Phase unwrapping
for large SAR interferograms: Statistical
segmentation and generalized network models.
IEEE Transactions on Geoscience and Remote

Sensing, 40(8), 1709-1719.

Cigna, F., Osmanoglu, B., Cabral-Cano, E., Dixon, T.
H., Avila-Olivera, J. A., Gardufio-Monroy, V. H.,
DeMets, C. & Wdowinski, S. (2012). Monitoring
land subsidence and its induced geological hazard
with Synthetic Aperture Radar Interferometry: A
case study in Morelia, Mexico. Remote Sensing of
Environment, 117, 146-161.

Caglayan, A., Isik, V. & Saber, R. (2019). An assessment
of Holocene seismic activity on 1944 Earthquake
Segment, North Anatolian Fault Zone (Turkey).
Geosciences Journal, 23, 805-822.

Cakir, Z., Chabalier, J. B. D., Armijo, R., Meyer,
B., Barka, A. & Peltzer, G. (2003). Coseismic
and early post-seismic slip associated with the
1999 Izmit earthquake (Turkey), from SAR

54

Semih ESKI, Hasan SOZBILIR

interferometry and tectonic field observations.
Geophysical Journal International, 155(1), 93-
110.

Celik, H. (1991). Akarsularin (vadi) profil dzellikleri
ile eski tabanlar arasindaki iliskiler iizerine
arastirmalar.  Istanbul ~ Universitesi ~ Orman
Fakiiltesi Dergisi, 43(2), 101-130.

Cetin, E., Cakir, Z., Meghraoui, M., Ergintav, S. &
Akoglu, A. M. (2014). Extent and distribution
of aseismic slip on the Ismetpasa segment of the
North Anatolian Fault (Turkey) from Persistent
Scatterer InSAR. Geochemistry, Geophysics,
Geosystems, 15(7), 2883-2894.

Ciftei, N. B. & Bozkurt, E. (2007). Anomalous stress
field and active breaching at relay ramps: a
field example from Gediz Graben, SW Turkey.
Geological Magazine, 144(4), 687-699.

Ciftci, N. B. & Bozkurt, E. (2008) Folding of the Gediz
Graben Fill, SW Turkey: Extensional and/or
Contractional Origin?. Geodinamica Acta, 21(3),
145-167.

Ciftei, N. B. & Bozkurt, E. (2009a). Evolution of the
Miocene sedimentary fill of the Gediz Graben,
SW Turkey. Sedimentary Geology, 216(3-4), 49-
79.

Ciftci, N. B. & Bozkurt, E. (2009b). Pattern of normal
faulting in the Gediz Graben, SW Turkey.
Tectonophysics, 473(1-2), 234-260.

Ciftei, N. B. & Bozkurt, E. (2010). Structural evolution
of the Gediz Graben, SW Turkey: temporal
and spatial variation of the graben basin. Basin
Research, 22(6), 846-873.

Dai, F., Lee, C. & Ngai, Y. Y. (2002). Landslide risk
assessment and management: an overview.
Engineering Geology, 64(1): 65-87. https://doi.
org/10.1016/S0013-7952(01)00093-X

Danisor, C., Datcu, M. & Danisor, A. (2018). Estimation
of'terrain’s linear deformation rates using synthetic
aperture radar systems. In /OP Conference Series:
Materials Science and Engineering, 400(2),
022018. IOP Publishing.

De Novellis, V., Carlino, S., Castaldo, R., Tramelli,
A., De Luca, C., Pino, N.A., Pepe, S.; Convertito,
V., Zinno, 1. & De Martino, P. (2018). The 21
August 2017 Ischia (Italy) earthquake source
model inferred from seismological, GPS,



Gediz (Alagehir) Grabeni 'nde Geligen A-Sismik Yiizey Deformasyonlarin Kokeni

and DInSAR measurements.  Geophysical
Research Letters, 45(5), 2193-2202. https://doi.
org/10.1002/2017GL076336

Dewey, J. F. & Sengdr, A. M. C. (1979). Aegean
and surrounding regions: complex multiplate
and continuum tectonics in a convergent zone.
Geological Society of America Bulletin, 90(1), 84-
92.

Dilek, Y., Altunkaynak, S. & Oner, Z. (2009). Syn-
extensional granitoids in the Menderes core
complexandthelate Cenozoic extensional tectonics
of the Aegean province. In: Ring, U., Wernicke,
B. (Eds.), Extending a Continent: Architecture,
Rheology and Heat Budget. Geological Society of
London Special Publications, 321, 197-223.

Dogan, A., Kaygusuz, C., Tiryakioglu, I., Yigit, C. O.,
Sézbilir, H., Ozkaymak, C. & Turgut, B. (2022).
Geodetic evidence for aseismic fault movement
on the eastern segment of the Gediz Graben
system (western Anatolia extensional province,
Turkey) and its significance for settlements. Acta
Geodaetica et Geophysica, 57(3), 461-476.

Dogru, F. (2020). The Importance of Atmospheric
Corrections on InSAR Surveys Over Turkey:
Case Study of Tectonic Deformation of Bodrum-
Kos Earthquake. Pure and Applied Geophysics,
177(12), 5761-5780.

Dumont, J. F.,, Uysal, S., Simsek S., Karamanderesi, 1.
H. ve Letouzcy, F. (1979). Giineybati1 Anadolu’daki
grabenlerin olusumu. Maden Tetkik ve Arama
Dergisi, 92, 7-17.

Elliott, J. R., Walters R. J. & Wright, T. J. (2016). The
role of space-based observation in understanding
and responding to active tectonics and earthquakes.
Nature Communications, 7, Article 13844.

Emre, O., Duman, T. Y., Ozalp, S., Saroglu, F.,
Olgun, $., Elmaci, H. & Can, T. (2018). Active
fault database of Turkey. Bulletin of Earthquake
Engineering, 16(8), 3229-3275. https://doi.
org/10.1007/s10518-016-0041-2

Emre, T. & Sozbilir, H. (2007). Tectonic evolution
of the Kiraz Basin, Kii¢ilk Menderes Graben:
evidence for compression/uplift-related basin
formation overprinted by extensional tectonics in
West Anatolia. Turkish Journal of Earth Sciences,
16(4), 441-470.

55

Eravci, B., Erkmen, C., Yaman, M., Tizel, B. & Iravul,
Y. (2009). The Origin of Ground Deformations
that Caused Damage at Sarigol-Manisa-Turkey.
EGU General Assembly Conference Abstracts,
2655.

Erkdil, F., Helvaci, C. & Sozbilir, H. (2005). Evidence
for two episodes of volcanism in the Bigadi¢
borate basin and tectonic implications for western
Turkey. Geological Journal, 40(5), 545-570.

Ersoy, E. Y. & Helvaci, C. (2007). Stratigraphy and
geochemical features of the Early Miocene
bimodal (ultrapotassic and calc-alkaline) volcanic
activity within the NE-trending Selendi Basin,
Western Anatolia, Turkey. Turkish Journal of
Earth Sciences, 16, 117-139.

Ersoy, E. Y., Helvaci, C. & Sozbilir, H. (2010). Tectono-
stratigraphic evolution of the NE-SW-trending
superimposed Selendi basin: Implications for late
Cenozoic crustal extension in Western Anatolia,
Turkey. Tectonophysics, 488(1-4), 210-232.

Eyidogan, H. (1988). Rates of crustal deformation
in western Turkey as deduced from major
carthquakes. Tectonophysics, 148(1-2), 83-92.

Eyidogan, H. & Jackson, J. A. (1985). A seismological
study of normal faulting in the Demirci, Alasehir
ve Gediz earthquake of 1969-1970 in western
Turkey: implications for the nature and geometry
of deformationdeformation in the continental

crust. Geophysical Journal of Royal Astronomical
Society, 81, 569-607.

Fattahi, H. (2015). Geodetic Imaging of Tectonic
Deformation With InSAR [PhD Thesis]. University
of Miami, Florida.

Fernandez, J., Prieto, J. F., Escayo, J., Camacho, A. G.,
Luzén, F., Tiampo, K. F., ... & Mallorqui, J. J.
(2018). Modeling the two-and three-dimensional
displacement field in Lorca, Spain, subsidence and
the global implications. Scientific Reports, 8(1),

Article 14782. https://doi.org/10.1038/s41598-
018-33128-0

Ferretti, A., Prati, C. & Rocca, F. (2001). Permanent
scatterers in  SAR interferometry. [EEE

Transactions on Geoscience and Remote Sensing,
39(1), 8-20.

Fialko, Y. (2006). Interseismic strain accumulation
and the earthquake potential on the southern San



Andreas fault system. Nature, 441(7096), 968-
971.

Forster, M. & Lister, G. (2009). Core-complex-
related extension of the Aegean lithosphere
initiated at the Eocene-Oligocene transition.
Journal  of  Geophysical Research:  Solid
Earth, 114(B2). Article B02401. https://doi.
org/10.1029/2007JB005382

Geng, C. S., Altunkaynak, S., Karacik, Z., Yazman, M.
& Yilmaz, Y. (2001). The Cubukludag graben,
south of Izmir: its tectonic significance in the
Neogene geological evolution of the western
Anatolia. Geodinamica Acta, 14(1-3), 45-55.

Gessner, K., Gallardo, L. A., Markwitz, V., Ring,
U. & Thomson, S. N. (2013). What caused the
denudation of the Menderes Massif: Review
of crustal evolution, lithosphere structure, and
dynamic topography in southwest Turkey.
Gondwana research, 24(1), 243-274.

Gessner, K., Piazolo, S., Giingdr, T., Ring, U.,
Kroner, A. & Passchier, C.W. (2001a). Tectonic
significance of deformation patterns in granitoid
rocks of the Menderes nappes, Anatolide belt,
southwest Turkey. International Journal of Earth
Sciences 89, 766-780.

Gessner, K., Ring, U., Johnson, C., Hetzel, R.,
Passchier, C.W. & Giingér, T. (2001b). An active
bivergent rolling-hinge detachment system:
central Menderes metamorphic core complex in
western Turkey. Geology, 29, 611-614.

Gezgin, C. (2022). The influence of groundwater levels
on land subsidence in Karaman (Turkey) using
the PS-InSAR technique. Advances in Space
Research, 70(11), 3568-3581.

Goldstein, R. M., Zebker, H. A. & Werner, C. L. (1988).
Satellite radar interferometry: Two-dimensional
phase unwrapping. Radio Science, 23, 713-720.

Goktas, F. ve Hakyemez, Y. (2015). Kemalpasa (izmir)
Pliyo-Kuvaterner Havzasiin Stratigrafik Evrimi.
Tiirkiye Jeoloji Biilteni, 58(2), 1-28. https://doi.
org/10.25288/tjb.298498

Goren, R. (2016). Alasehir ve ¢evresinde Gediz grabeni
giiney kenar faylarinin holosen aktivitesi [ Yiksek
Lisans Tezi]. Eskisehir Osmangazi Universitesi,
Eskisehir.

56

Semih ESKI, Hasan SOZBILIR

Giirboga, S. D., Kogyigit, A. & Ruffet, G. (2013).
Episodic two-stage extensional evolutionary model
for southwestern Anatolian graben—horst system:
new field data from the Erdogmus-Yenigediz
graben (Kiitahya). Journal of Geodynamics, 65,
176-198.

Giirer, O. F., Sarica-Filoreau, N., Ozburan, M., Sangu,
E. & Dogan, B. (2009). Progressive development
of the Biiyiik Menderes Graben based on new
data, western Turkey. Geological Magazine,
146(5), 652-673.

Giirsoy, H., Temiz, H. ve Tatar, O. (1997). Gediz
grabeni GD kenarindaki giincel deformasyon
verileri. Aktif Tektonik Arastirma Grubu Birinci
Toplantist, ITU, Istanbul.

Haghighi, M. H. (2019). Local and large scale insar
measurement of ground surface deformation [PhD
Thesis]. Leibniz Universitdt Hannover, Hannover.

Hancock, P. L. & Barka, A. A. (1987). Kinematic
indicators on active normal faults in western
Turkey. Journal of Structural Geology, 9(5-6),
573-584.

Hastaoglu, K. O., Poyraz, F., Erdogan, H., Tiryakioglu,
I., Ozkaymak, C., Duman, H. Giil, Y., Guler, S.,
Dogan, A. & Gul, Y. (2023). Determination of
periodic deformation from InSAR results using the
FFT time series analysis method in Gediz Graben.
Natural Hazards, 117(1), 491-517. https://doi.
0rg/10.1007/s11069-023-05870-w

Hetzel, R., Ring, U., Akal, C. & Troesch, M. (1995).
Miocene NNE-directed extensional unroofing
in the Menderes Massif, southwestern Turkey.
Journal of the Geological Society of London, 152,
639-654. https://doi.org/10.1144/gsjgs.152.4.0639

Hetzel, R., Romer, R. L., Candan, O. & Passchier, C.
W. (1998). Geology of the Bozdag area, central
Menderes massif, SW Turkey: Pan-African
basement and Alpine deformation. Geologische
Rundschau, 87(3), 394-406.

Hodgkinson, K. M. (1996). Crustal deformation
in extensional regimes: Iceland, Nevada and
SW Turkey. [PhD Thesis]. Durham University,
Durham.

Hooper, A. (2008). A multi-temporal InSAR method
incorporating both persistent scatterer and small
baseline approaches. Geophysical Research
Letters, 35, 1L16302.



Gediz (Alagehir) Grabeni 'nde Geligen A-Sismik Yiizey Deformasyonlarin Kokeni

Hooper, A., Bekaert, D., Spaans, K. & Arikan, M.
(2012). Recent advances in SAR interferometry
time series analysis for measuring crustal
deformation. Tectonophysics, 514, 1-13.

Hooper, A., Zebker, H., Segall, P. & Kampes, B. (2004).
A new method for measuring deformation on
volcanoes and other natural terrains using InNSAR
persistent  scatterers. Geophysical Research

Letters, 31,1.23611.

Hu, J.,, Li, Z. W,, Ding, X. L., Zhu, J. J., Zhang, L.
& Sun, Q. (2014). Resolving three-dimensional
surface displacements from InSAR measurements:
A review. Earth-Science Reviews, 133, 1-17.

Ingleby, T. & Wright T. J. (2017). Omori-like decay
of postseismic velocities following continental
earthquakes. Geophysical Research Letters, 44(7),
3119-3130.

Innocenti, F., Agostini, S., Di Vincenzo, G., Doglioni,
C., Manetti, P., Savas¢in, M. Y. & Tonarini, S.
(2005). Neogene and Quaternary volcanism in
Western Anatolia: magma sources and geodynamic
evolution. Marine Geology, 221(1-4), 397-421.
https://doi.org/10.1016/j.margeo.2005.03.016

Isik, V. & Tekeli, O. (2001). Late orogenic crustal
extension in the northern Menderes massif
(western Turkey): evidences for metamorphic
core complex formation. International Journal of
Earth Sciences, 89, 757-765.

Isik, V., Saber, R. & Caglayan, A. (2021). November
08, 2019 Turkmanchay earthquake (Mw: 5.9) in
NW Iran: an assessment of the earthquake using
DInSAR time-series and field evidence. Natural
Hazards, 105,3013-3037.

Imamoglu, M., Balik Sanli, F., Cakir, Z. & Kahraman,
F. (2022). Rapid ground subsidence in the
Kiigiik Menderes Graben (W. Turkey) captured
by Sentinel-1 SAR data. Environmental Earth
Sciences, 81(7), 221.

Imamoglu, M., Kahraman, F., Cakir, Z. & Sanli, F. B.
(2019). Ground deformation analysis of Bolvadin
(W. Turkey) by means of multi-temporal InSAR
techniques and Sentinel-1 data. Remote Sensing,
11(9), 10609.

Jackson, J. & McKenzie, D. (1988). The relationship
between plate motions and seismic moment
tensors and rates of active deformation in the

57

Mediterranean and Middle East. Geophysical
Journal, 93, 45-73.

Jolivet, L., Faccenna, C., Huet, B., Labrousse, L.,
Le Pourhiet, L., Lacombe, O., ... & Driussi, O.
(2013). Aegean tectonics: Strain localisation, slab
tearing and trench retreat. Tectonophysics, 597,
1-33. https://doi.org/10.1016/j.tecto.2012.06.011

Kaya, O., Unay, E., Sarac, G., Eichhorn, S., Hassenriick,
S., Knappe, A., Pekdeger, A. & Mayda, S. (2004).
Halitpasa Transpressive Zone: Implications for an
Early Pliocene Compressional Phase in Central
Western Anatolia, Turkey. Turkish Journal of
Earth Sciences, 13, 1-13.

Kent, E. (2015). The Relationship Between Active
Faulting and Fluvial Geomorphology: A Case
Study In The Gediz Graben, Turkey [PhD Thesis].
Plymouth University, Plymouth.

Ketin, I. (1968). Relations between general tectonic
features and the main earthquake regions of
Turkey. Bulletin of the Mineral Research and
Exploration, 71(71).

Kim, D. J. & Jung, J. (2018). Subsidence in the
Kathmandu Basin, before and after the 2015
Mw 7.8 Gorkha Earthquake, Nepal Revealed
from Small Baseline Subset-DInSAR Analysis.
GIScience & Remote Sensing, 55(4), 604-621.

Koca, M. Y., Sozbilir, H. ve Uzel, B. (2011). Sar1gdl fay
zonu boyunca meydana gelen deformasyonlarin
nedenleri  iizerine bir arastirma. Jeoloji
Miihendisligi Dergisi, 35(2), 151-174.

Kogman, A. (1985). izmir-Bozdaglar yéresinin yapisal
jeomorfolojisi ve evrimi. Ege Cografya Dergisi,
3(1), 63-86.

Kogyigit, A. (1984). Giineybat1 Tiirkiye ve Yakin
Dolayinda levha igi yeni tektonik gelisim. Tiirkiye
Jeoloji Kurumu Biilteni, 27, 1-16. https://www.
jmo.org.tr/resimler/ekler/84b98aac2dddf59
ek.pdf?dergi=T%DCRK%DDYE%20
JEOLOJ%DD%20B%DCLTEN%DD

Kogyigit, A., Yusufoglu, H. & Bozkurt, E. (1999).
Evidence from the Gediz graben for episodic two
stage extension in western Turkey. Journal of the
Geological Society of London, 156, 605-616.

Koralay, E., Candan, O., Akal, C., Dora, O. O., Chen,
F., Satir, M. ve Oberhinsli, R. (2011). Menderes
Masifi'ndeki Pan-Afrikan ve Triyas yash



metagranitoyidlerin jeolojisi ve jeokronolojisi,
Bat1 Anadolu, Tirkiye. Maden Tetkik ve Arama
Dergisi, 142, 69-121.

Lauknes, T. R., Shanker, A. P., Dehls, J. F., Zebker,
H. A., Henderson, I. H. C. & Larsen, Y. (2010).
Detailed rockslide mapping in northern Norway
with small baseline and persistent scatterer
interferometric SAR time series methods. Remote
Sensing of Environment, 114(9), 2097-2109.

Le Pichon, X. & Angelier, J. (1979). The Hellenic
arc and trench system: a key to the neotectonic
evolution of the eastern Mediterranean area.
Tectonophysics 60, 1-42.

Le Pichon X., Chamot-Rooke C., Lallemant S., Noomen
R. & Veis G. (1995). Geodetic determination of
the kinematics of Central Greece with respect to
Europe: implications for Eastern Mediterranean
tectonics, Journal of Geophysical Research, 100,
12675-12690.

Lips, A. L., Cassard, D., Sozbilir, H., Yilmaz, H. &
Wijbrans, J. R. (2001). Multistage exhumation of
the Menderes massif, western Anatolia (Turkey).
International Journal of Earth Sciences, 89(4),
781-792.

Maghsoudi, Y., van der Meer, F., Hecker, C., Perissin,
D. & Saepuloh, A. (2018). Using PS-InSAR to
detect surface deformation in geothermal areas of
West Java in Indonesia. International Journal of
Applied Earth Observation and Geoinformation,
64, 386-396.

Massonnet, D., Holzer, T. & Vadon, H. (1997).
Land subsidence caused by the East Mesa
geothermal field, California, observed using SAR
interferometry. Geophysical Research Letters,
24(8), 901-904.

McClusky, S. C., Balassanian, S., Barka, A., Demir,
C., Ergintav, S., Georgiev, 1., ... & Veis, G.
(2000). Global Positioning System constraints
on plate kinematics and dynamics in the eastern
Mediterranean and  Caucasus. Journal of
Geophysical Research, 105, 5695-5719. https://
doi.org/10.1029/1999JB900351

McKenzie, D. (1978). Active tectonics of the Alpine-
Himalayan belt: the Aegean Sea and surrounding
regions. Geophysical Journal International,
55(1),217-254.

58

Semih ESKI, Hasan SOZBILIR

Nocquet, J. M. (2012). Present-day kinematics of the
Mediterranean: a comprehensive overview of
GPS results. Tectonophysics, 579, 220-242.

Oktar, O., Erdogan, H., Poyraz, F. & Tiryakioglu, 1.
(2021). Investigation of deformations with the
GNSS and PSInSAR methods. Arabian Journal of
Geosciences, 14(23), 1-16.

Osmanoglu, B., Sunar, F., Wdowinski, S. & Cabral-
Cano, E. (2016). Time series analysis of InSAR
data: Methods and trends. ISPRS Journal of
Photogrammetry and Remote Sensing, 115, 90-
102.

