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2-D HEAT AND FLUID FLOW MODELLING OF THE CENTRAL BASIN 

AND THE WESTERN HIGH IN THE SEA OF MARMARA, TURKEY  

SUMMARY  

The main objective of this thesis is modelling the fluid flow and heat distribution of 

the Central Basin and the Western High of the Sea of Marmara to understand both heat 

distribution and gas and fluid flow in this critic region. For this purpose, two seismic 

sections are selected to create a real-earth model, which are SM46 for Central Basin 

and DMS-5 for Western High. Furthermore, interpreted geological features like faults, 

sedimentary units are transferred for the construction geometry and meshing, properly. 

After that, the physical parameters are accordingly determined to clarify boundary and 

cell zone conditions of the models, which are permeability, porosity, temperature and 

hydrostatic pressure. Thus, models are calculated through the time, numerically, also 

they reach the steady state condition. According to the results like heat distribution 

models and calculated velocity in XX and YY directions, the created models are 

adjusted to previous studies in this region. Generally, faults have responsibility to 

transport fluid inside of the system, so they provide a circulation by migrating and 

distributing gas and fluid flow accordingly to physical conditions like hydrostatic 

pressure and permeability. Besides, it is thought that the northern part of the Central 

Basin act a depocenter by promoting faults that F3 and F1 fault, when fluid and gas 

flow observed in the southern branch of the basin with F2, F4 faults. At the same time, 

inside of the Central Basin is interpreted as a transportation area because of the 

dominant lateral movements, while northern and southern branches have upward fluid 

flow activity with higher velocity on the seafloor. On the other hand, Western High 

shows a little bit higher fluid flow velocity values than the Central Basin due to the 

lower hydrostatic pressure, subsidiary and shearing structures. In addition, Main 

Marmara Fault has active role for circumstance of the fluid flow in the Western High 

with other active/inactive faults. Therefore, modeling results are in good agreement 

with previous studies. 
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MARMARA DENĶZĶôNDEKĶ MERKEZ HAVZA VE BATI 

Y¦KSEKLĶĴĶôNĶN 2 BOYUTLU ISI VE AKIķKAN AKIķ MODELLEMESĶ 

¥ZET 

Bu tezin amacē, Marmara Deniziônde bulunan Merkez Havza ve Batē Y¿ksekliĵiônin 

ēsē daĵēlēmē ve akēĸkan akēĸ modellemesini yaparak bu kritik bºlgedeki ēsē daĵēlēmēnē, 

gaz ve akēĸkan hareketini anlamaktēr. ¢alēĸma alanē olarak Merkez Havza ve Batē 

Y¿ksekliĵiônin se­ilmesinin sebebi ise ºnceki ­alēĸmalarda bu bºlgelerde gaz ve 

akēĸkan ­ēkēĸlarēnēn deniz tabanēnda yoĵunlukla gºzlemlenmiĸ olmasēdēr. Bahsedilen 

gaz ve akēĸkan ­ēkēĸlarēnēn mekanizmasēnē anlamaya yºnelik bir modelleme 

­alēĸmasēnēn yapēlmasē da bu tezin ana amacēnē oluĸturmaktadēr. Yºntem olarak sayēsal 

modelleme kullanēlmēĸtēr. Bu ama­la, bir hesaplamalē akēĸkanlar dinamiĵi programē 

olan Ansys Fluent programē se­ilmiĸtir. Program, u­ak m¿hendisliĵi, uzay 

m¿hendisliĵi ve kimya alanlarēnda ­oĵunlukla kullanēlmakla birlikte, yer bilimlerinde 

de karĸēlaĸtērēlmalē ­alēĸmalarla yer bilimleri i­in uygunluĵu teyit edilmiĸtir.  