Oner, Z. & Dilek, Y. (2011). Supradetachment basin
evolution during continental extension: The
Aegean province of western Anatolia, Turkey.
Geological Society of America Bulletin, 123(11-
12), 2115-2141.

Ozkaymak, C. & Sozbilir, H. (2008). Stratigraphic
and structural evidence for fault reactivation:
the active Manisa fault zone, western Anatolia.
Turkish Journal of Earth Sciences, 17, 615-635.

Ozkaymak, C., Sozbilir, H., Tiryakioglu, i. ve Baybura,
T. (2017). Bolvadin’de (Afyon-Aksehir Grabeni,
Afyon) Gozlenen Yiizey Deformasyonlarinin
Jeolojik, Jeomorfolojik ve Jeodezik Analizi.
Tiirkiye Jeoloji Biilteni, 60(2), 169-189. https://
doi.org/10.25288/tjb.302914

Paton, S. (1992). Active normal faulting, drainage
patterns and sedimentation in southwestern
Turkey. Journal of the Geological Society, London
149, 1031-44.

Pawluszek-Filipiak, K. & Borkowski, A. (2020).
Integration of DInSAR and SBAS Techniques
to determine mining-related deformations using
sentinel-1 data: The case study of Ryduttowy mine
in Poland. Remote Sensing, 12(2), 242.

Poyraz, F. & Hastaoglu, K. O. (2020). Monitoring of
tectonic movements of the Gediz Graben by the
PSInSAR method and validation with GNSS
results. Arabian Journal of Geosciences, 13(17),
1-11.

Poyraz, F., Hastaoglu, K. O. ve Demirel, M. (2016).
Gediz Grabenin Dogu Kesimindeki Tektonik
Hareketlerin ~ Envisat Radar  Goriintiilerini
Kullanarak Arastirtlmasi. 8. Ulusal Miihendislik
Olgmeleri Sempozyumu (s.: 1-5). Istanbul.



Gediz (Alagehir) Grabeni 'nde Geligen A-Sismik Yiizey Deformasyonlarin Kokeni

Poyraz, F., Hastaoglu, K. O., Kogbulut, F., Tiryakioglu,
I., Tatar, O., Demirel, M., ... & Sigirci, R. (2019).
Determination of the block movements in the
eastern section of the Gediz Graben (Turkey) from
GNSS measurements. Journal of Geodynamics,
123, 38-48. https://doi.org/10.1016/j.
j0g.2018.11.001

Poyraz, F., Tatar, O., Hastaoglu, K. 0., Tiryakioglu,
I., Giirsoy, O., Kocbulut, F., ... & Giil, D.
(2015). Gediz Grabeninin Dogu Kesimindeki
Giincel Tektonik Hareketlerin GPS Ve Ps-
InSAR Yontemleri Kullanilarak Belirlenmesi;
Ilk Sonuglar. Harita Teknolojileri Elektronik
Dergisi, 7(1), 17-28. https://doi.org/10.15659/
hartek.15.03.64

Price, S. P. & Scott, B. (1994). Fault-block rotations
at the edge of a zone of continental extension;
southwest Turkey. Journal of Structural Geology,
16(3), 381-392.

Purvis, M. & Robertson, A. (2004). A pulsed extension
model for the Neogene—Recent E—-W-trending
Alasehir Graben and the NE-SW-trending
Selendi and Gordes Basins, western Turkey.
Tectonophysics, 391(1), 171-201.

Purvis, M. & Robertson, A. (2005). Sedimentation of
the Neogene—Recent Alasehir (Gediz) continental
graben system used to test alternative tectonic
models for western (Aegean) Turkey. Sedimentary
Geology, 173(1-4), 373-408.

Radiguet, M., Perfettini, H., Cotte, N., Gualandi, A.,
Valette, B., Kostoglodov, V., ... & Campillo, M.
(2016). Triggering of the 2014 Mw 7.3 Papanoa
earthquake by a slow slip event in Guerrero,
Mexico. Nature Geoscience, 9(11), 829-833.
https://doi.org/10.1038/ngeo2817

Reid, H. F. (1910). The mechanics of the earthquake:
The California Earthquake of April 18,1906.
Carnegie Institute Washington Publication, 87(2),
192.

Reilinger, R. E., McClusky, S. C., Oral, M. B., King,
R. W., Toksoz, M. N., Barka, A. A., Kinik, I.,
Lenk, O. & Sanli, I. (1997). GPS measurements
of present day crustal movements in the Arabia-
Africa-Eurasia plate collision zone. Journal of
Geophysical Research, Solid Earth, 102(BY),
9983-9999. https://doi.org/10.1029/96JB03736

59

Reilinger, R., McClusky, S., Vernant, P., Lawrence, S.,
Ergintav, S., Cakmak, R. ... & Karam, G. (20006).
GPS constraints on continental deformation in
the Africa-Arabia-Eurasia continental collision
zone and implications for the dynamics of plate
interactions. Journal of Geophysical Research,
Solid Earth, 111(B5). Article B5411 https://doi.
org/10.1029/2005JB004051

Ring, U., Johnson, C., Hetzel, R. & Gessner, K. (2003).
Tectonic denudation of a Late Cretaceous—Tertiary
collisional belt: regionally symmetric cooling
patterns and their relation to extensional faults in
the Anatolide belt of western Turkey. Geological
Magazine, 140(4), 421-441.

Roberts, S. C. (1988). Active normal faulting in
Central Greece and Western Turkey [phD Thesis].
University of Cambridge, Cambridge.

Rojay, B. (2009). Post-Miocene Deformation in Central
Anatolia and its link to Horst and Graben System
of Western Anatolia, Turkey. EGU General
Assembly Conference Abstracts, 4601.

Rojay, B., Demirci, C., Toprak, V. & Ozsaym, E.
(2019). Superposition of the neotectonic events
in a complex multi extensional terrain evolution
during post-Miocene in western Anatolia (Gediz-
Alasehir Graben, western Turkey). Geophysical
Research Abstracts, (21).

Rojay, B., Toprak, V., Demirci, C. & Siizen, L.
(2005). Plio-quaternary evolution of the Kii¢iik
Menderes graben southwestern Anatolia, Turkey.
Geodinamica Acta, 18(3-4), 317-331.

Rosen, P. A, Hensley, S., Zebker, H. A., Webb, F. H.
& Fielding, E. J. (1996). Surface deformation
and coherence measurements of Kilauea Volcano,
Hawaii, from SIR-C radar interferometry. Journal
of Geophysical Research: Planets, 101(E10),
23109-23125.

Saatcilar, R., Ergintav, S., Demirbag, E. & Inan, S.
(1999). Character of active faulting in the North
Aegean Sea. Marine Geology, 160(3-4), 339-353.

Saber, R., Isik, V., Caglayan, A. & Tourani, M. (2023).
Sentinel-1 InSAR observations and time-series
analysis of co-and postseismic deformation
mechanisms of the 2021 Mw 5.8 Bandar Ganaveh
Earthquake, Southern Iran. Journal of Mountain
Science, 20(4), 911-927.



Sangu, E., Giirer, O. F. & Giirer, A. (2020). Fault
kinematic and Plio-Quaternary  paleostress
evolution of the Bakir¢ay basin, western Turkey.
International Geology Review, 62(10), 1245-1261.

Sarychikhina, O. & Glowacka, E. (2015). Application
of DInSAR Stacking Method for Monitoring of
Surface Deformation Due to Geothermal Fluids
Extraction in the Cerro Prieto Geothermal Field,

Baja California, Mexico. Proceedings World
Geothermal Congress 2015 (WGC) (pp. 19-25).

Savascin, M. Y., Giese, L. B., Kaya, O., Pekdeger, A. &
Woith, H. (1999). An example for the optimal use
of geothermal energy-the integrated development
project for Kula, West Anatolia. International
Symposium on Geology and Environment,
Istanbul.

Seyitoglu, G. & Scott, B. C. (1991). Late Cenozoic
crustal extension and basin formation in west
Turkey. Geological Magazine, 128(2), 155-166.

Seyitoglu, G. & Scott, B. C. (1994). Late Cenozoic
basin development in west Turkey: Gordes
basin tectonics and sedimentation. Geological
Magazine, 131(5), 631-637.

Seyitoglu, G. & Scott, B. C. (1996). The age of
Alasehir Graben (west Turkey) and its tectonic
implications. Geological Journal, 31(1), 1-11.

Seyitoglu, G., Scott, B. C. & Rundle, C. C. (1992).
Timing of Cenozoic extensional tectonics in west
Turkey. Journal of the Geological Society, 149(4),
533-538.

Seyitoglu, G., Tekeli, O., Cemen, I., Sen, S. & Isik,
V. (2002). The role of the flexural rotation/
rolling hinge model in the tectonic evolution of
the Alasehir graben, western Turkey. Geological
Magazine, 139, 15-26.

Shahabi, H. & Hashim, M. (2015). Landslide
susceptibility mapping using GIS-based statistical
models and Remote sensing data in tropical
environment. Scientific reports, 5(1), 9899.

Shanker, P., Casu, F., Zebker, H. A. & Lanari, R. (2011).
Comparison of persistent scatterers and small
baseline time-series InSAR results: A case study
of the San Francisco bay area. [EEE Geoscience
and Remote Sensing Letters, 8(4), 592-596.

Sozbilir, H. (2001). Extensional tectonics the geometry
of related macroscopic structures: Field evidence

60

Semih ESKI, Hasan SOZBILIR

from the Gediz detachment, western Turkey.
Turkish Journal of Earth Science, 10, 51-67.

Sozbilir H. (2002). Revised stratigraphy and facies

analysis of the Palacocene-Eocene supra-
allochthonous sediments and their tectonic
significance (Denizli, SW Turkey). Turkish

Journal of Earth Sciences, 11, 1-27.

Sozbilir, H., Erkiil, F. & Siimer, O. (2003a). Field
evidence  for  post-Miocene  NE-trending
accomodation zone lying between Giimiildiir
(izmir) and Bigadic (Balikesir), west Anatolia. 56.
Geological Congress of Turkey, 85-86.

Sézbilir, H., Inci, U., Erkiil, F. & Siimer, O. (2003b). An
active intermittent transfer zone accommodating
N-S extension in western Anatolia and its relation
to the North Anatolian fault system. International
Workshop on the North Anatolian, East Anatolian
and Dead Sea Fault Systems: Recent Progress
in Tectonics and Palaeo-seismology and Field
Training Course in Palaeoseismology, 87.

Sézbilir, H., Uzel, B., Stimer, O., Eski, S., Softa M.,
Tepe, C., Ozkaymak, C. ve Baba, A. (2018).
Canakkale-Ayvacik Deprem Firtinasmin (14
Ocak-20 Mart 2017) Sismik Kaynaklar1. Eskisehir
Teknik Universitesi Bilim ve Teknoloji Dergisi
B-Teorik Bilimler, 6, 1-17.

Siimer, O., Inci, U. & Sézbilir, H. (2013). Tectonic
evolution of the Soke Basin: extension-dominated
transtensional basin formation in western part of
the Biiyiik Menderes Graben, Western Anatolia,
Turkey. Journal of Geodynamics, 65, 148-175.

Saroglu, F. ve Giiler, B. (2020). Bat1 Anadolu Tektonik
Kamasi’nin giincel deformasyonu: batiya dogru
kacistan kaynaklanan blok hareketleri. Tiirkiye
Jeoloji  Biilteni, 63(2), 161-194. https://doi.
org/10.25288/jb.593423

Sengdr, A. M. C. (1979). The North Anatolian
Transform Fault: its age, offset and tectonic
significance. Geological Society of London, 136,
269-282.

Sengor, A. M. C. (1987). Cross-faults and differential
stretching of hanging walls in regions of low-
angle normal faulting: examples from western
Turkey. Geological Society London, 28, 575-589.

Sengor, A. M. C., Goriir, N. & Saroglu, F. (1985).
Strike-slip faulting and related basin formation in



Gediz (Alagehir) Grabeni 'nde Geligen A-Sismik Yiizey Deformasyonlarin Kokeni

zones of tectonic escape: Turkey as a case study,
In K. Biddle, N. Christie-Blick (Eds), Strike-slip
Deformation, Basin Formation and Sedimentation.
Society of Economic Paleontologists and
Mineralogists, Special Publications 37, 227-264.

Simsek, C. ve Demirkesen, A. C. (2022). Kisa
Donem Kuyu izlem Verilerine Gore Yeraltisuyu
Besleniminin Belirlenmesi, Alasehir (Manisa)
Ornegi. Dokuz Eyliil Universitesi Miihendislik
Fakiiltesi Fen ve Miihendislik Dergisi, 24(70), 91-
104.

Tatar, O., Sozbilir, H., Kog¢bulut, F., Bozkurt, E., Aksoy,
E., Eski, S., ... & Metin, Y. (2020). Surface
deformations of 24 January 2020 Sivrice (Elaz1g)—
Doganyol (Malatya) earthquake (Mw= 6.8) along
the Piitiirge segment of the East Anatolian Fault
Zone and its comparison with Turkey’s 100-year-
surface ruptures. Mediterranean Geoscience
Reviews, 2(3), 385-410. https://doi.org/10.1007/
s42990-020-00037-2

Taymaz, T., Ganas, A., Berberian, M., Eken, T.,
Irmak, T. S., Kapetanidis, V., ... & Ozkan, B.
(2022). The 23 February 2020 Qotur-Ravian
earthquake doublet at the Iranian-Turkish border:
Seismological and InSAR evidence for escape
tectonics. Tectonophysics, 838. Article 229482.
https://doi.org/10.1016/j.tecto.2022.229482

Taymaz, T., Jackson, J. & McKenzie, D. (1991). Active
tectonics of the north and central Aegean Sea.
Geophysical Journal International, 106(2), 433-
490.

Taymaz, T., Yilmaz, Y. & Dilek, Y. (2007). The
geodynamics of the Aegean and Anatolia:
introduction. Geological Society, London, Special
Publications, 291(1), 1-16.

Tekin, T., Sancar, T. & Rojay, B. (2022). A new set
of overprinting slip-data along Manisa Fault in
Aegean Extensional Province, Western Anatolia.
EGU22-452, Copernicus Meetings.

Temiz, H., Giirsoy, H. & Tatar, O. (1998). Kinematics
of late pliocene-quaternary normal faulting in the
southeastern end of the Gediz graben, Western
Anatolia, Turkey. International Geology Review,

40(7), 638-646.

Thomson, S. N. & Ring, U. (2006). Thermochronologic
evaluation of postcollision extension in the
Anatolide orogen, western Turkey. Tectonics, 25,
Article TC3005.

61

Tiryakioglu, 1., Umutlu, A. 1. ve Poyraz, F. (2019).
Jeodezik Yontemlerle Deprem Tekrarlama
Periyotlarmin Belirlenmesi: Alasehir Bolgesi
Omegi. Afyon Kocatepe Universitesi Fen Ve
Miihendislik Bilimleri Dergisi, 19(3), 762-768.

Torres, R., Snoeij, P., Davidson, M., Bibby, D. &
Lokas, S. (2012). The Sentinel-1 mission and its
application capabilities. 2012 IEEE International
Geoscience and Remote Sensing Symposium
(pp. 1703-1706). Munich, Germany. https://doi.
org/10.1109/IGARSS.2012.6351196.

Uzel, B., Kuiper, K., Sozbilir, H., Kaymakci, N.,
Langereis, C. G. & Boehm, K. (2020). Miocene
geochronology and stratigraphy of western
Anatolia: Insights from new Ar/Ar dataset. Lithos,
352, Article 105305.

Uzel, B., Langereis, C. G., Kaymakci, N., Sozbilir,
H., Ozkaymak, C. & Ozkaptan, M. (2015).
Paleomagnetic evidence for an inverse rotation
history of Western Anatolia during the exhumation
of Menderes core complex. Earth and Planetary
Science Letters, 414, 108-125.

Uzel, B. & So6zbilir, H. (2008). A first record of a strike-
slip basin in western Anatolia and its tectonic
implication: the Cumaovast Basin. Turkish
Journal of Earth Sciences, 17(3), 559-591.

van Hinsbergen, D. J. J., Dekkers, M. J., Bozkurt, E.
& Koopman, M. (2010). Exhumation with a twist:
paleomagnetic constraints on the evolution of the

Menderes metamorphic core complex, western
Turkey. Tectonics, 29(3), 1-33, Article TC3009.

Walters, R. J., Holley, B., Parsons & Wright T.
J. (2011). Interseismic strai accumulation
across the North Anatolian Fault from Envisat
InSAR measurements. Geophysical Research
Letters, 38(5), Article L05303. https:/doi.
org/10.1029/2010GL046443

Wang, H., Wright, T. J. & Biggs, J. (2009). Interseismic
slip rate of the northwestern xianshuihe
fault from insar data. Geophysical Research
Letters, 36(3), Article L103302. https://doi.
org/10.1029/2008GL036560

Weiss, J. R., Walters, R. J., Morishita, Y., Wright,
T. J., Lazecky, M., Wang, H., ... & Parsons, B.
(2020). High-resolution surface velocities and
strain for Anatolia from Sentinel-1 InSAR and
GNSS data. Geophysical Research Letters,



47(17), Article ¢2020GL087376. https://doi.
org/10.1029/2020GL087376

Yagiie-Martinez, N., Prats-Iraola, P., Gonzalez, F. R.,

Brcic, R., Shau, R., Geudtner, D., Eineder, M.
& Bamler, R. (2016). Interferometric processing
of Sentinel-1 TOPS data. /[EEE Transactions on
Geoscience and Remote Sensing, 54(4),2220-2234.
https://doi.org/10.1109/TGRS.2015.2497902

Yeats, R. S., Sieh, K. ve Allen, C. R. (2006). Deprem

Jeolojisi (Cev: R. Demirtas ve K. Kayabalr).
Ankara: Gazi Kitabevi. (Orijinal yayin tarihi:
1997).

Yen, J. Y., Lu, C. H., Chung-Pai, C., Hooper, A. J.,

Chang, Y. H., Liang, W. T., ... & Chen, K.-S.
(2011). Investigating active deformation in the
northern Longitudinal Valley and City of Hualien
in eastern Taiwan using persistent scatterer and
small-baseline SAR interferometry. Terrestrial
Atmospheric and Oceanic Sciences. 22, 291-304.
https://doi.org/10.3319/TA0O.2010.10.25.01(TT)

62

Semih ESKI, Hasan SOZBILIR

Yilmaz, Y., Geng, S. C., Girer, O. F., Bozcu, M.,

Yilmaz, K. ve Karacik, Z., Altunkaynak, S. &
Elmas, A. (2000). When did the western Anatolian
grabens begin to develop?. In E. Bozkurt, J. A.
Winchester & J. D. A. Piper (Eds.), Tectonics and
Magmatism in Turkey and the Surrounding Area.
Geological Society of London, Special Publication,
173,  353-384.  https://doi.org/10.1144/GSL.
SP.2000.173.01.17

Zanchi, A. & Angelier, J. (1993). Seismotectonics of

western Anatolia: regional stress orientation from
geophysical and geological data. Tectonophysics,
222(2), 259-274.

Zhang, Y., Meng, X., Chen, G., Qiao, L., Zeng, R. &

Chang, J. (2016). Detection of geohazards in the
Bailong River Basin using synthetic aperture radar
interferometry. Landslides, 13(5), 1273-1284.

Zhu, L., Mitchell, B.J., Akyol, N., Cemen, . & Kekovali,

K. (2006). Crustal thickness variations in the
Aegean region and implications for the extension
of continental crust. Journal of Geophysical
Research: Solid Earth, 111(B1), Article B01301.
https://doi.org/10.1029/2005JB003770



Tiirkiye Jeoloji Biilteni

Geological Bulletin of Turkey

67 (2024) 63—84
doi: 10.25288/1jb.1344955

Hasan Dag1 Volkam ve Ciftlik-Bozkoy (Orta Anadolu) Gomiilii Kalderasini Besleyen Aktif
Magma Odalarina Iliskin Is1 Transferi Analizleri

Heat Transfer Analysis of Active Magma Chambers Feeding Hasan Dagi Volcano and Ciftlik-Bozkéy
(Central Anatolia) Hidden Caldera

Ozgiir Karaoglu*

Eskisehir Osmangazi Universitesi, Miihendislik-Mimarlik Fakiiltesi, Jeoloji Miihendisligi Boliimii,

26480 Eskisehir
* Gelig/Received: 17.08.2023 * Diizeltilmis Metin Gelis/Revised Manuscript Received: 28.12.2023 » Kabul/Accepted: 19.01.2024
 Cevrimici Yayin/Available online: 03.04.2024 * Baski/Printed: 31.07.2024

Tiirkiye Jeol. Biil. / Geol. Bull. Turkey

Oz: Ulkemizdeki Jeotermal enerji kaynaklarinin %78’i Bati Anadolu’da, %9’u I¢ Anadolu’da, %7’si Marmara
Bolgesi’nde, %5’ i DoguAnadolu’dave %1 idiger bolgelerde yer almaktadir. Kapodokya bolgesi son yillarda jeotermal
sektoriiniin potansiyelin artirilmasi adina pek ¢ok yatirimin yapildigt dnemli bir saha olarak one ¢ikmaktadir. Son
yillarda Hasan Dagi1 ve ¢evresinde jeotermal enerji bulmak ve isletmek amacli sondaj faaliyetleri stirdiiriilmektedir.
Bunlarin en 6nemlisi 3S Kale Enerji sirketi tarafindan yiiriitiilen calismalarda Ciftlik-Bozkdy bolgesinde, 3.814
metre derinlikte 295 °C; diger daha derin sondajdan 3.957 metre derinlikten 341 °C kuyu dibi sicaklik degeri elde
edilmistir. Bu iki sondaj verisinden yararlanarak sayisal modelleme c¢alismalar1 gergeklestirilmistir. Simiilasyon
sonuglarina gore s6z konusu sicaklik degerlerini tiretebilmek i¢in 7 km derinlikte 600-700 °C ve/veya 8 km derinlikte
900-1.000 °C sicakliginda 1s1 kaynagt olarak islev goren bir magma odasinin (magma odasi catisi) iist kabukta
bulunmasi gerekmektedir.

Hasan Dagi ve cevresinde gergeklestirilen manyetotellurik (MT) calismalart sonucunda ozellikle Nigde
diizligiine dogru elde edilen profillerde 4-6 km derinlikte ve yaklasik ayni olgiilerdeki genislikte olasi bir
magma odast oldugu onerilmisti. Bu MT calismalar1 ile sondaj verileri birlikte degerlendirilerek Hasan Dag1 ve
¢evresinde muhtemel agilacak sondaj ¢alismalari igin gesitli sicaklik belirtileri elde edilmistir. Buna gore, Hasan
Dagi glineybatisinda yer alan diizliik alanlarda yiiriitiilecek jeotermal sondaj faaliyetlerinden 3.814 metrede 120 °C;
3.000 metrede 90 °C; 2.000 metrede 74 °C; 1.000 metrede 41 °C gibi yaklasik sicaklik degerlerinin elde edilmesi
beklenmektedir. Hasan Dagi altindaki magma odasina dogru ayni1 derinlikte sicaklik degeri 600 °C'ye ulagmaktadir.

Anahtar Kelimeler: Hasan Dagy, 1s1 transferi, jeotermal enerji, Magma, sayisal modelleme, volkan.

Abstract: In Turkey, 78% of geothermal energy resources are located in Western Anatolia, 9% in Central Anatolia,
7% in the Marmara Region, 5% in Eastern Anatolia, and 1% in other regions. The Cappadocia region stands
out as an important area where many investments have been made in recent years to increase the potential of the
geothermal sector. In recent years, drilling activities were carried out in and around Hasan Dagi volcano to find
and utilise geothermal energy. The most important of these was carried out by the 3S Kale Energy company in the
Ciftlik-Bozkoy region, where temperature values of 295 °C at a depth of 3,814 meters and 341 °C from another
deeper drilling at a depth of 3,957 meters were obtained. Numerical modelling studies were carried out using data
from these two individual drillings. According to the simulation results, the magma chamber (magma chamber roof),
which acts as a heat source with a temperature of 600-700 °C at a depth of 7 km and/or 900-1,000 °C at a depth of
8 km, must still be actively present in the upper crust to produce these temperature values.

* Yazigsma / Correspondence: ozgur.karaoglu@ogu.edu.tr © 2024 JMO Her hakk saklidur/All rights reserved
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Magnetotelluric (MT) studies conducted in Hasan Dagi and vicinity suggest a potential magma chamber with
a depth of 4-6 km and a width of approximately the same dimensions, especially in the profiles obtained towards
Nigde plain. These MT studies and drilling data were evaluated together and temperature anomalies were obtained
for possible drilling in and around Hasan Dagi. Accordingly, it is estimated that approximate temperature values
of 120 °C at 3814 meters, 90 °C at 3,000 meters, 74 °C at 2,000 meters, and 41 °C at 1,000 meters will be obtained
from geothermal drilling carried out in the flat areas located southwest of Hasan Dagi. The temperature ascends to
600°C at the equivalent depth beneath the magma chamber of Hasan Dagi.

Keywords: Geothermal energy, Hasan Dagi, heat transfer, Magma, numerical modelling, Volcano.

GIRIS

Jeotermal enerji yenilebilir enerji kaynaklar
arasinda en ¢ok yatirim yapilan alanlardan birisini
teskil etmektedir. Tiirkiye jeotermal potansiyeli
bakimindan Avrupa’nin 1. {ilkesi ve kurulu gii¢
bakimindan ise Diinyanin 4. iilkesi konumundadir
(Sener vd., 2022). Ulkemizdeki Jeotermal enerji
kaynaklarinin %78’i Bati Anadolu’da, %9’u I¢
Anadolu’da, %7°si Marmara Bolgesi’nde, %51
Dogu Anadolu’da ve %1°1 diger bolgelerde
yer almaktadir (Sener vd., 2022). Kapodokya
bolgesi son yillarda jeotermal sektorii adina pek
cok yatinmin yapildigi 6nemli bir saha olarak
one ¢ikmaktadir. Bolge jeolojisinin 0Ozellikle
Kuvaterner donemi boyunca aktif magma
odalarindan piiskiiren volkanik malzemeler ile
ortiilii olmasi, jeotermal sektoriiniin bu bdlgeye
olan ilgisini daha da artirmaktadir. Kuvaterner
donemi boyunca aktif volkanik bolgeler, volkanik
plskiirimler siirecinde ve birkac milyon yil
boyunca 1s1 kaynag1 gorevi géren magma oda ve
rezervuarlarin s1g kabuga yerlesmeleri sonucunda
bolgedeki 1s1 akisinin artisina neden olmast
sebebiyle jeotermal kaynaklarin yaygin olarak
bulunacagi sahalardir (Jaeger, 1959; De Silva and
Gregg, 2014; Gelman et al., 2013; Karakas et al.,
2017; Karaoglu 2021).

Kapadokya  Volkanik  Bolgesi (KVB)
jeotermal enerji potansiyeli olan bir bolge olarak
son yillarda one c¢ikmaktadir. Gomiilii kaldera
yapilari, aktif kabuga yerlesmis sicak intriizyonlar
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temel 1s1 kaynaklar1 arasinda sayilabilir. KVB
bolgesinde genis diizliikklere yayilan ve birkag yiiz
metreye ulasan ignimbiritlerin olast piiskiiriim
merkezlerine iligkin pek ¢ok jeofiziksel ¢alisma
yuriitilmiistir (6rn., Pasquare vd., 1988; Le
Pennec vd., 1994; Toprak, 1998; Froger vd., 1998;
Kosarogluvd., 2016; Bilim vd., 2017; Aydemir vd.,
2019). Bolgede gomiilii kaldera yapilan ile ilgili
yliriitiilen ¢aligmalar KVP’nin 6zellikle orta ve bati
kesiminde birka¢ km derinlikteki bu depresyon
yapilara isaret Pasquare vd.
(1988) ozellikle KVP’nin batisinda yiizeylenmis
ignimbiritlerin olas1 piskiirim merkezi i¢in
Melendiz stratovolkani ve Ciftlik bolgesine isaret
etmislerdir (Sekil 1). Bilim vd. (2017) yaptiklari
calismada ¢ap1 50 km’yi asan Aksaray-Nevsehir-
Nigde-Yesilhisar ~ arasindaki ~ bdlgenin  bir
depresyon ya da kaldera 6zelligi gosterdiklerini
onermiglerdir (Sekil 1). Ayrica arastiricilar s6z
konusu bolgenin jeotermal gradyan degerinin 50-
68 °C/km; 1s1 akist degerinin 2,3 ve 2,7 Wm! K*!
ayrica radyojenik 1s1 akis iiretim degerinin 0,45 ve
0,70 IW m? arasinda oldugunu belgelemislerdir.
Sener vd. (2023) Kapadokya bolgesinde sicaklik
jeotermometre sicaklik hesaplamalar1 yaparak
calisma alanina yakin bolgeler igin ¢esitli sicaklik
degerleri elde etmistir. Kalsedon jeotermometre
hesaplamalar1 54-126 °C (Nevsehir); 48-159 °C
(Aksaray); 73-159 °C (Nigde) olarak ol¢tilmiistiir.
Kuvars jeotermometre hesaplamalar1 85-173 °C
(Nevsehir); 79-180 °C (Aksaray); 102-180 °C
(Nigde) sicaklik degerlerine isaret etmektedir.

etmektedir.
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Sekil 1. Bolgenin roliyef efektli ii¢ boyutlu Jeoloji haritasi (MTA Jeoloji Etiidleri Dairesi tarafindan hazirlanmistir,
Atabey, 1999) ve onceki caligmalardan elde edilen manyetotelliirik 6l¢timlere iligskin profiler (L-L’ profili: Hacioglu

vd., 2023; P2 profili: Tank ve Karas, 2020).

Figure 1. Three-dimensional geological map of the region with relief effects (prepared by the General Directorate of
Geological Studies of the Mineral Research and Exploration Institute, Atabey, 1999) and profiles of magnetotelluric
measurements obtained from previous studies (L-L’profile: Hacioglu et al., 2023; P2 profile: Tank and Karag, 2020).

S6z konusu ticari girisimin web sitesinden
(URLI1, 2023) vyaptig1 agiklamada Bozkdy
ruhsatindan (i) 2016 yilinda 3.814 metre
derinliginde bir sondaj yaparak Tirkiye’nin en
sicak kuyusunu buldugunu; 295 °C taban sicakligi
olan bu kuyu buhar iretme kapasitesine sahip
oldugunu duyurmustur (Sekil 1). Ayni1 sahada
2021 yilinda agilan ve 3.957 metre derinliginde
olan 2. kuyudaki taban sicakligi ise 341 °C olarak
Olciilmiis olup, her iki kuyu da Tirkiye'nin
en yliksek taban sicakligi olan kuyular olarak
kayitlara gegmis durumdadir.
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Bu calismada s6z konusu ticari girisimin
acmis oldugu kuyu sicaklik verilerine dayanarak,
1s1 kaynaginin Hasan Dagi mi1 yoksa bu bdlge
altinda daha 6nce bilinmeyen bir 1s1 kaynagimin m1
oldugu sorularina cevaplar aranmaya ¢aligilacaktir.
Bunun i¢in Lisansli Comsol Multiphysics 6.1
program1 (Tabatabaian, 2014) kullanilarak kati
ozellikteki litolojilerde transferi analizleri
gerceklestirilmistir.
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Geg Senozoyik donemi boyunca Avrasya, Afrika
ve Arabistan plakalar1 arasindaki yakinlagsma ve
nihayetindeki bu plakalarin ¢arpigmalar1 bolgesini
sekillendirmistir. Orta Anadolu platosu bu orojenik
olaylara tektonik deformasyon, hizli kabuksal
yiikselimler ve oldukea yiiksek hacimdeki volkanik
etkinlikler ile karsilik vermistir. Orta Anadolu
platosu gilinlimiiz topografyasini son 10 My’lik
siire¢ iginde yaklasik 1 km’lik yiikselme sonucu
kazanmistir (Cosentino vd. 2011; Yildirim vd.
2011; Schildgen vd. 2012). Bu yiikselimlere sebep
olan kabuksal deformasyon manto kaynagindan
ergiyen magmanin ylizeye tasinmasinda biiyiik
rol oynamigtir. Magmanin ¢ogunlukla litosferik-
ancak yer yer astenosferik manto katkilarin da
oldugu gozlenmektedir.

Magma  yilizeye  ulagsmasi  siirecinde
fraksiyonlagsma siirecinin baskin bir sekilde
izlendigi goriilmektedir. Magmanin 6zellikle iist
kabuk boyunca kabarciklanma ve kopiiklenmesi
yiiksek enerjili piiskiirmeli volkanik etkinliklere
sebep olmustur. Manto ergimeleri sonucu, daha
¢ok kabuk boyunca yerlesen magma rezervuar ve
bunlardanayrisanmagmaodalariilesonuglanmaistir.
S6z konusu magma rezervuar ve odalari kabuk
boyunca yerlesimlerinin ardindan, kabuksal
deformasyonlar sonucu gelisen zayif zonlar
boyunca (bazen kirik-gatlak ve fay diizelmeleri)
biiytik hacimli (1-10 km?) stratovolkanlari, dom
yerlesimlerini, daha kiiglik hacimli (1 km?) gatlak
kontrollii lav piiskiiriimlerini stirekli beslemistir.

Kapadokya  Volkanik  Bolgesi (KVB)
stratovolkanlar (6rn., Hasan Dagi, Erciyes ve
Golliidag) ve kaldera volkanlarindan piiskiiren
ignimbirit serileri ile karakteristiktir (Sekil 2).
Birka¢ yiiz metreye ulagan ignimbirit ve plimis-
kiil geri dligme tirtinleri kokensel olarak magmanin
kabuk boyunca fraksiyonlasmasi ile dogrudan
iligkili oldugu sdylenebilir.
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Hasan Dagi’nin giineybatisinda yer alan
Kecikalesi volkani, KVP’nin bat1 kesimindeki ilk
volkanik etkinliklerinden birini temsil etmektedir
(Sekil 1 ve 2). Besang vd. (1977) bu volkanik
iriinlerin 13,7+0,3 My ile 12,4+0,6 arasinda
puskiirdiiglinii tarihlemistir. Paleo-Hasan Dag1
olarak Aydar ve Gorgaud (1998) tarafindan
adlandirilan ilk lav {irtinleri 6,31 My=0,9 (K/
Ar yas1) ile Tagpmar koyl civarinda gozlenen
ignimbiritler Deniel vd. (1998) tarafindan
7,21£0,9 My (K/Ar yas1) olarak tarihlendirilmistir.
Mezo-Hasan Dagin1 olusturan lav akintilari, dom
yerlesimleri ve piroklastik malzemeler 700 bin y1l
olarak tarihlendirilirken (Aydar, 1992); Neo-Hasan
Dag1 olarak adlandirilan ve volkanin giliniimiiz
morfolojisini sekillendiren volkanik {iriinlerden
oldukca gen¢ yaslar elde edilmistir. Karakapi
koyl civarindaki dom ve lav akintilarindan 0,08
ve 0,58 My (Ercan vd., 1990); Gozliikkuyu koytl
civarindaki bazaltik koniden 120-65 bin yil
(Ercan vd., 1990) lav akintilarindan ise 34 bin yil
yas verileri elde edilmistir (Aydar ve Gourgaud,
1998). En gen¢ efiizif karakterli volkanik
aktiviteler 29 ve 33 bin yil olarak Kuzucuoglu vd.
(1998) tarafindan belgelenmistir. Ayrica en geng
driinler arasinda bazaltik dom, blok kiil akintis
ve andezitik lavlardan 29 ve 9 bin y1l yas verileri
kaydedilirken; kaldera sonrasi domun 6 bin yil
once yerlestigi belirtilmistir (Aydar ve Gourgaud,
1998).

Ciftlik-Bozkdy bdlgesi morfolojik olarak
6-6,5 km g¢apma ulasan kaba bir -elipsoid
geometriye sahip cukurluk bir alandir. Ustte
birkag 10 metreye kadar ulasan volkaniklerden
tiireme aliivyon malzemesi, bunun altinda oldukga
kalin bir piroklastik birim yer alir. Bozkdy ve
Cardak civarindan Yesilkdy sirtlarina dogru bu
ignimbiritik Ortlinlin iizerinde yer alan genelde
ortag volkanik kayaclar bulunmaktadir (Sekil 1 ve
2).
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Sekil 2. Bolgenin jeolojik dikme kesiti (MTA Jeoloji Etiidleri Dairesi tarafindan hazirlanmistir, Atabey, 1999)
tizerinde farkl litolojilere ait termal parametreler (k: termal iletkenlik (kondaktivite); Cp: 6zgiil 1s1 kapasitesi, o:
termal genlesme sabiti).

Figure 2. Thermal parameters for various lithologies on the geological cross-section of the region (prepared by
the General Directorate of Geological Studies of the Mineral Research and Exploration Institute, Atabey, 1999) (k:
thermal conductivity; Cp: specific heat capacity, a.: thermal expansion constant).
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Tank Karas  (2020)
Hasan Dagi, Kec¢iboyduran ve Melendiz
daglarinin  giiney kesimlerini  kapsayan 27
lokasyondan manyetotelliirik (MT) o6l¢timler
gerceklestirilmistir. Bu c¢alismaya gore Hasan
Dagi’nin gilineybatis1 Nigde diizliigiine dogru
elde edilen yaklagik 45 km’lik iki boyutlu
profillerde 4-6 km derinlikte ve yaklagik ayni
Olciilerde genislikte potansiyel bir magma odasi
onermiglerdir. Hacioglu vd. (2023) Melendiz
dag1 kuzeyinde, Ciftlik bolgesini de igine alan,
60 lokasyondan gergeklestirdikleri MT ¢aligmalar
neticesinde 3 km derinlige ve cap1 12 km’ye kadar
ulagan gOmiilii bir kalderanin varligina isaret
etmektedirler. Ancak arastiricilar, bu bolgede bir
magma odasina iligkin kanit elde edememislerdir
(Hacioglu vd., 2023). Dornadula vd. (basimda)
gergeklestirdikleri nlimerik modelleme
caligmasinda, Sahinkalesi (Ciftlik bolgesi) altinda
5 km derinlikte bir magma odasi varsayimiyla, 4
km derinlikte 378 °C’ye ulasan termal bir sistemin
varligii 6nermislerdir.

ve tarafindan

Bu calismada magma odas1 ve 1s1 kaynagi ile
iliskili elde edilen veriler géz 6niinde bulundurarak
s0z konusu ticari girisim tarafindan derin kuyu
Olctimleri sonucu elde edilen sicaklik degerleri ile
olan analitik iliskisi ele alinacaktir.

METODOLOJI
Sayisal Modeller

Bolgenin jeolojik harita ve kolon istiflerine
dayanarak sayisal modelleme c¢alismalarinda 8
ana kaya birimi tanimlanmistir (Atabey, 1999;
Sekil 2). Temelde, L8 olarak adlandirilan Kretase
ve oOncesi donemleri temsil eden kalk-gist,
mermer, diyabaz, gabro ve serpantinit kayaclar
yer almaktadir. Eosen donemi kiregtaglart (L7);
Oligosen donemi konglomera ve jipsler (L6);
Miyosen donemi piimis geri diisme {iriinleri
ve ignimbiritler, bazalt, obsidyen ve andezitler
ile bagka bir ignimbiritik seviye (LS5); Pliyosen
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donemi ortag lav, tif ve ignimbiritler (L4) ve
iizerini uyumsuzlukla iizerleyen golsel kiregtaglart
gelmektedir (L3). Kuvaterner doneminin erken
evrelerini temsil eden bazaltik-andezitik lavlar ve
orta¢ ve asidik piroklastik iirtinler (L2) ile blok
ve kiil akma ¢okelleri, bazaltik lav akmalar1 ve
pomza-skorya geri diigme iriinleri ile en istte
bulunan aliivyal c¢okeller (L1) Holosen donemi
istiflerini temsil etmektedir (Sekil 2).

Tim sonlu elemanlar model geometrileri
COMSOL Multiphysics 6.1 (Tabatabaian, 2014) Is1
Transferi Modiilii kullanilarak gerceklestirilmistir.
Magma odast geometrisi Tank ve Karas (2020)
tarafindan elde edilen MT verileri ile ayn1 zamanda
jeofizik yontemlerle goriintiilenmis diinyadaki si1g
kabul kosullarinda bulunan diger magma odalar1
da dikkate alinarak elipsoid seklinde oldugu kabul
edilmistir (6rn., Gudmundsson, 2012; Chestler
ve Grosfils, 2013; Le Corvec vd., 2013; Caricchi
vd., 2014). Modeller ii¢ boyutlu (3-B) simetrik,
igsel kagma basinci (P)) ve sicakhiga (T) sahip
ve bos olarak kabul edilen magma odalarina

uygulanmigtir ~ (6rn., Gudmundsson, 2012;
Gerbault, 2012; Karaoglu vd., 2016).
Izotermal  caligmalarda  kitasal  kabuk

kosullarinda saf magnetitlerin ortalama Curie
sicakligr 580 °C, genel termal gradyan degeri 25
°C -30 °C aras1 olarak kabul edilir (Okubo vd.,
1985; Rozimant vd., 2009). Her ne kadar bdlgenin
termal oOzelliklerini calisgan iki temel c¢alisma
(Bilim vd., 2017; Aydemir vd., 2019) s6z konusu
bolgenin termal gradyan sicakligin1 nispeten
yliksek 50 °C/km olarak hesaplamig olsalar da
bu yiiksek gradyana zaten kabuk kosullarindaki
magmatik etkinlik olmasi sebebiyle bu calismada
25 °C diinya ortalama kabuk sicaklik degerine
yaklasik bir deger kullanilmistir.

Bu kaya birimlerinin her birine (L1-L8)
litolojik ozelliklerine uygun termal parametreler
tanimlanmistir (Sekil 3). Modellemelerde termal
kondaktivite degerleri icin £ [W/(m*K)] 0,25
ve 1,9 arasinda; degisken sicaklik degisimi
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kosullarini hesaplanmasi i¢in (bir kaya kiitlesinin
gecici bir 1s1 kaynagina tepkisi) 6zgiil 1s1 kapasitesi
Cp [J/(kg*K)] 840 ve 980 arasinda; a degeri
termal genlesme sabiti olarak [1/K] her bir litoloji
icin 3,0x107° ve 9,2x10°® arasinda kullanilmistir
(Nabelek et al., 2012; Rodriguez et al., 2015).
Modellemeleri degerlendirmek i¢in hemti¢ boyutlu
hacimsel hem de yatay kesitlerden yararlanilmigtir
(Sekil 3a-b). S6z konusu Bozkdy sondajlart i¢in
3.814 metreden yatay kesit alimmistir (Sekil 3b).
Yiizeyden 3.814 metre derinligi temsil eden kesit
iizerinde mekansal sicaklik degisimlerini ¢ok daha
iyi gozlemek i¢in 10 adet profil tamtilmistir (Sekil
3b).

l Jeotermal sondaj

Magma odasi

- _—"(0-1000 °C)

Jeotermal sondaj...»