Merkez Havza i­in bu bºlgeyi en iyi ĸekilde temsil ettiĵi d¿ĸ¿n¿len SM-46 sismik 

kesiti ve Batē Y¿ksekliĵi i­in DMS-5 sismik kesiti modelleme ­alēĸmasē i­in 

se­ilmiĸtir. Merkez Havza i­in 6 km derinliĵinde ve yaklaĸēk 24 km uzunluĵunda bir 

model oluĸturulmuĸtur. Yorumlanmēĸ sismik yansēma kesitine gºre Merkez Havzaôyē 

sēnērlayan baĸlēca dºrt fay bulunmaktadēr. Bunlardan F1 ve F2 faylarē sēnēr faylarē iken 

F3 ve F4 ise i­ faylardēr. Batē Y¿ksekliĵiônde ise derinliĵi 3 km ve uzunluĵu yaklaĸēk 

19 km olan bir model oluĸturulmuĸtur. DMS-5 yorumlanmēĸ sismik yansēma kesitine 

gºre ise Batē Y¿ksekliĵiôni kesen beĸ fay bulunmaktadēr. Bunlardan bir tanesi de 

Kuzey Anadolu Fayēônēn devamē olarak Marmara Deniziônin kuzeyinden ilerleyen 

Ana Marmara Fayēôdēr.  

Modelleme i­in uygun sismik kesitlerinden se­iminden sonraki adēm ise model 

geometrisi oluĸturmaktēr. Se­ilen kesitler ¿zerindeki fay, sedimanter birim gibi 

jeolojik olarak yorumlanmēĸ yapēlar, model geometrisi oluĸturmak i­in Plot-Digitizer 

programēnda iĸlenmiĸtir ve buradan Ansys-Fluent programēna aktarēlarak model 

geometrisi oluĸturulmuĸtur. Merkez Havza i­in fay kalēnlēklarē 150 metre olarak 

tanēmlanērken Batē Y¿ksekliĵiôndeki 4 fay i­in 75 metre ve Ana Marmara Fayē i­in 

125 m olarak tanēmlanmēĸtēr.  

Daha sonra bºlge i­in daha ºnceki ­alēĸmalardan elde edilen ēsē akēsē deĵeri, su tabanē 

sēcaklēĵē gibi veriler kullanēlarak sēnēr koĸullarē belirlenmiĸtir. Her iki bºlge i­in ēsē 

akēsē 68 mW/m2, ēsēl iletkenlik deĵeri 2.5 W.m-1.K-1 ve su tabanē sēcaklēĵē 14ÁC 

alēnmēĸtēr. Buna gºre Merkez Havzaônēn 6 km derinlikteki tabanē i­in sēcaklēk deĵeri 

158ÁC ve Batē Y¿ksekliĵiônin 3 km derinlikteki tabanē i­in sēcaklēk deĵeri 82ÁC olarak 

hesaplanmēĸtēr. Modellerin g¿ney ve kuzey duvarlarēnē temsil eden dik sēnērlarda ēsē 

ve k¿tle aktarēmē olmadēĵē i­in ge­irimsizdir ve dolayēsēyla sēnēr koĸullarēnda ēsē akēsē 

sēfēr olarak tanēmlanmēĸtēr. Bununla birlikte, hidrostatik basēn­ deĵerleri her iki model 

i­in de deniz tabanē morfolojisine uygun bi­imde su kolonu kalēnlarē gºz ºn¿nde 

tutularak hesaplanmēĸtēr. Bu hesaplarda yer ­ekimi ivmesi -9.81 m/s2 olarak alēnmēĸtēr. 

T¿m bunlara ek olarak ­ºz¿mler gºzenekli ortam koĸullarēna gºre yapēlacaĵēndan 
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permeabilite, porozite gibi fiziksel parametrelerle jeolojik birimler tanēmlanmalēdēr. 

Bu sebeple, fay, sedimanter birim ve ana kaya olmak ¿zere ¿­ farklē birim i­in uygun 

permeabilite ve porozite deĵeri se­ilmeye ­alēĸēlmēĸtēr. Modelde, permeabilite 

deĵerleri en b¿y¿kten en k¿­¿ĵe sērasēyla faylar, sedimanter birimler ve anakaya i­in 

tanēmlanmēĸtēr. 