Sekil 3. Heterojen kabuk segmenti boyunca elipsoidal-
s1g bir magma odasi1 ve geometrik iligkileri gdsteren ii¢
boyutlu sayisal model kurulumu. Magma Odast 5
MPa’lik icsel basmng ile baskilanmaktadir. Magma
odast 10 X 4 X 4 km boyutlarina sahiptir.

Figure 3. Three-dimensional numerical model setup
showing an ellipsoidal-shallow magma chamber and its
geometric relationships along a heterogeneous crustal
segment. The magma chamber has an internal pressure
of 5 MPa. The dimensions of the magma chamber are
10X 4 X 4 km.
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Esitlikler

Radyoaktif 1s1  transferi ihmal edilerek
COMSOL’un “Heat Transfer in Solids” ara
ylziinde agagidaki esitlik kullanilmis olup:

pCou-VT+V-q=qo+Qrea+ Q@ (1)

burada, p yogunluk, sabit stres altinda 6zgiil 1s1,
mutlak sicaklik, 6teleme hareketinin hiz vektorii;
QO diger kaynaklardan 1s1 transferi (bu durum sig
magma Odas1 ya da derin magma rezervuarini
temsil eder); ¢ kondiiksiyon 1s1 akisini1 temsil
etmekte olup asagidaki esitlikte tanimlanir:

q=-kvT @)
burada, k& daha oOnce de bahsedildigi gibi
termal kondaktivite degeridir. Q, , katilardaki

termoelastik etkileri agiklayan bir termoelastik
soniimlemedir ve yalnizca 1s1 transferi kati
mekanigine baglandiginda gegerlidir ve su sekilde
hesaplanir:

ds
Qteq = — T:E 3)
burada daha Once bahsedildigi gibi, o termal

gerilme sabiti ve § ikinci Piola-Kirchhoff stres
tensor degeridir.

Sinir Kosullar ve Parametreler

Is1 transferi simiilasyonlar1 i¢in; hesaplama
alaninin (T, p) iist yatay sinirinin (yerkiire yiizeyi)
sicakligt 10 °C olarak ayarlanmisti. Magma
odasmin magma rezervuar duvar sicakhgi (7,
Ty T T T T T Ty Ty T,,) 100 °C, 200
°C, 300 °C, 400 °C, 500 °C, 600 °C, 700 °C, 800
ve 1.000 °C olarak ayarlanmistir. Hesaplama
alaninin sol tarafi, sag tarafi ve alt sinir1 igin iki ek
sicaklik sinir kosulu kullanilir. Tiim modellerde,
daha once Jaupart vd. (1998) ve Eldursi vd. (2009)
tanimladigi gibi, dikey kenarlarin sicakligi, alt
yatay sinirda maksimum 765 °C’ye ulasan her 1
km’lik derinlik artig1 i¢in sicakligin 25 °C arttig1
derinligin bir fonksiyonu olarak tanimlanmaktadir.

T,M[°C] = =30 y[km] (4)



Model Ag1 (Mesh)

Simiilasyonlarda dort yiizli ikinci dereceden
elemanlarla COMSOL’da Onceden tanimlanmis
son derece ince ag Orgiisii ayarlar1 uygulanmistir.
Bu ag ayar, 6,4 km’lik bir maksimum &ge
boyutu ve 0,8 km’lik bir en kiiciik 6ge boyutu,
0,5 degerinde egrilik katsayisi; 0,6 degerinde
dar bolgelerin ¢oziiniirliik degeri ile 1,45°lik en
biiyiik 6ge biiyiime hizi tanimlanmistir. Boylelikle
modellerde kullanilan toplam eleman sayist
85.719 olmustur.

BULGULAR
Hasan Dag1 Altinda Magma Odas1

Ug boyutlu hacimsel “1s1 transferi” uygulamasinda
Hasan Dag1 altinda farkli sicakliklara sahip (0,
200, 400, 600, 800, 1.000 °C) magma odalarinin
heterojen kabuk boyunca sicaklik dagilimlari
izlenmektedir (Sekil 4). Magma odasi sicakliginin
etkin olmadig1 (0 °C) durumda ortamda yalnizca
termal gradyan ile ilgili sicaklik dagilim
gozlenmektedir. 30 km derinlikteki sicakligin
765 °C oldugu yeniden hatirlanmalidir (Sekil 4a).
Magma odasi sicakligi 200 °C oldugu durumda
yalnizca magma odast ve c¢evresinde diisiik
seviyelerde bir 1s1 artis1 oldugu sdylenebilir (Sekil
4). 400 °C uygulamasinda magma odasmin 1
km’lik yakin ¢evresinde 134 °C sicakliga ulagtig1
gozlenmektedir (Sekil 4c). Magma odasima 600
°C uygulamasinda sondaj ve ¢evresinde 96 °C’lik
sicaklik degerleri dikkati ¢ekmektedir (Sekil 4d).
Magma odasma 800 °C uygulamasinda magma
odasinin yanal olarak 3-4 km ¢evresinde 200 °C’ye
sicaklik degerleri izlenirken (Sekil 4e); 1.000 °C
uygulamasinda sondaj bdlgesi ve ¢evresinde 128
°C civar1 sicaklik degerleri elde edilmektedir

(Sekil 4f).
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Aralarinda 10 km araliklar uygulanarak
elde edilen dikey kesitler {izerinde sicaklik
dagilimlari incelenmistir (Sekil 5). Tiim kesitlerde
mavi renklerle simgelenen diisiik sicakliklardan
(minimum 10 °C) sar1 renk ile gozlenen yliksek
sicakliklara (maksimum 715 °C) olan dagilim
iliskileri izlenebilmektedir. Tiim uygulamalarda
en yiksek sicaklik degerleri magma odast
cevresinde gozlenmektedir (Sekil 5). Magma
odasinin 1.000 °C oldugu uygulamada yiiksek
sicaklik olarak smiflanabilecek 600-700 °C
sicaklik degerlerinin en fazla 1 km yanal yayilimla
olustugu izlenmektedir (Sekil 5).

Sondaj faaliyetinin yuriitiildigii maksimum
derinliklerden birisi olan 3.814 metre boyunca
kabuk icindeki sicaklik dagilimlarinin dl¢iilmesi
icin yatay bir kesit alinmistir (Sekil 6). Soz
konusu derinlikte (3.814 m) uygulanan farkl
sicakliga sahip magma odalari igin sicaklik
dagilimlar1 incelenmistir (Sekil 6). Buna gore
magma odasma uygulanan 0 °C ile beklendigi
sekilde yalnizca bu derinlikteki termal gradyan
degerleri elde edilmistir. Sondaj bolgesinde 59
°C sicaklik degeri gozlenmektedir (Sekil 6a). 200
°C uygulamasinda, magma odasi ve g¢evresinde
127 °C, sondaj bolgesinde 90 °C sicaklik
gozlenmektedir (Sekil 6b). Sicaklik 400 °C’ye
yikseldiginde magma odasi ve ¢evresinde 243
°C, sondaj bolgesinde yaklagik 94 °C sicaklik
dagilimi s6z konusudur (Sekil 6¢). Magma odast
sicaklig1 600 °C oldugunda 1 km ¢evresine kadar
395 °C ve sondaj ¢evresinde 73 °C sicaklik takip
edilmektedir (Sekil 6d). Magma odas1 sicaklig
800 °C olmasi durumunda sondaj bolgesinde 82
°C (Sekil 6e); magma odas1 sicakligi maksimum
1.000 °C uygulanmasi durumunda ise sondaj
bolgesi ve ¢evresinde 78 °C sicaklik degeri elde
edilmektedir (Sekil 6f).
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Sekil 4. Hasan Dagi volkani altinda, {i¢ boyutlu kabuk segmenti boyunca farkl: sicakliklara sahip ((a) 0 °C, (b) 200
°C, (¢) 400 °C, (d) 600 °C, (e) 800 °C ve (f) 1.000 °C) magma odasinin neden oldugu hacimsel sicaklik dagilimlari.

Figure 4. Volumetric temperature distributions caused by the magma chamber with different temperatures ((a) 0 °C,
(b) 200 °C, (c) 400 °C, (d) 600 °C, (e) 800 °C and (f) 1,000 °C) along the three-dimensional crustal segment beneath

Hasan Dagi volcano.
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Sekil 5. Hasan Dagi volkani altinda, ii¢ boyutlu kabuk segmenti boyunca, farkl sicakliklara sahip ((a) 0 °C, (b) 200
gu dik kesen dilimler boyunca sicaklik dagilimlar.

°C, (c) 400 °C, (d) 600 °C, (e) 800 °C ve (f) 1.000 °C) magma odasinin neden oldugu, aralarinda 10 km bulunan

kabu
Figure 5. Temperature distributions along slices perpendicular to the crustal segment at intervals of 10 km caused

by the magma chamber with different temperatures ((a) 0 °C, (b) 200 °C, (c) 400 °C, (d) 600 °C, (e) 800

1,000 °C) beneath Hasan Dagi volcano.
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Sekil 6. Hasan Dagi volkani altinda, ii¢ boyutlu kabuk segmenti boyunca, farkl sicakliklara sahip ((a) 0 °C, (b) 200
°C, (c) 400 °C, (d) 600 °C, (e) 800 °C ve (f) 1.000 °C) magma odasinin neden oldugu, 3814 metre derinligi temsil
eden yanal kesit boyunca sicaklik dagilimlari.

Figure 6. Temperature distributions along a lateral section representing a depth of 3814 meters caused by the
magma chamber with different temperatures ((a) 0 °C, (b) 200 °C, (c) 400 °C, (d) 600 °C, (e) 800 °C and (f) 1,000
°C) beneath Hasan Dagi volcano.
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Sicaklik dagilimini daha iyi takip edebilmek
icin, 3.814 metre derinlige sahip sondaj
derinliginde, yatay bir kesit iizerinde birbirinden
6 km aralikli birbirine paralel 10 adet profil
boyunca incelenmistir (Sekil 7a). Magma odasina
0-1.000 °C araliginda farkli sicaklik uygulamalar1
simiile edilmistir. Buna gore tiim profiller boyunca
ortalama 100 °C sicaklik degerleri izlenirken en
yiksek sicaklik magma odasinin tam iizerinden
gegen profilden ve 1.000 °C uygulanarak
maksimum 600 °C olarak kaydedilmistir (Sekil
7a). Sondaj faaliyetinin gerceklestirildigi alandaki
sicaklik dagilimini daha detayli izlemek amacryla
elde edilen Profii I boyunca lokal sicaklik
dagilimlar1 incelenmistir (Sekil 7b). S6z konusu
kesit boyunca ortalama 45 °C; 1.000 °C magma
odas1 uygulamasi sonucunda ise maksimum 57 °C
sicaklik degerleri hesaplanmistir (Sekil 7b).

Ciftlik-Bozkoy Altinda Magma Odas1

3814 metre derinlikte, ayn1 geometriye ancak
farkli derinliklere sahip (7, 8, 9 ve 10 km)
magma odalarma 0-1.000 °C arasinda 100 °C
araliklarla sicakliklar uygulanarak simiilasyonlar
gergeklestirilmigtir (Sekil 8). Sondaj faaliyetinin
ylriitilmis oldugu bolgenin 7 km altinda ve
magma odast 0-1.000 °C aras1 10 farkli sicaklik
uygulanmasi durumunda, en yiiksek sicaklik 600
°C’ye ulasmaktadir (Sekil 8a). Magma odas1 8 km
olmasi1 durumunda 3.814 metre derinlikte en fazla
360 °C sicaklik degeri gozlenirken (Sekil 8b); 9
km derinlikte en yiiksek 210 °C sicaklik dagilimi
gozlenmektedir (Sekil 8c). Daha da derine
10 km’ye yerlesen magma odasinin ortalama
70 °C iken en yiiksek yaklasik 150 °C olarak
hesaplanmigtir (Sekil 8d).

TARTISMA ve SONUC

Bucalismadaiki soruya cevap aranmaktadir: Hasan
Dagi1 volkani altinda MT yontemiyle saptanan
magma odasinin 1s1 transferi ve termal gradyana
olan etkisi nasildir? Diger soru ise 3S Kale enerji
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sirketi tarafindan gerceklestirilen Tiirkiye’nin en
derin sondajlarindan elde edilen sicaklik degerleri
icin gerekli olan 1sitic1 kaynagin sicaklik degeri ve
kabuk i¢indeki derinligi nedir? Bu sorulara cevap
bulabilmek i¢in sayisal modelleme calismalari
yapilmis olup 1sitict kaynagin termal 6zelliklerine
iligkin 6nemli bilgiler elde edilmistir.

—— T_mp-0 degC. Distance-0

—— T_mp=0 degC, Distance=:
T_mp=0 degC, Distance=4
—— T_mp=0 degC. Distance=

T_mp=0 degC. Distance="
—— T_mp=200 degC,
T_mp=200 degC,
—— T_mp=200 degC.

Sicaklik (°C)
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200 degC
300 degC
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sol | —— 700 degC
800 degC
—— 900 degC
1000 degC

Sicaklik (°C)

Sekil 7. Hasan Dag1 volkan altinda, ii¢ boyutlu kabuk
segmenti boyunca, farkli sicakliklara sahip (0 °C —
1.000 °C) magma odasinin neden oldugu, 3.814 metre
derinligi temsil eden yanal kesit iizerinde, a) farkli
profiller boyunca b) Jeotermal sondaj bolgesini kesen
Profil 1’den elde edilen sicaklik dagilimlart.

Figure 7. Temperature distributions obtained from
different profiles a) along a lateral section representing
a depth of 3,814 meters and b) from Profile 1
intersecting the geothermal drilling area, caused by the
magma chamber with temperatures ranging from 0 °C
to 1,000 °C beneath Hasan Dagi volcano.
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Sekil 8. Ciftlik-Bozkdy volkanik alan1 altinda, ii¢ boyutlu kabuk segmenti boyunca, farkli sicakliklara sahip (0 °C
—1.000 °C) magma odasinin (a) 7 km, (b) 8 km, (¢) 9 km ve (d) 10 km derinlikte jeotermal sondaj bolgesini kesen
Profil 1°den elde edilen sicaklik dagilimlari.

Figure 8. Temperature distributions obtained from Profile 1 intersecting the geothermal drilling area at depths of (a)
7 km, (b) 8 km, (c) 9 km, and (d) 10 km beneath the Ciftlik-Bozkdy volcanic field.

Manyetotelliirik veriler Hasandag1 manyetotelliirik  sonuglart  ile  Ortiismedigi
Volkant’nin kabuk boyunca merkez konisinin goriilmektedir (Hacioglu vd., 2023). Ayrica bu
tam alti yerine; 3-4 km giineydogusuna dogru bolge altinda 5 km altinda magma odas1 bulunmasi

magma odasmna igaret eden digsiik rezistivite
degerleri gostermektedir (Sekil 9; Tank ve Karas,
2020). Ciftlik-Bozkdy alani altinda ise s6z konusu
depresyon alaninin merkezi olarak tam altinda 2-4
km derinlikte olduk¢a diisiik rezistivite degerleri
elde edilmis olup arastiricilar bunlar1 kaldera
yapist icerisinde degerlendirmis olup magma

durumunda, bu bolgeyi yaklasik 4 km derinlige
ulasan derin sondaj faaliyetleri sonucunda, visko
elastik 6zellik sergileyen litolojik 6zelliklere sahip,
magma odasiin neredeyse catisina ulasilmasi
beklenirdi. Bu acidan, giincel manyetotelliirik
caligmalarinin bir magma odasiin bulunmadigimn

odasmna iliskin veri sunmamuslardir (Hacioglu belirtmeleri  sebebiyle, ~Sahinkalesi (Ciftlik-
vd., 2023). Ancak bu bolge altinda magma odast Bozkdy) volkanik bolgesi altinda 5 km derinlikte
varsayimiyla gergeklestirilen numerik modelleme bir magma odasinin varsayimiyla gergeklestirilen
calismalarindan elde edilen sonuglarin (Dornadula niimerik modelleme sonuglarinin (Dornadula vd.,
vd., basimda), son donemde gergeklestirilen basimda) yeniden degerlendirmeye ihtiya¢ vardir.
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Sekil 9. a) Hasandagi (Tank ve Karas, 2020) ve b)
Ciftlik-Bozkdy (Hacioglu vd., 2023) volkanik
bolgelerinde belirli profil dogrultularindan {i¢ boyutlu
ters ¢oziim modelleme ile elde edilen rezistivite
haritalari.

Figure 9. Resistivity maps obtained by three-
dimensional inversion modelling of some profile
directions in the volcanic regions of a) Hasan Dagi
(Tank and Karag, 2020) and b) Ciftlik-Bozkdy (Hacioglu
etal, 2023).

Hasan Dagi volkan1 altinda, 1000 °C
yiksek sicaklik degerlerine sahip magma
odas1 dahi Ciftlik-Bozkdy bolgesindeki 3814
metre derinlikteki kabugu, ancak 78 °C civari
1sitmaktadir. S6z konusu sondajlardan elde edilen
295 °C (3.814 metre) ve 341 °C (3.957 metre)
sicaklik degerleri goz Oniine alindiginda Hasan
Dag1 volkani altindaki bir 1sitict kaynagin Ciftlik-
Bozkdy bolgesindeki yiiksek jeotermal gradyanin
1s1  kaynagi olarak
goziikmemektedir.

islev gérmesi miimkiin

Hasan Dagi altindaki 1sitict kaynak islevi
goren magma odasinin MT c¢alismalart ile
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onerilen 6-7 km derinlige ve birkag bin y1l dnceki
etkinlikleri dikkate alinarak 800-1.000 °C arasi
bir sicakliga sahip olmas1 durumunda ana koninin
yakin ¢evresinde potansiyel sicak gradyana (3.814
metrede) ulasmasi teorik olarak miimkiindiir
(400-600 °C). Ancak diizlik alanda yapilmasi
planlanacak bir sondaj faaliyeti diistiniildiigiinde,
modelleme calismalarindan 6rnegin Hasan Dagi
glineybatisinda bulunan Tasgpinar bdlgesinde
(Sekil 1) 3.814 metrede 120 °C; 3.000 metrede 90
°C; 2.000 metrede 74 °C; 1.000 metrede 41 °C gibi
sicaklik degerlerine ulasilabilecegi sdylenebilir.

Ciftlik-Bozkoy bolgesinde yiirttiilen
jeotermal sondaj ve sonraki siiregte devam
edecek tretim planlanmast i¢in bu bolgedeki
isitict kaynagin derinligi, geometrisi ve sahip
oldugu sicaklik degeri 6nem arz edecektir. Her ne
kadar Bilim vd. (2017) yaptiklar1 ¢calismada cap1
yaklasik 50 km olan bir gémiilii kaldera yapisi ile
bolgenin termomekanik &zeliklerini rapor etmis
olsalar da Hacioglu vd. (2023) bolge altindaki
gomiilii kalderanin yaklasik 13 km genisliginde
oldugunu o6nermislerdir (Sekil 9). S6z konusu
ticari girisimin 4 km’ye yaklasan sondajlardan
elde edilen sicaklik verileri dikkate alindiginda,
bu sicaklik degerlerine ulagsmak i¢in en az 7 km
derinlikte 600-700 °C (Sekil 8a) ve/veya 8 km
derinlikte 900-1.000 °C’ye sahip 1s1 kaynagi
islevinde olan magma odasina (magma odasi
catis1) ihtiyag duyulmaktadir. Ancak daha derin
kosullarda (9, 10 km ve fazlasi) kabuk boyunca
yerlesen magma odasi s6z konusu sicakliklar
iretemeyecegi i¢cin magma odasi derinliginin
en fazla 8 km olmasi gerektigini ifade etmek
mimkiindir. ~ Manyetotelliirik  ¢alismalardan
elde edilen sonuglar ile niimerik modelleme
calismalar1 birlikte degerlendirildiginde, magma
odasinin en az 8 km derinlere ulasan ve en sicak
bolgesini temsil eden merkez kisminin; kabugun
s1g kesimlerine dogru, yaklagik 7 km derinlikte,
nispeten sogumaya maruz kalmis ergiyik-kati
faz gecis zon ile temsil edilen magma odasi ¢ati
kismmnin oldugu; 2-3 km derinliklerde ise kati
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halde 200-300 °C sicaklik degerlerinde 1sitilmis
kayaclarm var oldugu sdylenebilir. 7-8 km
derinlikte iist catis1 bulunan bir magma odas1 ve
sondaj faaliyetlerinin yaklasik 4 km’ye kadar
yalnizca elastik 6zellik gosteren kati kayaglarda
ylritildigi g6z oOniinde bulunduruldugunda
s0z konusu magma odasinin, sil seklinde, diigiik
kalinlik sergileyen (2-3 km), ancak kabuk
boyunca yanal yayilan bir geometride oldugu
iddia edilebilir.