Buraya kadar permeabilite, porozite, sēcaklēk ve hidrostatik basēn­ gibi fiziksel 

parametreler kullanēlarak modellerin sēnēr koĸullarē ve birimlerin ºzellikleri programa 

giriĸ verisi olarak girilmiĸtir. Daha sonraki aĸama, ēsē daĵēlēmē ve akēĸkan akēĸlarēnē 

hesaplamaktēr. Ķki boyutlu modelleme i­in ēsē daĵēlēmē ve akēĸkan akēĸlarē XX-YY 

yºnlerinde zamana baĵlē olarak hesaplanmēĸtēr. Hesaplanan zaman dilimleri ise 100 

yēl, 1000 yēl, 10000 yēl, 100000 yēl ve 1 milyon yēldēr. Merkez Havza ve Batē 

Y¿ksekliĵiôni temsil eden modellerin her ikisi de kararlē (steady-state) duruma 

ulaĸmēĸlardēr. Bu kararlē durum sonu­larēna gºre, hesaplanmēĸ ēsē daĵēlēmē 

haritalarēnda genel olarak lineer ve yumuĸak bir ge­iĸ gºzlemlenirken faylarēn 

yakēnēnda kont¿r ­izgilerinin eĵimlendiĵi gºze ­arpmaktadēr. Burada faylarēn daha 

y¿ksek permeabilite deĵerine sahip olduĵu i­in etkisinin y¿ksek olduĵu sºylenebilir.   

Kararlē durum akēĸkan akēĸ sonu­larēna gºre, Merkez Havza i­in akēĸkan akēĸ hēzē 

6.06e-16 m/s ile 2.80e-08 m/s arasēnda deĵiĸmektedir. Merkez Havzaônēn g¿ney ve 

kuzeydeki birimler 6.06e-16 m/s gibi yukarē yºnl¿ d¿ĸ¿k hēzlē akēĸkan akēĸē 

gºzlemlenirken havzanēn i­ bºl¿mlerinde 4.12e-12 gibi biraz daha y¿ksek hēzlar gºze 

­arpmaktadēr. Ķ­ havzada y¿ksek hēza sahip akēĸkan akēĸ vektºrleri genellikle yanal 

yºnl¿d¿r. Bunun yanēnda, faylarda ise 3.40e-10 m/s y¿ksek hēzlē akēĸkan akēĸlarē ºnem 

arz eder. Faylarda akēĸ akēĸ vektºrlerinin yºn¿ deĵiĸim gºstermektedir. Merkez 

Havzaônēn F3 ve F1 faylarēnēn akēĸkanē aĸaĵē yºne taĸēyarak havzanēn kuzey kēsmēnē 

bir depo alanē gibi yansētērken g¿neyde yer alan F2 ve F4 faylarēnēn yukarē yºnl¿ 

­alēĸtēĵē gºr¿lmektedir. Aynē zamanda, Merkez Havzaônēn i­ kēsmē bir ge­iĸ alanē gibi 

yorumlanabilir, ­¿nk¿ burada kuzeyden aktarēlan akēĸkanēn sediman birim i­inden 

yolculuk ederek g¿neye baskēn olarak yatay yºnl¿ hareketi gºzlenmektedir. Bunun 

aksine, g¿ney ve kuzey kenardaki birimlerin ¿st¿nde yukarē yºnl¿, gºrece y¿ksek hēzlē 

akēĸkan vektºrleri yer almaktadēr. Bunun sebebi, bu iki kenarēn Merkez Havzaônēn 

i­ine oranla daha d¿ĸ¿k hidrostatik basēn­ deĵerine sahip olmasēdēr. 