Saha c¢aligmalari ve yayinlanan jeofizik
Olclimlere dayanarak Bozkurt-Ciftlik bdlgesinin
olduk¢a biiyiik bir piiskiirim merkezi oldugu
sOylenebilir. Karaoglu vd. (2005) tarafindan
gerceklestirilen calismaya gore, c¢apt 8-8,5
km olan Nemrut Kalderasi’nin en az 64 km?
hacminde piroklastik malzeme piskiirttiigi
dikkate alindiginda, ¢ap1 13 km’ye kadar ulagan
bir kaldera olusumu i¢in birkag yiiz km?’lik
piroklastik malzemenin bosalimmna tekabiil
edebilir. Bu hacimdeki malzemenin Kuvaterner
donemi boyunca piisklirimii, ayni
magma odasinin 6zellikle iist kesiminde 6nemli bir
bosluk olusumuna neden olabilecegi diisiinebilir.
Bu c¢alismadaki magma odasinin gatisina iligkin
7-8 km olan derinlik hesabinin, oldukc¢a yiiksek
hacimde koplirmiis magma piiskiirimii de goz
oniine alindiginda, kaldera-olusturan piiskiiriimler
sirasinda magma odasi c¢ati derinliginin birkag
km daha ylizeye yakin (3-4 km) olabilecegi iddia
edilebilir.

zamanda

EXTENDED SUMMARY

The Cappadocia Volcanic Region (CVR) has
recently garnered attention for its geothermal
energy potential. The presence of buried caldera
structures and plutons embedded in the active
crust signifies the primary heat sources in the
region. Numerous geophysical studies have been
conducted concerning the potential eruption
centres of ignimbrites that extend across extensive
plains within the CVR region, some of which
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reach several hundred meters in height (e.g.,
Pasquare et al., 1988; Le Pennec et al., 1994;
Toprak, 1998; Froger et al., 1998, Kosaroglu
et al., 2016, Bilim et al., 2017; Aydemir et al.,
2019). Thanks to some research on buried caldera
structures in the region, these collapse structures
have been identified, especially in the central and
western parts of the CVR. Pasquare et al. (1988)
proposed the Melendiz stratovolcano and the
Ciftlik region as potential eruption centres for the
ignimbrites predominantly exposed in the western
part of the KVP. Bilim et al. (2017) posited that
the region encompassing Aksaray-Nevsehir-
Nigde-Yesilhisar, with a diameter exceeding 50
km, exhibits characteristics of a depression or
caldera (Figure 1). Additionally, researchers
have documented the geothermal gradient of the
region to be in the range of 50-68 °C/km, with
heat flux values ranging from 2.3 to 2.7 Wm!
K-1, and radiogenic heat flux production values
spanning from 0.45 to 0.70 IW m?. Sener et al.
(2023) conducted geothermometer temperature
calculations in the Cappadocia region, yielding
various temperature values for areas proximate to
the study location. Chalcedony geothermometer
estimations reported temperatures ranging from
54 to 126 °C in Nevsehir, 48 to 159 °C in Aksaray,
and 73 to 159 °Cin Nigde. Quartz geothermometer
calculations  indicated  temperature  values
spanning from 85 to 173 °C in Nevsehir, 79 to 180
°C in Aksaray, and 102 to 180 °C in Nigde.

In a statement on the website of the
commercial enterprise in question (URLI, 2023),
it was reported that (i) Turkey’s hottest well was
discovered by drilling to a depth of 3,814 meters in
2016 under the Bozkoy licence. This well, boasting
a bottom temperature of 295 °C was confirmed to
have the capacity for steam production (Figure 1).
The second well, drilled in the same field in 2021
to a depth of 3,957 meters, recorded a bottom
temperature of 341 °C, establishing both wells as
the ones with the highest bottom temperatures in
Turkey.



In this study, I investigate whether the heat
source lies in Hasandagi volcano or if there is an
undisclosed heat source beneath this region. To
accomplish this, I conducted heat transfer analyses
in solid lithologies employing the licenced Comsol
Multiphysics 6.1 programme (Tabatabaian, 2014).

During the late Cenozoic, the convergence
of the Eurasian, African, and Arabian plates
that  significantly
influenced the regional geological landscape.
The Central Anatolian plateau responded to
these orogenic events with extensive tectonic
deformations, rapid crustal uplift, and a surge in
high-volume volcanic activity. Over the past 10
million years, the Central Anatolian Plateau has
undergone an elevation of approximately 1 km,
resulting in its present topography (Cosentino et
al., 2011; Yildirim et al., 2011; Schildgen et al.,
2012).

culminated in collisions

Kecikalesi volcano, situated to the southwest
of Hasandagi, represents one of the earliest
volcanic activities in the western part of the KVP
(Figure 1 and 2). Besang et al. (1977) dated
these volcanic products to have erupted between
13.7+0.3 Ma and 12.4+0.6 Ma.

The Ciftlik-Bozkoy region displays
elliptical morphology, with 6-6.5 km in diameter. A
substantial pyroclastic unit underlies the alluvial
material derived from volcanic sources, reaching
several tens of meters in thickness at its apex.
Intermediate volcanic rocks are predominantly
found within this ignimbritic cover, extending from
the vicinity of Bozkoy and Cardak to the Yesilkéy
ridges (Figure I and 2).

an

Magnetotelluric (MT) measurements
conducted by Tank and Karas (2020) covered
27 locations in the southern areas of Hasandagi,
Kegiboyduran, and Melendiz mountains. Their
findings suggest the presence of a potential magma
chamber with a depth of 4-6 km and a width of
roughly the same magnitude, in two-dimensional
profiles extending approximately 45 km southwest
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of Hasandagi towards the Nigde plain. Hacioglu
et al. (2023) have identified a buried caldera
with a depth of 3 km and a diameter of up to 12
kilometers, following MT studies conducted in
60 locations, including the Ciftlik region north
of Melendiz Mountain. However, researchers
reported that have yet to find definitive evidence
of a magma chamber in this area (Hacioglu et al.,
2023).

In this study,
connection between the data regarding the magma

1 explore the analytical

chamber and heat source and the temperature
values derived from deep well measurements
conducted by the aforementioned commercial
enterprise.

In the three-dimensional “heat transfer”
simulation, temperature distributions for magma
chambers with varying temperatures (0, 200, 400,
600, 800, 1,000 °C) beneath Hasandagi volcano
are observed throughout the heterogeneous crust
(Figure 3). In scenarios where the magma chamber
temperature is inactive (0 °C), only temperature
distributions related to the thermal gradient are
observed in the environment. It is essential to note
that the temperature at a depth of 30 km remains
at 765 °C (Figure 3a). When the magma chamber
temperature was set to 200 °C, a modest increase
in temperature was observed in the magma
chamber and its immediate surroundings (Figure
3b). With a temperature application of 400 °C, the
magma chamber’s temperature rises to 134 °C
within a radius of approximately 1 km (Figure 3c).
In the 600 °C scenario, temperature values around
96 °C are notable in the borehole and its vicinity
(Figure 3d). Applying an 800 °C temperature to
the magma chamber results in temperature values
reaching up to 200 °C within a lateral radius of
3-4 km from the chamber (Figure 3e). In the 1,000
°C scenario, temperature values around 128 °C
were observed in and around the drilling area
(Figure 3f).
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Temperature distributions were analysed on
vertical sections spaced at 10-km intervals (Figure
5). In all sections, temperature distributions
range from lower temperatures (minimum 10
°C, indicated in blue) to higher temperatures
(maximum 715 °C, indicated in yellow). In all
scenarios, the highest temperature values were
concentrated around the magma chamber (Figure
5). For the 1,000 °C magma chamber scenario,
temperature values classified as high (600-700
°C) extend no more than 1 km laterally from the
chamber (Figure 5).

A horizontal section was created to assess
the temperature distributions within the crust
at a depth of 3,814 meter, which corresponds to
one of the maximum drilling depths (Figure 6).
The temperature distributions were examined for
magma chambers with various temperatures at this
depth (Figure 6). When a 0 °C magma chamber
scenario is considered, only thermal gradient
values at this depth are observed, resulting in a
temperature of 59 °C in the drilling area (Figure
6a). For a 200 °C scenario, the magma chamber
and its surroundings reach a temperature of 127
°C, while the drilling area records 90 °C (Figure
6b). Increasing the magma chamber temperature
to 400 °C results in a temperature distribution
of approximately 94 °C within the chamber
and its surroundings, and 243 °C in the drilling
area (Figure 6c). When the magma chamber
temperature is set to 600 °C, the temperature rises
to 395 °C within a 1-km radius of the chamber and
drops to 73 °C around the drilling area (Figure
6d). In the case of an 800 °C magma chamber,
the drilling area records a temperature of 82 °C
(Figure 6e), and a 1,000 °C magma chamber
scenario results in a temperature of 78 °C in the
drilling area and its surroundings (Figure 6f).

To provide a comprehensive view of the
temperature distribution, 10 parallel profiles,
spaced 6 km apart, were examined on a horizontal
section at a drilling depth of 3814 m (Figure
7a). Various temperature scenarios ranging
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from 0-1,000 °C were simulated within the
magma chamber. Across all profiles, the average
temperature remains around 100 °C. However,
directly above the magma chamber with a 1,000
°C application, the highest recorded temperature
reached 600 °C (Figure 7a). For a more detailed
analysis of temperature distribution within the
drilling area, local temperature distributions were
examined along Profile I (Figure 7b). The average
temperature along this section is approximately
45 °C, with a maximum temperature of 57 °C
calculated becuase of the 1,000 °C magma
chamber scenario (Figure 7b).

A series of simulations were conducted by
applying temperatures ranging from 0 to 1,000
°C at 100 °C intervals to magma chambers with
identical geometry but varying depths (7, 8, 9,
and 10 km) at a depth of 3814 m (Figure 8). When
temperatures between 0-1,000 °C were applied
to the magma chamber located 7 km below the
drilling area, the highest temperature recorded
was 600 °C (Figure 8a). In the case of an 8 km
deep magma chamber, a maximum temperature
of 360 °C was observed at a depth of 3,814 m
(Figure 8b). The highest temperature, reaching
210 °C, was observed at a depth of 9 km (Figure
8c). For the magma chamber located 10 km
below the surface, the average temperature was
approximately 70 °C, with the highest temperature
estimated to be approximately 150 °C (Figure 8d).

This study aimed to address two fundamental
questions: first, the impact of the magma chamber
detected using magnetotelluric (MT) data beneath
Hasandagi volcano on heat transfer and thermal
gradients; and second, the determination of the
temperature and depth of the heat source required
to explain the temperature values observed in
Turkey s deepest boreholes, which were conducted
by 3S Kale Energy Company. Through numerical
modeling, this study has yielded valuable insights
into the thermal properties of a heat source.



Magnetotelluric data have demonstrated
the presence of Hasandagi volcano’s magma
chamber, not just beneath its central cone but
extending along its crust, notably towards the
southeast (Figure 9; Tank and Karag, 2020). In
contrast, under the Ciftlik-Bozkéy region, very low
resistivity values were detected at depths of 2-4
km, precisely beneath the centre of the depression
area, suggesting a caldera structure. However,
it is important to highlight that data regarding
the magma chamber in this region were not
presented in the findings by Hacioglu et al. (2023).
However; it is evident that the outcomes derived
from numerical modeling studies, assuming the
presence of a magma chamber beneath this region
(Dornadula et al., in press), do not align with
recent magnetotelluric results (Hacioglu et al.,
2023). Furthermore, considering deep drilling
activities reaching a depth of approximately 4 km
in this region, if there were a magma chamber 5
km below, it would be anticipated to approach the
roof of the magma chamber, which is characterized
by lithological features displaying viscoelasticity.
Consequently, it is necessary to reassess the
numerical modeling results (Dornadula et al., in
press), which were conducted assuming a magma
chamber at a depth of 5 km beneath the Sahinkalesi
(Ciftlik-Bozkoy) volcanic region, given the current
magnetotelluric studies indicating the absence of
a magma chamber.

Even under the conditions of an active magma
chamber at its highest temperature, i.e., 1000 °C
beneath Hasandagi volcano, the crust at a depth
of 3,814 m in the Ciftlik-Bozkdy region registers
an increase of approximately 78 °C. Considering
the temperature measurements, which recorded
295 °C at 3814 m and 341 °C at 3,957 m from the
boreholes in question, it is improbable for the heat
source beneath Hasandagi volcano to account
for the high geothermal gradient observed in the
Ciftlik-Bozkoy region.

Assuming that the magma chamber is
situated at a depth of 6-7 km, as suggested by
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MT studies, and maintains temperatures between
800 and 1,000 °C, it is theoretically feasible that
it may induce a high geothermal gradient (3,814
m) in close proximity to the main cone. Such an
elevation might reach temperatures approximately
400-600 °C. However, in the context of planned
drilling activities on the plain, modeling studies
indicate that, for instance, the Taspinar region
located southwest of Hasandagi volcano would
reach temperatures of approximately 120 °C at
3814 m (Figure 1), 90 °C at 3,000 m, 74 °C at
2,000 m, and around 41 °C at 1,000 m.

The depth, geometry, temperature
characteristics of the heat source in this region
have vital implications for geothermal drilling in
the Ciftlik-Bozkoy region and future production
planning. While Bilim et al. (2017) reported a
buried caldera structure with an approximate
diameter of 50 km, Hacioglu et al. (2023) proposed
a caldera stretching up to 13 km wide (Figure
9). Considering the temperature data obtained
from drillings close to 4 km of the commercial
enterprise, it is essential to have a heat source
with temperatures of 600-700 °C at a depth of 7
km (Figure 8a) and/or 900-1,000 °C at a depth
of 8 km to explain these temperature values.
This would require the presence of a magma
chamber, specifically the magma chamber's roof.
Yet, in deeper conditions (9, 10 km, or more), it
is plausible to deduce that the magma chambers
depth must be no more than 8 km, as magma
chambers located along the crust cannot generate
the observed temperature values. When I take into
account the results from magnetotelluric studies
and numerical modeling, 1 can infer that the
central section of the magma chamber, located
at a depth of at least 8§ km and representing the
hottest region, coexists with the shallower parts
of the crust at around 7 km depth. This upper
section of the magma chamber, which corresponds
to the phase transition zone between molten and
solid states, has undergone relatively cooling and
gives rise to temperatures between 200 and 300
°C within solid rock at depths of 2-3 km. Taking

and
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into account the presence of a magma chamber
with an upper roof situated at a depth of 7-8 km
and the drilling activities conducted in solid rocks
exhibiting only elastic properties up to a depth
of approximately 4 km, it can be asserted that
the magma chamber in question possesses a sill-
shaped geometry. This geometry is characterised
by low thickness (2-3 km) but extends laterally
throughout the shallow crustal setting.

Based on field studies and published
geophysical measurements, the Bozkurt-Ciftlik
region has been identified as a substantial eruption
centre. Karaoglu et al. (2005) proposed that the
Nemrut Caldera, with a diameter of §-8.5 km,
expelled at least 64 km’ of pyroclastic material.
The formation of a caldera with a diameter
of up to 13 km implies the discharge of several
hundred km?® of pyroclastic material. The eruption
of such a volume during the Quaternary period
could have led to the creation of a significant
void, particularly in the upper part of the magma
chamber. Considering the depth estimate of 7-8
km for the magma chamber roof in this study and
the eruption of extensive volumes of frothy magma,
it can be argued that the depth of the magma
chamber roof during caldera-forming eruptions
may be a few km closer to the surface (3—4 km).
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Abstract: The traditional explanation of slow dynamic subsidence and uplift of tectonic plates solely depends on
the vertical motion of mantle density anomalies. This has been challenged by observations of rapid and short-lived
elevation changes exceeding 100 meters per-million-year in numerous sedimentary basins. Bodur et al., (2023) have
shown that relative tectonic plate motion and associated basal shear stress can explain those rapid and short-lived
elevation changes. In this paper, I suggest a basic approach to quantify elevation changes resulting from basal shear
stress by employing torque-balance calculations. The results confirm the existing flow model solution and offer a
more robust formula for estimating the impact of plate motion on changes in Earth’s topography. Such functionality
may prove invaluable in various applications including interpretation of stratigraphic records.

Keywords: Basal shear stress, dynamic topography, Earth’s topography, stratigraphy, tectonic plate motion, torque
balance.

Oz: Kitalarin dinamik olarak yavasca al¢almasi ve yiikselmesi, Diinya nin mantosundaki yogunluk anomalilerinin
(al¢alan yitmis levha ya da manto yiikselmesi) hareketine dayandwrilr. Ancak, bir¢ok sedimanter havzada milyon
yil basina 100 metreyi asan hizli ve kisa omiirlii yiikseklik degisikliklerinin gozlemleri, sadece bu mekanizmanin
dinamik dikey kita hareketlerini tetikledigi goriisiinii sorgulatmistir. Bodur vd. (2023) tektonik yatay levha
hareketinin ve bununla ilintili taban kayma gerilmesinin, gozlemlenen hizli ve kisa omiirlii kita yiikselme ve
alcalmalarint agiklayabilecegini géstermisti. Bu makalede, taban kayma gerilmesinden kaynaklanan kitasal
yiikseklik degisikliklerini nicelendirmek icin tork-denge hesaplamalarini kullanarak temel fiziksel bir yaklasim
oneriyorum. Elde ettigim sonug¢lar, mevcut akis modeli ¢oziimiinii dogrulamakta ve Diinya’'nin topografyasindaki
levha hareketinin etkisini tahmin etmek i¢in daha kolay kullanilabilir bir formiil sunmaktadir. Bu tiir islevsellik,
stratigrafik kayitlarin yorumlanmast dahil olmak iizere bir¢ok uygulamada faydalr olabilir.

Anahtar Kelimeler: Diinya’nmin topografyasi, dinamik topografyva, kayma gerilimi, stratigrafi, tektonik levha
hareketi, tork dengesi.

INTRODUCTION Earth’s hot mantle pushes against the plates,
. . causing them to rise in response. Basins and

Cold and dense slabs sink into the Earth’s
plateaus can be formed by these processes

mantle, pulling down the base of tectonic plates. extending across thousands of kilometres

Simultaneously, the upward movement of the (Morgan, 1965; Pysklywec and Mitrovica, 1997,
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Gurnis et al., 1998). The amplitudes of topography
predicted by dynamic topography models vary
significantly; reaching 2,000 m (e.g., Flament et
al., 2013; Steinberger, 2007) or lower than 300 m
(Molnar et al., 2015). The viscosity of the mantle
limits the rate at which internal mantle flow fields
change and nonlinear rheology tends to decrease
dynamic topography amplitudes (Bodur and
Rey, 2019). Although complex viscosities in the
upper mantle can result in higher vertical surface
motions, dynamic topography models typically
predict vertical motions less than 100metres
per million years (Myr) over a duration of a few
tens of Myr (Gurnis et al., 1998; Moucha et al.,
2008; Flament et al., 2013). During periods of
relative sea-level and tectonic stability, there is
direct geological evidence that phases of uplift
and subsidence have occurred at rates exceeding
100m Myr ' in less than a few Myr (e.g., Gurnis
et al., 2020; Pedoja et al., 2011).

These rates and periods are inconsistent with
eustasy (e.g., Miller et al., 2020), and typical
estimates of dynamic topography based on mantle
convection models (Petersen et al., 2010; Gurnis
et al., 2020). That does not rule out the fact that
dynamic topography models can predict higher
vertical motion rates; however, they have not
been shown to explain the brief (lasting for a few
Myr) and rapid (>100 m Myr') subsidence of
sedimentary basins during tectonic and eustatic
stability. Bodur et al. (2023) have shown that
variation in basal shear stress of a few MPa due
to change in relative horizontal plate motion
can induce brief elevation changes equivalent in
magnitude to those induced by sea-level changes,
and at rates of elevation change comparable
to those measured in sedimentary basins. This
mechanism can be considered as another type
of dynamic topography, although it is driven by
shear stress rather than normal stress at the base of
tectonic plates.

In this paper, a similar approach is considered
but a simpler solution is derived by using torque-
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balance calculations for a plate-asthenosphere
system to quantify elevation changes driven by
basal shear stress. The results confirm the existing
flow model solution and offer a simple formula for
estimating the impact of plate motions on changes
in Earth’s topography.

TILTING of PLATES by BASAL SHEAR
STRESS

A plate which is in horizontal motion relative to
the underlying asthenosphere will be subject to a
basal stress. Figure 1 depicts a rigid lithosphere of
length L experiencing a rotation (i.e., torque) due
to applied basal stress from underneath.

elev.

Figure 1. Free body diagrams for calculating the torque
arising from A) applied basal shear and normal stress,
and B) gravitational load of the tilted plate.

Sekil 1. A) Levha tabanina etki eden yatay taban kayma
gerilimi ve diisey gerilimin meydana getirdigi torkun
hesaplanmasinda kullanilan serbest cisim diyagrama.
B) Tork sonucu egilen levhanin yergekimsel yiikiiniin
olusturdugu  dengeleyici torkun hesaplanmasinda
kullanilan serbest cisim diyagrama.

The torque w(¥) applied by basal stresses on
the lithosphere is calculated by taking the surface
integral of the vector product of the distance vector
() and the total stress vector (shear and normal
stresses):
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o(P) = [ v X [T, + 0,,2]da (1)

where (i) and (2) are unit normal vectors in x
and z directions, respectively. The torque per unit
width is:

@y (D) = [ 1 X [Tagi + 0,,2)dx = [ 7 X (1,)dx + [ 7 X (6,,2)dx (2)
oy = | 1Ty,sin(@)dx + [ ro,,sin(¢)dx (3)

where o and ¢ are the angles indicated in Figure
1B. The plate extends from -L/2 to L/2. If | rewrite
the harmonic terms, it becomes:

L/2 L/2
®,, = f—L/Z Ty ldx + f—L/Z 0,,xdx

(4)

where / is the distance between the base of the
plate and its centre of mass. For simplicity, I
assume that the lithosphere is homogenous, and
the centre of mass lies at the geometrical centre
of the plate, therefore / indicates half of the plate
thickness.

I consider a constant basal shear stress,
whereas the normal stress varies linearly along the
plate, such that 6 = Qx where € is constant.The
horizontal torque per unit width is:

)

L3
@y, = lt L + QE

Once the plate is tilted, there will be counter-
balancing torque due to gravitational load of the
tilted plate. The amount of tilt will be determined
by the arrangement where the net torque will be
Zero.

I assume the plate is tilted with a slope of A in
radians upward to the right and downward to the
left. The increased lithostatic stress applies a torque
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in -y direction (FigurelB). The counter-balancing
torque per unit width of the plate becomes:

(6)

wtilt,, = —[ r X (0,,2)dx
. L/2 .
wtilt,, = — f—L/Z rgh(x)priensin(@)dx  (7)

where /i(x) is the topography varying with the
x coordinate, p, . is the average density of the
lithosphere, and g is the gravitational acceleration.
According to FigurelB /A(x)=sin(A)~Ax and
sin(@)=x/r.

Therefore:

®)

. L3
wtilty, = —Aping 75

Po  Tilted plate

Figure 2. Free body diagrams for calculating the
counter-balancing torque applied to a tilted plate due to
the buoyancy of the asthenosphere.

Sekil 2. Astenosferin kaldirma kuvvetinin egik bir
levha iizerinde olusturdugu dengeleyici  torkun
hesaplanmasinda kullanilan serbest cisim diyagrama.

According to Archimedes’ principle, the tilt
of the plate induces a buoyant force applied at the
centre ofthe displaced volume ofthe asthenosphere,
due to the density difference between the average
lithospheric density and asthenospheric density
(Figure 2). This also contributes to counter-



balancing the torque induced by the basal shear
stress. The buoyancy torque per unit width around
the centre of mass of the plate can be calculated by
the integral below:

L/2

wbuoy,, = = [, —Pastn gAx2dx 9)
L3

wbuoy,, = _pasthg}{ﬁ dx (10)

The condition that when the plate

reaches equilibrium, the sum of the torques

(o, + attilt,, + wbuoy,,) must vanish, giving:
L3 L3
_Agﬁ (pasth + plith) + LTal + QE =0 (11)

A more accurate calculation can be done
by considering all density boundaries within the
plate (i.e. crust-air or crust-water, crust-mantle
lithosphere lithosphere-asthenosphere
boundaries), but for simplicity, I assume one

and

representative density (i.e.,pavg) for the lithosphere.
Equation 5 and 11 indicate that in the absence of
normal stres (€2=0), shear stress (z,) on its own can
produce topography. If I assume that the average
density of the asthenosphere and the lithosphere
are equal =P, =Py
contribution of the basal shear stress to the plate’s

I can simplify the

topography (4, ) as follows:
374l
h =—2
basal Pavg gL (12)
. . 2L
where I used the identity (A= Mpasal

from Figure 1. This shows that the induced plate
topography scales linearly with the basal shear
stress and the distance between the centre (centre
of mass) of the plate and the surface, and it is
inversely proportional to the plate length.
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RESULTS

Estimations on basal shear stress vary between
~0.3 MPa (van Benthem and Govers, 2010)
and ~30 MPa (Barba et al., 2008), but this large
variation arises from assumptions on the rheology
of the plate and asthenosphere (Melosh, 1977).
For a conservative shear stress value of 1 MPa
acting on the base a 200 km-thick plate, I find that
the induced topography is ~+4 m for a 2,000-km-
long plate (dashed line in Figure 3). The induced
topography increases to ~+9 m for a shorter,
1,000-km-long plate with the same amount of
shear stress (Figure 3). For the same plate length
(i.e., 1,000 km) and same plate thickness (i.e., 100
km-thick plate), an increase in shear stress from 1
MPa (dashed line in Figure 3) to 5 MPa (solid line
in Figure 3) increases the amplitude of topography
to ~+23 m. The amplitude of topography predicted
by basal shear stress is one to two orders of
magnitude smaller than those predicted by
dynamic topography models (between 300 m and
2,000 m) and oceanic residual depth anomalies
(between 500 m and 1,000 m), (Hoggard et al.,
2016), but closer in magnitude (between 20 m and
100 m) to the global sea-level changes (Haq et al.,
1987; Haq 2014). These indicate that fluctuations
in basal shear stress can trigger elevation changes
comparable to changes in sea level over a wide
tectonic plate.

Bodur et al. (2023) have shown that the
elevation change due to basal shear stress is
independent of the lid viscosity for an iso-viscous
assumption, although I note that the magnitude of
the basal shear stress (and therefore the viscosity)
does impact the amplitude of topography.
The same study has also shown that the rate
of elevation changes can exceed 100 m My,
especially at longer wavelengths (>1,000 km).
This rate is strictly determined by the viscosity
of the lid, but the viscosity stratification in the
lithosphere had a rather small effect (=10%) on the
rate of elevation change at long wavelengths. The
solution I provided here using the torque-balance
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method cannot provide an estimate for the rate of
uplift/subsidence due to neglecting the viscosity
in the calculations.

25

1.0 MPa, 100 km-thick plate
=== 1.0 MPa, 200 km-thick plate
—— 5.0 MPa, 100 km-thick plate

= N
w o

Elevation (metres)
=
o

2 x10° 3x10° 4x10°
Plate length (x 1000 km)

Figure 3. Elevation change in varying plate lengths
for different basal shear stress amplitude and plate
thickness.

Sekil 3. Farkli taban kayma biiyiikliigii ve levha
kalinliklart icin degisen levha uzunluklarinda meydana
gelen yiikseklik degisimlerinin grafigi.

DISCUSSION

The traditional explanation of dynamic subsidence
and uplift of tectonic plates through vertical
motion of mantle density anomalies has been
challenged by observations of rapid and short-
lived elevation changes exceeding 100 m Myr .
Bodur et al. (2023) have shown that the relative
plate motion and associated basal shear stress can
explain rapid vertical motions of plates such as the
brief immersion of The Eucla Basin of Australia in
the mid-Eocene. In this paper, I derived a simple
equation for topography induced by relative
horizontal plate motion by employing the torque-
balance method. Eqn. 12 and Figure 3 show that
small fluctuations in basal shear stress can induce
elevation changes that can be significant when
considered for various relevant Earth systems.

Brief immersions of plates can trigger
hydrothermal activity (Zhu et al., 2011), leading
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to the alteration of rocks and the formation of
mineral assemblages. The inherited source-to-sink
systems can be significantly altered after a rapid
regional or plate-scale uplift/subsidence. The
Eucla Basin is one of the prime examples of such,
and basal shear stress could be responsible for the
deposition of 300 m-thick carbonate (Wilson Bluff
Limestone) sediments (Li et al. 2003).

The proposed model challenges conventional
stratigraphic  interpretations by emphasising
the role of episodic tectonic events in shaping
sedimentary records. While sea-level fluctuations
were long considered the primary driver of
stratigraphic sequences since the adoption of the
Exxon eustatic model (Vail et al., 1977), extensive
studies in the Sverdrup Basin in the Canadian
Arctic Islands and comparisons with other global
regions indicate that tectonic forces play a crucial
role in forming sequence boundaries (Embry and
Beauchamp, 2019), challenging the dominance
of eustatic explanations. Furthermore, numerous
studies have suggested that tectonic processes
such as plate subduction and the presence of
mantle density anomalies could be the primary
factor for sedimentation patterns (e.g., Morgan,
1965; Pysklywec and Mitrovica, 1998; Gurnis
et al., 1998; Moucha et al., 2008; Molnar et al.,
2015), and Bodur et al. (2023) have introduced
a novel mechanism for transient topography
driven by basal shear stress underneath tectonic
plates. Being independent of regional tectonic
configuration or its vicinity to a mantle density
anomaly, the mechanism I provided here and in
Bodur et al. (2023) is based on horizontal tectonic
plate motion, which is a common property of
all tectonic plates, and therefore could have
been driving global episodic tectonics since the
inception of plate tectonics. This newly-proposed
mechanism may call for a re-evaluation of
stratigraphic frameworks and highlights the need
for a better understanding of the interplay between
tectonics and sedimentation.



CONCLUSION

Basal shear driven topography challenges the
traditional understanding of slow dynamic
subsidence and uplift of tectonic plates. Through
torque-balance calculations, 1 have provided a
basic yet effective approach to quantify these
elevation changes, offering a more robust formula
for estimating the impact of horizontal plate
motion on Earth’s topography. Future research
directions could focus on refining and expanding
this idea to account for additional factors such as
the connectivity of plates and variability of plate-
motions on a global scale, and coupling with
surface processes. Investigating the implications
of rapid elevation changes on the formation of
mineral assemblages and interpretation of the
stratigraphic record will be critical for advancing
our understanding of the Earth’s dynamic surface
processes.
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TURKIYE JEOLOJi BULTENIi

AMAC ve KAPSAM

Tiirkiye Jeoloji Biilteni (Tiirkiye Jeol. Biil.) 1947 yilindan beri yaymlanan, Tiirkiye>nin en eski ve en ¢ok taninan
dergilerinden biridir. Jeoloji Miihendisleri Odas1 (JMO) tarafindan yilda {i¢ say1 olarak yayinlanmaktadir. Dergi
miihendislik jeolojisi disindaki yerbilimleri konularinda yayin kabul etmektedir. Bilhassa jeoloji, tektonik,
yapisal jeoloji, jeokronoloji, jeokimya, sedimantoloji, biyostratigrafi, paleontoloji, mineraloji, magmatik ve
metamorfik petroloji, maden yataklari, jeofizik, jeomorfoloji yani sira Cevre ve Kent Jeolojisi ile Ekonomik
Jeoloji dncelikli konulardir. Bu konularda giincel bilim diizeyinde hem Tiirkge hem de Ingilizce dillerinde
yaym kabul edilmektedir. Yaymlarda oncelik Tiirkiye ve c¢evresi, Dogu Akdeniz, Orta Dogu, Balkanlar,
Karadeniz ve Hazar Denizi ¢evresi olmakla birlikte Diinya’nin diger tiim kritik bolgelerinde yapilan diizeyli
yayinlara da agiktir. Bu kapsamda yapilan arastirmalarin bilimsel diizeyi yiiksek sonug¢larini igeren makaleler
higbir iicret almadan yayinlanmaktadir. Agik erigimli bir dergidir. Derginin hedef okuyucu kitlesi bu konu ve
kapsamla ilgili tiim yerbilimcilerdir. Dergide daha ¢ok orijinal aragtirma makaleleri ve daha az sayida derleme
ve diger bilimsel nitelikli yayinlara yer verilmektedir. Tiirkiye Jeoloji Kongresi ve diger Ulusal ve uluslararasi
toplantilarin se¢ilen oturumlari, hakemli yayin islemlerinden sonra 6zel sayi(lar)da yayinlanabilmektedir.

YAZILARIN HAZIRLANMASI

TURKIYE JEOLOJI BULTENI’nin yaym dili Tiirkce ve Ingilizcedir. Tiirkce makalelerde “Extended
Summary”, Ingilizce makalelerde ise “Genisletilmis Ozet” verilmelidir. Yazarlarin ana dillerinin Tiirkge
olmamasi durumunda, yazilarin basligi ve 6zeti ile ¢izelge ve sekillerin basliklar1 Editorliikge Tiirkgeye ¢evrilir.
Ana dili Ingilizce olmayan yazarlara, yazilarin1 Editérliige gondermeden 6nce, gramer ve iislup agisindan,
ana dili Ingilizce olan bir kisiden katki almalar1 6zellikle 6nerilir. Hazirlanan makaleler orijinal ve daha énce
basilmamis aragtirma, yorum ya da her ikisine ait sentezi igermeli, veya teknik not niteliginde olmalidir. Yazinin
gonderilmesi, daha 6nce basilmamis veya baska bir yerde incelemede olmadigini gosterir.

MAKALE SUNUM SURECI ve ETiK BILDIRIMi

Tiim makaleler internet tizerinden http://dergipark.gov.tr/tjb adresindeki “Makale Gonder” meniisii araciligryla
Tiirkiye Jeoloji Biilteni’ne elektronik ortamda gonderilmelidir. Bunun icin 6nce DergiPark sistemine iiye
olmalisiniz. Tiirkiye Jeoloji Biilteni yazarlardan sayfa iicreti talep etmemektedir. Dergiye sunulan makaleler,
daha 6nce yaymlanmadig1 ve bagka yerde yayinlanmak iizere gonderilmedigi varsayilarak degerlendirme i¢in
kabul edilir. Yazarlar, makalenin ana igeriginin daha dnce yayinlanmadigini ve baska bir dergide yaymlanmak
iizere gonderilmedigini onaylamalidir. http://dergipark.gov.tr/tjb veya www.jmo.org.tr adresinde bulunan
telif hakki devir formu, tiim yazarlar adina ilgili yazar tarafindan imzalanmali ve makale dosyalariyla birlikte
gonderilmelidir. Bir makale sunulduktan sonra, bagka yazar eklenmesi veya ¢ikarilmasi veya yazarlarin
degistirilmesi miimkiin degildir. Makaleler, yazim kurallarina uymuyorsa ya da dergi kapsami disindaysa, dergi
editorii tarafindan hakem degerlendirmesi yapilmaksizin reddedilebilir. Bir makale yayin i¢in kabul edildikten
sonra, diger bir deyisle, hakem tarafindan onerilen diizeltmeler tamamlandiktan ve editor tarafindan kabul
edildikten sonra, yazara makalede degisiklik yapma izni verilmez. Makale yaymlanmadan 6nce, yazarlara
diizeltmeler icin prova baski gonderilir. Baskasinin fikir veya sozciiklerinin orijinal bi¢iminde kullanilmasi
veya uygun bir atif yapilmaksizin degistirilmesi, intihal olarak kabul edilir ve tolere edilemez.



Tiirkiye Jeoloji Biilteni: Yazim Kurallari

YAZIM KURALLARI

Yazilar asagida verilen diizen cercevesinde hazirlanmahdir:

(a) Baslik (Tiirkge ve Ingilizce)

(b) Yazar Adlar1 (koyu ve bas harfleri biiyiik harfle) ve adresleri (italik ve kiiglik harfle) ile bagvurulacak

yazarin e-posta adresi

(c) Oz (Tiirkce ve Ingilizce)

(d) Anahtar Kelimeler (Tiirkce ve Ingilizce)

(e) Giris (amag, kapsam ve yontem)

(f) Ana metin (kullanilan yontemler, ¢alisilan malzemeler, tanimlamalar, analizler vd)

(g) Tartisma ve Sonuglar veya Tartisma Onerileri

(h) Extended Summary / Genisletilmis Ozet

(i) Katki Belirtme

(j) Kaynaklar

(k) Cizelgeler

() Sekiller Dizini

(m) Sekiller

(n) Levhalar (var ise)
Metinde kullanilan degisik tiirde basliklar farkli sekillerde ve tiim basliklar sayfanin sol kenarinda verilmelidir.
Ana basliklar biiyiik harflerle ve koyu yazilmalidir. Tkinci derece basliklar alt baslik olarak degerlendirilmeli ve
birinci ve ikinci derece alt bagliklar kiigiik harfle (birinci derece alt bagliklarda her kelimenin ilk harfi biiytik)
ve koyu, ti¢lincii derece alt bagliklar ise italik olmalidir. Bagliklarin 6niine numara veya harf konulmamalidir.
Yazilar (6z, metin, katki belirtme, kaynaklar, ekler ve sekiller dizini) A4 (29.7 cmX21 cm) boyutundaki
sayfalarin bir yiiziine, kenarlardan en az 2,5 cm bosluk birakilarak, 1,5 cm aralikla ve 12 puntoyla (Times New
Roman) yazilmali, ayrica tiim sayfalara numara verilmelidir.

Bashiklar su sekilde olmahidir:

0z

ABSTRACT

GIRiS

ANA BASLIK

Birinci Derece Alt Bashk
ikinci derece alt bashk
Uciincii derece alt bashk
SONUCLAR VE TARTISMA
EXTENDED SUMMARY
KATKI BELIRTME

ORCID

KAYNAKLAR / REFERENCES

Kapak Sayfasi
Yazidan ayr olarak sunulacak kapak sayfasinda asagidaki bilgiler yer almalidir:
a. Yazinin bashgi
b. Yazar(lar)in ad(lar)1 (ad ve soyadi kisaltilmadan)
c. Tim yazarlarin agik posta ve e-mail adresleri (Bagvurulacak Yazar belirtilerek). Basvurulacak yazarin
telefon numarasi da ayrica belirtilmelidir.
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Bashk ve Yazarlar

Yaziin bagligi, ¢calismanin igerigini anlagilir sekilde yansitmahdir. Eger yazi1 Tiirk¢e hazirlanmigsa, Tiirkge
bashg1 (koyu ve kelimelerin ilk harfleri biiyiik harf olacak sekilde) Ingilizce baslik (italik ve kelimelerin ilk
harfleri biiyiik olacak sekilde) izlemelidir. Ingilizce hazirlanmis yazilarda ise, Ingilizce baslk Tiirkce basliktan
once ve yukarida belirtilen yazim kurallarina gore verilmelidir. Makaledeki yazarlar orcid.org web adresinden
edinecekleri ORCID kimliklerini makale ile birlikte sunmalidir.

Yazarlara iliskin bilgi ise asagidaki é6rneklere uygun olarak verilmelidir.

Ahmet Ahmetoglu Ankara Universitesi, Miihendislik Fakiiltesi, Jeoloji Miihendisligi
Boliimii, Tandogan 06100 Ankara
e-posta: a_ahmetoglu@ankara.edu.tr
ORCID Numarast: 0000-0001-1458-0820

A. Hiisnii Hiisntioglu MTA Genel Midirligl, Jeolojik Etiitler Dairesi, 06520 Ankara
e-posta: husnu56(@mta.gov.tr
ORCID Numarast: 0000-0001-1458-0830

(0Y4

Calisma hakkinda bilgi verici bir igerikle (calismanin amaci, elde edilen baslica sonuglar) ve 300 kelimeyi
asmayacak sekilde hazirlanmahdir. Ozde kaynaklara atifta bulunulmamalidir. Ozler hem Tiirkce hem de
Ingilizce olarak verilmelidir. Tiirkce hazirlanmis yazilarda Ozden sonra “Abstract” (Italik) yer almals, Ingilizce
yazilarda ise italik yazilmis Tiirkge Oz Absract’1 izlemelidir.

Anahtar Kelimeler

Oz ve Absract’n altinda en az 2-7 kelimeyi asmayacak sekilde ve yazmin konusun yansitan anahtar kelimeler
Tiirkce ve Ingilizce olarak verilmelidir. Anahtar kelimeler, alfabetik sirayla kiiciik harfle (ilk anahtar kelimenin
ilk harfi biiylik) yazilmal ve aralarina virgilil konmalidir. Teknik Not ve Tartisma tiirli yazilarda anahtar
kelimelerin verilmesine gerek yoktur.

EXTENDED SUMMARY/GENISLETILMIS OZET

Genigletilmis 6zet 2500 kelimeyi gegmemelidir. Ancak makalenin 6z/abstract kismindan daha genis hacimli
olmalidir. Genisletilmis 6zet kisminda yeni bir sekil ve ¢izelge verilmemelidir. Ancak makalede kullanilan sekil
ve ¢izelgelere bu kisimda atif yapilabilir. Ayni sekilde, makale i¢inde atif yapilan kaynaklara da gerektiginde
bu kisimda atif yapilmalidir.

KATKI BELIRTME

Katki belirtme, kisa olmali ve tesekkiir edilecek olanlar ¢aligmaya en 6nemli katkiy1 saglayan kisilerin ve/veya
kuruluslarin adlariyla sinirlandirilmalidir. Tesekkiir edilecek kisilerin agik adlar1 unvanlari belirtilmeksizin
verilmeli, ayrica bu kisilerin gorevli olduklari kurum ve kuruluslarin adlar1 da eklenmelidir.

DEGINILECEK BELGELER

Metin icinde Atiflarin Yazilmasi
A. Yaywinda tek yazar varsa

Parantez icinde yazilmasi gerekiyorsa:
(Yazarl, Tarih) Or: (S6nmez, 1996)

Metin icinde yazilmasi gerekiyorsa:
Yazarl (Tarih) Or: Sénmez (1996)
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B. Yaywnda 2 yazar varsa
Parantez i¢inde yazilmasi gerekiyorsa:
(Yazarl ve Yazar2, Tarih) Or: (Merriman ve Frey, 1999)

Metin i¢inde yazilmasi gerekiyorsa:
Yazarl ve Yazar2 (Tarih) Or: Merriman ve Frey (1999)

C. Yaywinda 2’den fazla yazar varsa
Parantez i¢inde yazilmasi gerekiyorsa:
(Yazarl vd., 1987) Or: (Pettijohn vd., 1987)

Metin i¢inde yazilmasi gerekiyorsa:
Yazarl vd. (1987) Or: Pettijohn vd. (1987)

D. Arka arkaya birden fazla atifta bulunulacaksa

Parantez icinde yazilmasi gerekiyorsa:
(Merriman ve Frey, 1999; Pettijohn vd., 1987; Sénmez, 1996)

Metin i¢inde yazilmasi gerekiyorsa:
Merriman ve Frey (1999), Pettijohn vd. (1987), Sonmez (1996)

E. Ayni yazarlarin ayni yil icinde birden fazla yayinina atifta bulunulduysa
Bu durumda Kaynaklar béliimiinde makalelerin tarihlerinden sonra a, b, ¢ gibi harfler verilir, metin
icindeki atiflarda da tarihlerden sonraki harfler kullanilir.