¥te yandan Batē Y¿ksekliĵi i­in kararlē durum akēĸkan akēĸ hēzlarē 1.19e-14 ï 1.10e-

07 m/s aralēĵēnda hesaplanmēĸtēr. Batē Y¿ksekliĵi, d¿ĸ¿k hidrostatik basēn­, ikincil ve 

kayma yapēlarēnēn varlēĵē sebebiyle Merkez Havzaôdan gºrece daha b¿y¿k akēĸkan 

akēĸ hēzēna sahiptir. Yukarē yºnl¿, 3.11e-09 m/s y¿ksek hēzlē akēĸkan akēĸ vektºrleri 

genel olarak Batē Y¿ksekliĵiônin tepelik alanlarēnda yoĵunlaĸēr. Buna ek olarak, aktif 

ve inaktif faylarla birlikte Ana Marmara Fayē 1.85e-08 m/s b¿y¿kl¿ĵ¿ndeki aĸaĵē 

yºnl¿ akēĸkan akēĸ vektºrleri sebebi ile bu alanda sirk¿lasyonu saĵlayan en aktif 

faydēr. Sadece R4 fayē yukarē yºnl¿ akēĸkan akēĸ vektºrlerine sahiptir, fakat hēzlar 

2.50e-12 mertebelerindedir. 

Sonu­ olarak, Merkez Havza ve Batē Y¿ksekliĵi i­in hesaplanan kararlē durum akēĸkan 

akēĸ hēzlarēnēn deĵeri, Amerika Birleĸik Devletleriônde bulunan Basin and Range 

Jeotermal Bºlgesiônin 2.0e-14 ve 1.7e-08 m/s hēzlarēndan biraz daha k¿­¿kt¿r. Bunun 

dēĸēnda, faylar sistemde ēsēyē ve akēĸkanē iletmekle sorumlu olduĵu sºylenebilirde. Bu 

nedenle gaz ve sēvē akēĸēnē hidrostatik basēn­ ve ge­irgenlik gibi fiziksel koĸullara gºre 

taĸēyarak ve daĵētarak sistem i­indeki ­evrimi saĵlarlar. Merkez Havzaônēn i­ kēsēmda 

yanal yºnl¿ akēĸkan akēĸ vektºrleri gºzlemlenmiĸtir, burada ­evrim yine farklē 

yºnlerde ama y¿ksek hēzlē akēĸkan akēĸ vektºrlerine sahip faylarla desteklenmektedir. 
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Merkez Havzaônēn kuzey yamacē, depo alanē olarak yorumlanabilir. Batē 

Y¿ksekliĵiônde ise aĸaĵē yºnl¿ akēĸkan akēĸēnē en b¿y¿k oranda saĵlayan fay Ana 

Marmara Fayēôdēr. Ayrēca tepelik alanlarda yukarē yºnl¿ y¿ksek hēzlē akēĸkan akēĸēnēn 

gºzlemlenmesinin sebebi ikincil ve kayma yapēlardēr. Son olarak, modelleme i­in 

kullanēlan parametreler ile hesaplanan ēsē daĵēlēmē ve akēĸkan akēĸ modelleri ºnceki 

sismik, sismolojik ve gaz ­ēkēĸ ­alēĸmalarēyla birbirini destekler durumdadēr. 
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 INTRODUCTION   

 Various researchers have studied the western part of the North Anatolian Fault that 

lies in the Marmara Sea. An increasing number of studies were conducted with the 

expected Istanbul earthquake, such as interpretation of multichannel and high-

resolution seismic data, geochemical analysis by taking samples from the seafloor and 

investigation of gas outlets. The main objective of the thesis is to create a two-

dimensional heat and fluid flow model for the Main Marmara Fault that divided into 

two parts in the Central Basin and reunite at the Western High. For this purpose, heat 

flow was modeled and fluid flow velocity sections were calculated by using two 

seismic reflection sections, which is thought to represent the region best in the 

mentioned regions.  