Kaynakcada:

Ahmetoglu, A. ve Hiisnlioglu, H. (2022a). Makale Ad1 1. Siireli yaymin/derginin adi (kisaltilmamug), Cilt
No(Say1 No), sayfa numaralari. Varsa DOI bilgisi

Ahmetoglu, A. ve Hisnlioglu, H. (2022b). Makale Ad1 2. Siireli yayinin/derginin adi (kisaltiimanug), Cilt
No(Say1 No), sayfa numaralari. Varsa DOI bilgisi

Metin icindeki atiflarda:

Parantez i¢inde yazilmasi gerekiyorsa: (Ahmetoglu ve Hiisniioglu, 2022a)

Metin i¢inde yazilmasi gerekiyorsa: Ahmetoglu ve Hiisniioglu (2022a)

Kaynaklar Béliimii
Asagidaki ornekler ile kesinlikle uyumlu olmahidir

- TJB’de Tiirk¢e yayinlanacak makalelerde: Kaynak ¢ok isimli bir ¢aligma ise: Son isimden 6nce “ve”
gelmelidir eger kaynak Ingilizce ise “&” kullanilmalidir.

- Editoriin belirtilmesi gereken calismalarda: Tek isim ise (Ed.) ¢coklu editor ise: Son isimden sonra (Ed.
ler) eger kaynak Ingilizce ise (Eds.) yazilmalidur.

A. Siireli yayinlar:

A.l. Siireli yayinlarin gosterilmesi:

Yazar ad(lar)1, (Tarih). Makalenin bashgi. Siireli yayinin/derginin adi (kisaltilmamus), Cilt No (Say1 No),
sayfa numaralari. Varsa DOI bilgisi

Hoek, E. & David, M. (1990). Estimating Mohr — Coulomb friction and cohesion values from Hoek —
Brown failure criterion. International Journal of Rock Mechanics, 27 (3), 220-229. https://doi.
org/10.1016/0148-9062(90)94333-0
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A.2. Ozel durumlar:
A.2.1. Eger makale serbest erisimli bir internet sayfasindan alindiysa:

Ketin, 1. (1949). Son on yilda Tiirkiye’de vukua gelen biiyiik depremlerin tektonik ve mekanik neticeleri
hakkinda. Tiirkiye Jeoloji Biilteni, 2(1), 1-13. https://dergipark.org.tr/tr/pub/tjb/issue/50279/650044

A.2.2. Eger makalenin makale numarasi varsa:

Aglan, M., Oyan, V. & Kose, O. (2020). Petrogenesis and the evolution of Pliocene Timar basalts in the
east of Lake Van, Eastern Anatolia, Turkey: A consequence of the partial melting of a metasomatized
spinel-rich lithospheric mantle source. Journal of African Earth Sciences, 168, Article 103844.
https://doi.org/10.1016/j.jafrearsci.2020.103844.

B. Bildiriler:

Yazar ad(lar)1, (Tarih). Bildirinin baghigi. Editor(ler), Sempozyum veya Kongrenin Ad, (bildirinin sayfa araligi).
Yayinevi. Varsa DOI bilgisi veya internet erisim bilgisi

Sanliyiiksel Yiicel, D., ileri, B. (2019). Characterization of weak, strafied and clay bearing rock masses. H.
Sézbilir, C. Ozkaymak, B. Uzel, O. Siimer, M. Softa, C. Tepe, S. Eski (Ed.ler), 72. Tiirkiye Jeoloji
Kurultay: Bildiri Ozleri ve Tam Metin Bildiriler Kitabi, (s.63-64). Jeoloji Miihendisleri Odas Yayinlari.
https://www.jmo.org.tr/resimler/ekler/174e0f6fa731893 ek.pdf

C. Kitaplar:

C.1. Kitaplarin gosterilmesi:

Yazar ad(lar)1, (Tarih). Kitabin Adi (ilk harfleri Biiyiik). Yaymevi. Varsa DOI bilgisi veya internet erisim bilgisi

Pettijohn, F. J., Potter, P. E. & Siever, R. (1987). Sand and Sandstones (2nd ed.). Springer-Verlag New York.
https://www.doi.org/10.1007/978-1-4612-1066-5

Ketin, 1. (2016). Genel Jeoloji, Yerbilimlerine Giris (9. Baski). ITU Vakfi Yaymnlari.

C.2. Ceviri Kitaplarin Gosterilmesi:

Yazar ad(lar)1, (Tarih). Kitabin Ceviri Adi (Cevirenlerin ad1). Yayinevi. (Orijinal yayin tarihi). Varsa DOI bilgisi
veya internet erisim bilgisi

Komatina, M. M. (2011). Tibbi Jeoloji: Jeolojik Ortamlarin Insan Saghg Uzerindeki Etkileri (Cev: Y. Orgiin
ve D. Bayrak). TMMOB Jeoloji Mithendisleri Odasi (Orijinal yayin tarihi: 2001).

D. Kitapta Boliim ise:

Yazar ad(lar)1, (Tarih). Boliim Adi. Editor(ler) Kitap adi (Boliimiin sayfa araligi). Yayimevi.

Merriman, R. J. & Frey, M. (1999). Patterns of very low-grade metamorphism in metapelitic rocks. In M. Frey
& D. Robinson (Eds.), Low Grade Metamorphism, (pp. 61-107). Blackwell Sciences Ltd.

E. Raporlar ve Tezler:
E.1. Raporlar:
Yazar ad(lar)1, Tarih. Raporun bashgr (Varsa rapor no). Kurum adi (Yayimlanma durumu).

Kellogg, H. E. (1960). Stratigraphic report, Derik-Mardin area Petroleum District V, Southeast Turkey (Rapor
no: 1367). TPAO (yayimlanmamas).

E.2. Tezler:

Yazar ad, (Tarih). Tezin bashig: [Yayimlanma durumu ve derecesi]. Kurulusun veya Universitenin Adu.
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Sénmez, H. (1996). TKI ELI Soma Linyitleri acik isletmelerinde eklemli kaya kiitlesi icindeki sevlerin
durayliigimin degerlendirilmesi [Yayimlanmamig Yiiksek Lisans Tezi]. Hacettepe Universitesi Fen
Bilimleri Enstitiisi.

E  Kisisel Goriisme:

Sozbilir, H., 2005. Personal communiciation. Geological Engineering Department of Dokuz Eylil
University, [zmir, Turkey.

G. Internetten Indirilen Bilgiler:
Kurumun veya internet sayfasinin adi, (Erigim tarihi). Web adresi.

KRDAE, (2020, 02 Ocak). Bogazi¢i Universitesi Kandilli Rasathanesi ve Deprem Arastirma Enstitiisii.
Deprem Bilgileri, Biiyiik Depremler. http://www.koeri.boun.edu.tr/sismo/2/deprem-bilgileri/buyuk-
depremler/

H. Kaynak olarak kullanilan haritalar:

Konak, N. ve Ercan, T., 2002. 1/500.000 Tiirkiye Jeoloji Haritas1 Van Paftasi, (Senel, M., (Ed.)). Maden
Tetkik ve Arama Genel Midiirliigii Yayinlari, Ankara.

Tiirkce kaynaklar dogrudan Tiirkce olarak verilmeli ve Tiirkce karakterlerle yazilmahdir.

Esitlikler ve Formiiller

Matematiksel semboller ve formiiller el yazistyla yazilmamalidir. Esitlik numaralari esitligin hizasinda ve sag
kenarina dayandirilarak birbirini izleyen bir sirayla parantez iginde, ayrica esitliklerdeki sembollerin anlami
makalede ilk kez kullanildiklar1 esitligin altinda verilmelidir.

Esitliklerde kullanilan alt ve iist indisler belirgin sekilde ve daha kii¢iik karakterle yazilmalidir. Carpim iglemini
gostermek i¢in herhangi bir isaret kullanilmamali, ancak gerekli durumlarda “*” isareti tercih edilmelidir
(6rnegin; y=5*10-3). Bolme isareti olarak yatay ¢izgi yerine ““/” isareti kullanilmalidir. Kimyasal formiillerde
iyonlarin gosterilmesi amaciyla Ca++ ve CO--yerine Ca(2+) ve CO,(2-) tercih edilmelidir. Metinde esitliklere
“esitlik (1)” seklinde atifta bulunulmalidir. Gerekiyorsa, bilgisayar programu listeleri de net ve okunur sekilde
ekte verilmelidir.

Cizelgeler

Cizelgeler, basliklariyla birlikte, Dergi’nin sayfalarindaki baski alanimi (15,8 x 22,5) asmayacak sekilde
hazirlanmal1 ve birbirini izleyen sira numaralariyla verilmelidir. Cizelgelerin iist kisimlarinda hem Tiirkce,
hem de Ingilizce basliklar1 bulunmalidir (Cizelge basliklar1 ayr1 bir sayfada liste halinde verilmemelidir.).
Makalenin Tiirkge yazilmasi halinde Ingilizce baslik italik harflerle Tiirk¢e bashigin altinda yer almal, Ingilizce
makalelerde ise, italik yazilmis Tiirkce baslik ingilizce basliktan sonra verilmelidir. Cizelgeler, “Cizelge 17 vb.
seklinde sunulmalidir. Metinde ¢izelgelere Cizelge 1 veya Cizelge 1 ve 2 (eger birden fazla sayida cizelgeye
atifta bulunulacaksa) seklinde deginilmelidir. Cizelgeler, metinde kullanilan karakterlerden daha kiiciik (10 veya
11 punto) karakterle yazilmali ve Dergi’nin tek (7,3 cm-genislik) veya ¢ift (15,8 cm-genislik) kolonuna sigacak
sekilde diizenlenmelidir. Cizelgelerde diisey c¢izgiler kullanilmamali, yatay ¢izgiler ise sadece ¢izelgenin alt
ve Ustiinde, ayrica ¢izelgedeki bagliklar ile bunlarin altinda listelenen rakamlar1 ayirmak i¢in kullanilmalidir
(Bunun i¢in Dergi’nin 6nceki sayilaria bakilmasi 6nerilir). Cizelgelerde makalenin diger kisimlarinda verilen
bilgi veya sonuglarin (6rnegin grafikler vb.) tekrar verilmemesine 6zen gosterilmelidir. Her ¢izelge ayri
sayfalara bastirilarak metnin sonunda (Kaynaklar dizininden sonra) sunulmalidir. Cizelgelerdeki kisaltma ve
simgeler daha kiiciik karakterlerle ¢izelgenin altinda verilmelidir (6rnegin: c:tek eksenli sikigma dayanimi vd.).
Sekiller

Cizim, grafik ve fotograf gibi tiim sekiller yiiksek kalitede basilmis olarak “Sekil” baslig1 altinda ve metin
icinde anildiklar1 sirayla numaralandirilarak verilmelidir. Sekil numaralari sayfanin sag iist kosesine yazilmali,
ayrica sekiller kiigiiltiiliip biiyiitiilebilecek halde sunulmalidir. Sekil agiklamalari; sekillerin altina yazilmamali
ve ayr1 bir sayfaya yazilarak “Sekiller Dizini” bashigtyla verilmeli, ayrica “Sekil 1 olarak baslamalidir.
Cizelgeler i¢in yukarida belirtilen yazim kurallarina benzer sekilde, sekil basliklar1 hem Tiirkce hem de Ingilizce
hazirlanmalidir. Ayri sayfalara bastirilmis olan sekiller, ¢izelgelerden sonra sunulmalidir. Sekiller i¢in en biiyiik



Tirkiye Jeoloji Biilteni: Yazim Kurallar

boyut, sekil bashgini da igerecek bigimde 15,8 cm (genislik) x 22,5 cm (uzunluk) olmalidir. Tiim sekillerin
Dergi’nin tek veya ¢ift kolonuna sigacak boyutlarda hazirlanmasi ve miimkiinse daha ¢ok tek kolona gore
tasarimlanmasi &nerilir. Ozellikle haritalar, arazi ile ilgili ¢izimler ve fotograflar, sayisal 6lgek (1:25000 vb.)
yerine, metrik sisteme uygun ¢ubuk Sl¢ekle verilmelidir. Tiim haritalarda kuzey yonii gosterilmelidir. Bolgesel
haritalarda, uygun oldugu takdirde, ulusal grid veya enlem/boylam degerleri verilmelidir. Harita agiklamalari,
sekil baghgiyla birlikte degil, seklin iizerinde yer almalidir. Fotograflar, ¢izimler veya bunlarin birlikteliginden
olusan sekiller (a), (b) vb. gibi gruplar halinde verilebilir. Bu tiir sunumlarda (6rnegin; Sekil 5a ve 5b) a,b,c vb.
gibi tek bir gekle ait ¢izimler veya fotograflar, ayr1 sayfalarda basilmasi yerine, gruplandirilarak ayni sayfada
sunulmalidir. Sekillerde agik gdlge ve tonlarindan kagimilmali, 6zellikle bilgisayar programlarindan elde edilen
grafiklerde bu hususa dikkat edilmelidir. Golgeleme belirgin, fotograflar siyah-beyaz ve iyi bir kontrasta sahip
olmalidir. Tlim sekiller, Sekil 1 veya Sekil 1 ve 2 (birden fazla sekle deginiliyorsa) gibi ve metinde anildiklari
sirayla numaralandirilmalidir. Bir dizi fosil fotograflarini iceren sekiller levha olarak degerlendirilmelidir.
Levha say1s1 miimkiin oldugunca az tutulmahdir. Levhalara iliskin agiklamalar, hem Tiirkce hem de Ingilizce
olarak ayn1 sayfada verilmelidir.

MAKALELERIN EDITORLUGE GONDERILMESI
Makaleler yazim kurallarina uygun sekilde hazirlandiktan sonra DergiPark Akademik (dergipark.gov.tr/tjb)
adresi lizerinden elektronik olarak sisteme ytliklenmelidir.

TURKIYE JEOLOJi BULTENI EDIiTORU
Prof. Dr. Erding YIGITBAS

Tel: 286 2180018-20088

e-posta: eyigitbas@comu.edu.tr

YAYIMA KABUL EDILEN MAKALELERIN SUNUMU

Yazarlar, makalelerinin yayima kabulii halinde, makalenin diizeltilmis son halini DergiPark Sistemi iizerinden
Editor’e gondermelidir. Makaleler *DOCX bigiminde hazirlanmalidir. Ttim sekiller Corel Draw ile ¢izilmelidir.
Bununla birlikte, sekillerin ¢oziiniirliikleri 300 dpi den az olmamalidir. Hem ¢izim (CDR) hem de resim (JPG)
dosyalar1 DergiPark Sistemi {izerinden gonderilmelidir.

PROVA BASKILAR

Makalelerin prova baskilari, dizgi ve yazim hatalarinin olup olmadigmin kontrolii i¢in Bagvurulacak Yazar’a
gonderilir. Prova baskilarda yapilacak diizeltmeler yazim hatalar: ile sinirli olup, yazarlarin makaleyi kabul
edilmis son halinden farkli duruma getirebilecek degisiklikler ve diizeltmeler yapmasi kabul edilemez. Prova
baskilar, yazarlar tarafindan alindiktan sonra en gec ii¢ giin icinde editdre gonderilmelidir. Gecikmeli olarak
yapilacak diizeltmelerin baskiya verilmesi garanti edilemeyecegi i¢in, yazarlarin prova baskilari gondermeden
¢ok dikkatli sekilde kontrol etmeleri onerilir.

TELiF HAKLARI

Yazar veya (Bagvurulacak Yazar (birden fazla yazarli makalelerde), kendisi ve diger yazarlar adina “Telif Hakki
Devir Formu”nu makalenin baskiya verilmesinden 6nce imzalamalidir. Bu sdzlesme, Jeoloji Mithendisleri
Odast’na yazarlar adna telif hakki alinmis yaymlarini koruma olanagi saglamakla birlikte, yazarlarin
makalenin sahibi olma haklarindan vazgectigi anlamina gelmemektedir. Telif Hakki Devir Formu, en kisa
siirede Editor’e gonderilmelidir. Bu form Editor’e ulastirilincaya degin, makale yayina kabul edilmis olsa bile,
baskiya gonderilmez.

ETIiK iLKELER VE YAYIN POLITIiKASI

Tiirkiye Jeoloji Biilteni (Tiirkiye Jeol. Biil.) yayinci ve kullanicilar1 (Bas Editor, editorler, alan editorleri,
yazarlar, hakemler, okuyucular vb.) Yayin Etigi Komitesi (COPE) tarafindan belirlenen etik kurallara ve
sorumluluklara uymalidir.
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Dergi Politikasi:

Acik Erisim Politikasi: Tiirkiye Jeol. Biil. hakemli bir dergidir. Basili ve elektronik ortamda ¢evrimigi yayin
yapmakta olup acik erigim sistemine sahiptir. Dergi sayilart Ocak, Nisan ve Agustos aylarinda yilda ii¢ kez
yayinlanir. Yaym siireglerinde, bilimsel yontemle 6zgiirce ve yansiz bigimde lretilen bilginin paylasiimasi
gozetilir. Makale degerlendirme siirecinde kor hakemlik sistemi uygulanir. Tiirkiye Jeol. Biil.’nin 1947 yilindan
itibaren yayinlanan tiim sayilar1 gerek yayinci kurulus olan Jeoloji Miihendisleri Odas1 (JMO) tarafindan basili
ve elektronik versiyonlari ve TUBITAK - DergiPark tarafindan ise elektronik versiyonlari arsivlenmektedir.

Ucret Politikasi: Tiirkiye Jeol. Biilt.’nin yaymci kurulusu JMO’dir. IMO ve/veya Tiirkiye Jeol. Biilt. derginin
basili ve elektronik versiyonlar: i¢in herhangi bir iicret ya da abonelik bedeli, yazarlar icin ise yayn iicreti ya
da benzeri bir 6deme talep etmez.

Telif Hakkl Devri: JMO ve/veya Tiirkiye Jeol. Biilt., yaymlanacak makalelerin telif haklarmin alinmasi i¢in
yazarlardan yazili onay alir. [lgili yazar, dergiye sunulan makalenin yazari/sahibi oldugunu ve kendisi ve diger
yazar(lar) adma telif hakkin1 JMO ve/veya Tiirkiye Jeol. Biilt. " ne devreder. Telif Hakki Devri Formu’nun
doldurularak, makale sunumu esnasinda dergi sistemine yiiklenmesi zorunludur. Sorumlu yazar, génderilen bu
makalenin bagka bir yerde benzer bir formda yayinlanmadigini, makalenin orijinal oldugunu ve yaymlanmak
iizere bagka bir yere gonderilmeyecegini garanti etmelidir. Sunulan makalenin tiim yazarlari, yazinin tim
haklarini ve tiim telif haklarini imzalayarak JMO ve/veya Tiirkiye Jeol. Biilt.’ne devretmelidir. JIMO ve/
veya Tiirkiye Jeol. Biilt.’nin, ilgili makalenin tamamin1 veya bir kismini dersler/ders notlari, raporlar ve ders
kitaplari/basili kitaplar gibi gelecekteki eserlerinde herhangi bir 6deme yapmadan kullanma hakki ve ilgili
makalenin kendi kullanimi i¢in kopyasint alma hakk: vardir. IMO ve/veya Tiirkiye Jeol. Biilt.; ticari amaglar
disinda patent haklar1 gibi telif hakki disindaki tiim haklarini sakli tutar.

Makale sunumu: Tiirkiye Jeol. Biilt.’ne degerlendirilmek iizere makale gonderecek yazar(lar), oncelikle
DergiPark’a iiye olmak zorundadir. Sorumlu yazar ¢alismalarini (orijinal makale, derleme, vb) Tiirkiye Jeol.
Biilt. ne Dergipark sistemi {izerinden gondermelidir.

Intihal Politikasi: Makaleden sorumlu yazarin dergiye yeni makale gonderimi igin “iThenticate Intihal Tespit
Yazilim1” veya “Turnitin” veya esdegeri bir intihal programi kullanarak benzerlik raporu yani sira, imzalanan
“Telif Hakki Devri Formu” ve “Etik Bildirim Formu”nu DergiPark sistemine yiiklemesi gerekmektedir.
Gonderilen makalenin benzerlik endeksi orani, referans listesi harig, % 20’nin altinda olmalidir.

Yazar Katkis1 Beyam ve Cikar Catismasi/Cakismasi1 Beyani: Makale yazarlarinin her biri makaleye énemli
bilimsel katkida bulunmus olmasi gerektiginden her yazarin esit etik sorumluluk tagidigi kabul edilir. Makalenin
tiim yazarlari, hatali durumlarda geri cekme veya diizeltme yapmakla yiikiimliidiir.

Yazarlar, yazilarii sisteme ylikleme asamasinda gerek benzer konularda arastirma yapan diger arastiricilar
bakimindan ve gerekse potansiyel hakemlik konularinda her tiirli ¢ikar catigsmasini/cakismasini agikca
belirtmelidir. Cikar ¢atismasi/¢akigsmasi bulunmadigini diisiindiigii durumda ise bu husus agikg¢a belirtilmelidir.

Kor hakemlik: Tiirkiye Jeol. Biilt.’nde tiim bilimsel yayinlarin objektif degerlendirilmesini saglamak amaciyla
kor hakemlik sistemi uygulanmaktadir. Makaleye hakem atama asamasinda hakem ve yazar(lar) arasinda
herhangi bir ¢ikar ¢atigmasi/cakismasi bulunmamasina 6zen gosterilmektedir. Bu amagla hakem ve yazar(lar)
arasinda bilhassa; a) Tez danismani/6grenci iliskisi olmamasi, b) Yazar(lar) ve hakem arasinda yakin gecmiste
(son 2 yil) ortak arastirma ve yayin yapilmig olmasi, ¢) Ayni kurumda gorev yapiyor olmamasi, d) Dergiye
sunulan yaziya bi¢im ya da igerik yoniinden katki yapmamis olmasi, e) Yazar(lar) ve hakem arasinda yargiya
ya da etik kurullara intikal eden ihtilaflarin olmamasi, f) Hakem ve yazar(lar) arasinda akrabalik iligkisinin
olmamas1 g) Hakemin yazar(lar) hakkinda kamuoyuna intikal etmis 6nyargilariin bulunmamasi, h) Hakem
ve yazar(lar) arasinda herhangi bir ticari iliskisinin olmamas1 vb durumlar dikkate alinir. Dergi editorliigiintin
gdziinden kacan durumlarin olmasi ihtimaline karsi hakemlerin de bdyle bir durumda editorliigli uyarmasi
gerekir. Ayrica hakemlerin;

*  Sadece uzmanlik alanlarina giren makaleleri degerlendirmeleri,
*  Degerlendirmeyi tarafsiz, objektif ve gizlilik icinde yapmalari,

*  Degerlendirmede milliyet, cinsiyet, dini inang, siyasal diisiince, ticari kaygilar vb nedenlerle tarafsizliklarim
kaybetmemeleri,
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e Goris ve onerilerini akademik gorgii kurallari iginde, yapici ve akademik bir dille yapmalari, kisisel
polemik yaratacak tisluptan kaginmalari,

*  Yayin siirecini sebepsiz uzatacak sekilde degerlendirmelerini geciktirmemeleri istenir.

Degerlendirme i§lemi:

On Kontrol (Hakem degerlendirme oncesi) Siireci: Tiirkiye Jeol. Biilt.’ne sunulan makale ilk olarak, Bas
Editor tarafindan dergi amag ve kapsamina uygunlugu acisindan gézden gegirilir. Gonderilen makale, derginin
ama¢ ve kapsamina uymuyorsa en ge¢ 15 giin igerisinde reddedilir ve yazara bilgi verilir. Amag ve kapsami
uygun bulunan makale, yapilan hakem degerlendirmesi oncesi yazim kurallari, dil ve anlatim agisindan ve
caligmanin planlanmasi agisindan incelenir. Bu konularda eksiklikleri bulunan makalelerin yazar tarafindan
diizeltilmesi istenir. Degerlendirme siirecinde yazarlar editor ve hakemlerin goriis, oneri ve elestirilerine cevap
vermekle yiikiimlidiirler. Yazarlar, hakem goriislerini dikkate alarak sorulan sorulari cevaplamak, goriis ve
onerileri degerlendirmek, elestirilere karst olumlu ya da olumsuz karsilik vererek bunlara dair kanitlarimi
ayritili bir mektupla editdre bildirmek zorundadir. Bu karsi mektupta akademik iislup kullanilmali, kisisel
tartismalardan kaginilmalidir. Hakem goriisleri dogrultusunda diizeltilmesi istenen makalelerin diizeltilmis
kopyasi gegerli bir neden olmaksizin 30 giin igerisinde tekrar editére gonderilmedigi taktirde editdriin makaleyi
reddetme hakki vardir. Yeniden diizenleme sonrasi, diizeltilmis makale editor tarafindan gerekirse yeniden
hakem degerlendirmesine gonderilir veya editdr tarafindan dogrudan kabul veya reddedilir.

Hakem Degerlendirme Siireci: Makalelerin tiim boliim igerikleri incelenip hakem degerlendirmesi igin
uygun bulundugunda makaleler hakem degerlendirmesine alinir. Ancak, herhangi bir nedenle hakem
degerlendirmesine uygun bulunmayan makaleler, editoriin degerlendirme raporuyla birlikte reddedilir.
Yazara en ge¢ 15 giin icerisinde bilgi verilir. Hakem degerlendirmesinde makaleler, editor tarafindan igerik
ve uzmanlik alanlarina gore dergi hakem havuzundan ve/veya havuz disindan olmak {izere, en az {i¢ hakeme
gonderilir. Makale hakemlerinin belirlenmesinde yukarida agiklanan ¢ikar ¢atigmasi/cakigsmasi hususlarma
ozen gosterilir. Hakemler degerlendirme siireciyle ilgili hi¢bir kimseyle bilgi ve belge paylagsmayacaklarini
garanti etmek zorundadir. Hakem degerlendirme siireci i¢in hakemlere verilen siire 30 giindiir. Hakemler
veya editorden gelen diizeltme Onerilerinin yazarlar tarafindan 30 giin igerisinde tamamlanmasi zorunludur.
Hakemler makale i¢in diizeltmelerini inceleyerek uygunluguna karar verebilir veya gerekliyse birden ¢ok defa
diizeltme talep edebilir. Degerlendirme sonucu, hakemlerden gelen goriisler, editor tarafindan en geg 15 giin
ierisinde incelenir. inceleme sonucunda, editér makaleye iliskin nihai kararmni vererek yazara iletir. Ret karar1
verilen makaleler arsivlenir.

Makale Geri Cekme: Degerlendirme asamasindaki makalesini geri ¢ekme isteginde bulunan yazar(lar),
konuyu igeren 1slak imzali dilek¢eyi dergi e-mail adresi tjbdergi@gmail.com iizerinden yayin kuruluna iletirler.
Yayin Kurulu, geri cekme dilekgesini inceleyerek en gec 15 giin igerisinde cevap verir. Yayin Kurulu tarafindan
dilekgesi onaylanmayan bir makalenin yazar(lar)1, makalelerini bagka bir dergiye gonderemezler. Yazar(lar)in
yayinlanmis, erken goriiniim veya degerlendirme asamasindaki ¢alismasiyla ilgili bir yanlis ya da hatay1 fark
etmesi durumunda, dergi editoriiyle isbirligi yapma yiikiimliiligi bulunmaktadir. Yazar(lar), bizzat kendilerine
ait olmayan verileri kullanma hakkina sahip olduklarini, arastirma/analiz ile ilgili gerekli olabilecek izinleri
gosteren belgelere sahip olmalidir.

Editorler, derginin gelisimi ve yayinlanan ¢aligmalarin kalitesini gelistirmeye yonelik siire¢leri dikkatle takip
eder. Tiirkiye Jeol. Biilt. Yayin Kurulu basim asamasinda, degerlendirme asamasinda veya yayinlanmig bir
makale i¢in telif hakki ve intihal siiphesi olusmasi durumunda, makaleyle ilgili bir sorugturma baglatir. Yapilan
sorusturma sonucunda, makalede telif hakki ve intihal siiphesi tespit edilmesi durumunda, Yaym Kurulu
makaleyi detayl agiklama yaparak degerlendirme asamasindan geri ¢gekme islemini yazar(lar)a en geg 15 giin
igerisinde bildirir.

Gizlilik: Tiirkiye Jeol. Biilt. sistemindeki tiim kisisel bilgiler bilimsel amaglarla kullanilmakta olup, ti¢lincti
taraflarla paylasilmamaktadir.

Sorumluluk Reddi: Bas Editor ve Yayin Kurulu tiyeleri, yazarlarin goriislerinden ve yazi igeriginden sorumlu
degildir. Yazarlar, yazilarindaki etik 6zgiinliik ve olasi hatalardan sorumludur. Son okuma (diizeltme okumast)
oOncesi ve sayfa diizenleme asamasinda olusabilecek tiim hatalardan yazarlar sorumludurlar. Son okuma sonrasi
meydana gelen hatalar dergi yetkililerinin sorumlulugundadir.
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Primary topics include geology, tectonics, structural geology, geochronology, geochemistry, sedimentology,
biostratigraphy, paleontology, mineralogy, magmatic and metamorphic petrology, mineral deposits, geophysics
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be given. If the author(s) are residents of a non-Turkish speaking country, titles, abstracts and captions of
figures and tables are translated into Turkish by the Editors. It is strongly recommended that authors whose
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INSTRUCTIONS FOR CONTRIBUTORS
Manuscripts should generally be structured as follows:
(a) Title (English and Turkish)
(b) Names of authors (bold and in capital), their affiliations (italic and lower-case) and the name and
e-mail address of the corresponding author.
(¢) Abstract (English and Turkish)
(d) Key words (English and Turkish)
(e) Introduction (aim, content and methodology)
(f) Main text (methods, material stuied, descriptions, analyses etc.)
(g) Results and Discussion or Conclusions and Recommendations
(h) Extended Summary / Genisletilmis Ozet
(i) Acknowledgements (if necessary)
(j) References
(k) Tables
() List of figure captions
(m) Figures
(n) Plates (if any)

The various levels of headings used in the manuscript should be clearly differentiated. All headings should
be in left-aligned. Major headings should be bold capitals. Secondary headings should be considered as sub-
headings. Primary- and secondary-subheadings should be given in lower-case and tertiary headings in italics.
Headings should not be preceded by numerals or letters. Manuscripts (abstract, main text, acknowledgements,
references, appendices and figure captions) should be typed on one side of the paper (A4 size: 29.7 cm x 21
cm) with wide margins (at least 2.5 cm) and 1.5 line-spaced throughout, at a font size of 12 point (Times New
Roman) and with all pages numbered.

Examples for headings:
ABSTRACT

INTRODUCTION

PRIMARY HEADING

Primary Sub-Heading

Secondary sub-heading

Tertiary sub-heading

CONCLUSIONS

GENISLETILMIS OZET / EXTENDED SUMMARY
ANCKNOWLEDGEMENTS

ORCID

REFERENCES

Cover Page
A cover page, separate from the main manuscript, must include the followings:
a. Title of the paper
b. Name(s) of author(s) (full forenames should be given)
c. Full postal and e-mail addresses of all authors (the corresponding author should be indicated). Phone
number for the corresponding author should also be provided.

Title and Authors
The title of the paper should unambiguously reflect its content. If the paper is written in Turkish, the Turkish
title (in bold-face type and first letter of the words capital) should be followed by the English title (italic and
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first letter of the words capital). If the paper is in English, the English title should appear before the Turkish
title in the style mentioned above. Authors should provide their Orcid ID which can be obtained from orcid.
org website.

The information related with authors should be given as follow:

Ahmet Ahmetoglu Ankara University, Engineering Faculty, Geological Engineering
Department Tandogan 06100 Ankara
e-mail: a_ahmetoglu@ankara.edu.tr
ORCID Number: 0000-0001-1458-0820

A. Hiisnili Hiisniioglu MTA Genel Midiirliigii, Jeolojik Etiidler Dairesi, 06520 Ankara
e-posta: husnu5S6(@mta.gov.tr
ORCID Number: 0000-0001-1458-0830
ABSTRACT
The abstract not exceeding 300 words should be informative (aim of the study and main conclusive remarks).
It should not contain references. The Abstract should be given in both Turkish and English. If the paper is
written in Turkish, an English abstract (in italics) should follow the Turkish abstract, while a Turkish abstract
(in italics) should appear after the English abstract in papers written in English.

Keywords

The abstract should include minimum 2, and not more than 7 keywords which reflect the entries the authors
would like to see in an index. Keywords should be given in both Turkish and English. Keywords should be
written in lower-case letters, separated by commas, and given in alphabetical order. For Technical Notes and
Discussions, keywords should not be provided.

GENISLETILMIiS OZET / EXTENDED SUMMARY
The extended abstract should not exceed 2500 words. But it must be more bulky than abstract. The new figure
or table should not be given. But reference can be given to figures and tables present in main text.

ACKNOWLEDGEMENTS

Acknowledgements should be brief and confined to persons and organizations that have made significant
contributions. Please use full names without titles and indicate name(s) of the organization(s) of the person(s)
acknowledged.

CITATIONS and REFERENCES
Citation in the text
A. If'the article has one author

Parenthetical citations: (Author, Year) e.g.: (Sonmez, 1996)
Narrative citations: Author (Year) e.g.: Sonmez (1996)

B. Ifthe article has two authors

Parenthetical citations: (Authorl & Author2, Year) e.g.: (Merriman & Frey, 1999)
Narrative citations: Authorl and Author2 (Year) e.g.: Sonmez (1996)

C. Ifthe article has more than two authors

Parenthetical citations: (Author] et al., Year) e.g.: (Pettijohn et al., 1987)
Narrative citations: Authorl et al. (Year) e.g.: Pettijohn et al., (1987)
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D. Citing Multiple Works

Parenthetical citations: (Merriman & Frey, 1999; Pettijohn et al., 1987; Sonmez, 1996)
Narrative citations: Merriman and Frey (1999), Pettijohn et al. (1987), Sonmez (1996)

E. If more than one publication of the same authors published in the same year is cited

In this case, letters such as a, b, ¢ are given after the years of the articles in the References section.
In the same way, these letters are used in the citations in the text.

In References:

Ahmetoglu, A. & Hiisniioglu, H. (2022a). Article 1. Full Name of Journal, Vol.(No), pages. DOI number (if
available)

Ahmetoglu, A. & Hiisniioglu, H. (2022b). Article 2. Full Name of Journal, Vol.(No), pages. DOI number (if
available)

Citations in the text:

Parenthetical citations: (Ahmetoglu & Hiisniioglu, 2022a)
Narrative citations: Ahmetoglu & Hiisnlioglu (2022a)

References

All references cited in the text, and in captions of figures and tables should be presented in a list of references
under a heading of "REFERENCES” following the text of the manuscript.

A. Journals
Bundan sonrasinda bir degisiklik yok araya yukaridakileri ekleyecegiz
A.
A.1. Citing the periodicals:
Author(s), (Date). Title of paper. Full Name of Journal, Vol. (No), pages. DOI number (if available)

Hoek, E. & David, M. (1990). Estimating Mohr — Coulomb friction and cohesion values from Hoek —
Brown failure criterion. International Journal of Rock Mechanics, 27 (3), 220-229. https://doi.
org/10.1016/0148-9062(90)94333-0O

A.2. Special cases:

A.2.1. If the article was taken from an open (free) access website:

Ketin, I. (1949). Son on yilda Tiirkiye’de vukua gelen biiyiik depremlerin tektonik ve mekanik neticeleri
hakkinda. Tiirkiye Jeoloji Biilteni, 2(1), 1-13. https://dergipark.org.tr/tr/pub/tjb/issue/50279/650044

A.2.2. If the article has an article number:

Acglan, M., Oyan, V. & Kose, O. (2020). Petrogenesis and the evolution of Pliocene Timar basalts in the
east of Lake Van, Eastern Anatolia, Turkey: A consequence of the partial melting of a metasomatized
spinel-rich lithospheric mantle source. Journal of African Earth Sciences, 168, Article 103844.
https://doi.org/10.1016/j.jafrearsci.2020.103844.

B. Proceedings and Abstracts:

Author(s), (Date). Title of paper. Name of Editor(s), Title of Symposium or Congress, (pages). Name of
Publisher. DOI number & internet address (If available).
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Sanliyiiksel Yiicel, D., ileri, B. (2019). Characterization of weak, strafied and clay bearing rock masses. In H.
Sézbilir, C. Ozkaymak, B. Uzel, O. Siimer, M. Softa, C. Tepe, S. Eski (Eds.), 72" Geological Congress
of Turkey The Proceedings and Abstracts Book, (s.63-64). Chamber of Geological Engineers of Turkey
Publications No: 140. https://www.jmo.org.tr/resimler/ekler/174e0f6fa731893 ek.pdf

C. Books:
C.1. Citing of books:
Author(s), (Date). Name of the Book. Name of the Publisher. DOI number & internet address (if available).

Pettijohn, F. J., Potter, P. E. & Siever, R. (1987). Sand and Sandstones (2nd ed.). Springer-Verlag New York.
https://www.doi.org/10.1007/978-1-4612-1066-5

Ketin, 1. (2016). Genel Jeoloji, Yerbilimlerine Giris (9. Bask1). ITU Vakfi Yaymnlari.
C.2. Citing of translated books:

Author(s), (Date). Name of the Translated Book. Name of the Publisher. (Original publishing date). DOI
number & internet address (If available).

Komatina, M. M. (2011). Tibbi Jeoloji: Jeolojik Ortamlarin Insan Saghg: Uzerindeki Etkileri (Translator: Y.
Orgiin ve D. Bayrak). TMMOB Jeoloji Miihendisleri Odas1 (Original publication date: 2001).

D. Chapter in book:

Author(s), (Date). Chapter Name. Name of Editors, Name of Book (Page numbers of the chapter). Name of
Publisher.

Merriman, R. J. & Frey, M. (1999). Patterns of very low-grade metamorphism in metapelitic rocks. In M. Frey
& D. Robinson (Eds.), Low Grade Metamorphism, (pp. 61-107). Blackwell Sciences Ltd.

E. Reports and Thesis:

E.l. Reports:

Author(s), (Date). Title of report (If any report no). Name of the Organization or Institution, (published or
unpublished).

Kellogg, H. E. (1960). Stratigraphic report, Derik-Mardin area Petroleum District V, Southeast Turkey (Rapor
no: 1367). TPAO (unpublished).

E.2. Thesis:

Author, (Date). Title of Thesis [published or unpublished & PhD or Msc Thesis]. Name of the Institution or
University.

Sonmez, H. (1996). TKI ELI Soma Linyitleri agik isletmelerinde eklemli kaya kiitlesi icindeki sevlerin
durayliligimin degerlendirilmesi [Unpublished Msc Thesis]. Hacettepe Universitesi Fen Bilimleri
Enstitiisti.

F. Personal Communications:

Sozbilir, H., 2005. Personal communication. Geological Engineering Department of Dokuz Eyliil University,
[zmir, Turkey.
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G. Information Downloaded from the Internet
Name of the Organization, (Date). Web address, date of access to website.

KRDAE, (2020, 02, January). Bogazi¢i University Kandilli Observatory and Earthquake Research Institute
Regional Earthquake-Tsunami Monitoring Center, http://www.gov.tr.

Turkish references can also be given directly in Turkish. For such references please use Turkish characters.

Mathematical Expressions

Mathematical symbols and formulae should be typed. Equation numbers should appear in parentheses at the
right-hand side of the equations and be numbered consecutively. For Greek or other non-Roman letters, identify
the symbol in words in the left-hand margin just below the equation the first time it is used. In addition, the
meaning of symbols used in equations should be given below the equations.

Instead of square-root symbol, an indice of 0.5 sholud be used (e.g. y=5x 0.5). For the of multiplication sign
do not use any symbol, however if necessary, the symbol “’*” can be preferred (e.g. y=5*10-3). Please use '/
for division instead of a horizontal line between numerator and denominator. In the expression of chemical
reactions, ions should be given as Ca(2+) and CO3(2-) instead of Ca++ and CO3--. In the text, equations should
be referred to as equation (1). Computer program listings, if appropriate, must be very clear in an Appendix.

Tables

Tables with their titles should not exceed the printed area of the page (15.8 cm (wide) x 22.5 cm (deep)) and be
numbered consecutively. Both Turkish and English titles should appearat the top of a table (do not print table
captions on a separate sheet). If the manuscript is written in Turkish, English title in italics should follow the
Turkish title. For manuscripts in English, a Turkish title should appear below the English title in italics. They
should begin “Table 1.” etc. Tables should be referred to as Table 1 or Tables land 2 (if more than one table
is referred to). Tables can be written in a font size smaller than that of the text (10 or 11 point). Tables should
be arranged to fit single column (7.3 cm wide) or double column (15.8 cm wide). No vertical rules should be
used. Horizontal rules should only be used at the top and bottom of the tables, and to separate headings and
numbers listed in the tables (Please check the previous issues of the Journal). Tables should not duplicate results
presented elsewhere in manuscript (e.g. in graphs). Each table should be separately printed and appear after the
text (after references). All abbreviations and symbols must be identified with smaller character underneath the
tables (e.g. c: uniaxial compressive strength, etc).

Hlustrations

All illustrations, whether diagrams, charts and photographs, should be of high quality, referred to as “Figures”
and be numbered consecutively as they appear in the text. They must be originals. The number of the figure
should be given at top on the right-hand side of the paper. Illustrations should be provided in camera-ready
form, suitable for reproduction (which may include reduction) without retouching. Figure captions should be
supplied on a separate sheet and should begin “Figure 1.” etc. As with the rules given for tables, figure captions
should also be given both in Turkish and English. All illustrations should be given with a list of figure captions.
The maximum printed size of illustrations is 15.8 cm (wide) x 22.5 cm (deep) together with figure captions. It is
recommended that all illustrations should be designed with the Journal’s single-column or two-column layout
in mind, and where possible, illustrations should be designed for a single column. Illustrations, particularly
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