 Tectonic Settings of the Sea of Marmara 

North Anatolian Fault (NAF) is a right-lateral, strike-slip fault extended between the 

north of the Van Lake and Biga Peninsula from east to west in the Figure 1.1 (Ketin, 

1968; Le Pichon et al., 2001), which is also identified as a transform fault (Wilson, 

1965; ķengºr et al., 2014). Also, it does not work a single linear plane, it consists of 

some ripped parts; therefore, using the ñzoneò term for the North Anatolian Fault gets 

accurate the statement (Ketin, 1968). NAF is only a member of North Anatolian Shear 

Zone that covers all Tethyside accretionary prism aged with late Paleozoic to early 

Tertiary. It is formed because of the collision of the Anatolian block to the Eurasian 

one that caused to close of the Tethys Ocean (ķengºr, 1979a; ķengºr et al., 1985; 

ķengºr et al., 2005). Moreover, NAF slides 25 mm/year as a strikes-slip fault relative 

to the Eurasian plate (Armijo et al., 2002; Bourry et al., 2009; Imren et al., 2001; 

McClusky et al., 2000; Meade et al., 2002). However, two-thirds of the shifting and 

high seismicity is occurred in the northern part of the NAFZ (¢aĵatay & U­arkuĸ, 

2019; Flerit et al., 2003; Reilinger et al., 2006; ķengºr et al., 2005) which is mentioned 

as Main Marmara Fault, as well (Le Pichon et al., 2001). Some of the historical and 

well-known big earthquakes (Ms > 7) that happened in the MMF are 1509 September 
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10 earthquake with magnitude Ms=7.2 and 1766 May 22 earthquake with magnitude 

Ms=7.1. In the 20th century, 1912 August 9 earthquake with magnitude Ms=7.3, and 

1999 August 17 (Izmit) and November 12 (D¿zce) earthquakes with magnitude 

Ms=7.4 and Ms=7.3 (Ambraseys & Jackson, 2000). 

 

Figure 1.1 : Tectonic settings of the Turkey and study region. It is modified from 

(D¿ĸ¿n¿r, 2004; ķengºr et al., 1985). Topography and bathymetry data is taken from 

USGS. 

Understanding the tectonic mechanism of the NAFZ is a complicated situation for 

some decades. Although there are various type of studies such as geophysical, 

geological, and chemical, there is not still only one and clear explanation. The reason 

is that Sea of Marmara has two NE-SW structures, Western and Central Highs, that 

lead to form three main basins called as Tekirdaĵ Basin, Central Basin and ¢ēnarcēk 

Basin in the northern branch. Therefore, researches have shown different approaches 

to the evolution of the basins, kinematically (Sorlien et al., 2012). Tectonic models of 

it are grouped and discussed by dividing into three simple interpretation these are 

mentioned as pull-apart, en-echelon, and master fault in Figure 1.2 (Yaltirak, 2002); 

also steady-state 1, steady-state 2, and young reorganization 3 models (Sorlien et al., 

2012).  
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Figure 1.2 : Tectonic models of the Sea of Marmara. (A) Pull apart models (B) En 

echelon models (C) Master fault models. When bold lines show the primary faults 

that form the region, thin lines indicate the secondary ones (Yaltērak, 2002). 

According to the first model, main basins located in the northern part in the Sea of 

Marmara that are Tekirdaĵ, Central and ¢ēnarcēk Basins are interpreted as pull-apart 

basins that cut by short strike-slip fault parts (Barka, 1992; Erg¿n and ¥zel, 1995 

;Barka & Kadinsky-Cade, 1988; Wong et al., 1995). They have reached this result 

from the seismic section interpretations and seafloor morphology such as wedge and 

rhomboidal shapes of the basins, limitations of strike-slip faults that are E-W 

directional primarily at the boundaries and NW-SE or NE-SW directed secondly, and 

structures like folds (Wong et al., 1995). Secondly, the reason of the formation is 

explained as en-echelon faults causing the negative flower structure that can be noticed 

in the seismic reflection section of the region (Okay et al., 2000; Parke et al., 1999, 

2002; Seeber et al., 2004, 2010; Siyako et al., 2000). They suggest that an arrangement 

of en-echelon faults can be seen in the southern wall of the deepest basins like 

¢ēnarcēk, which is located between the northern edges of the Imrali and Marmara 

Islands (Parke et al., 1999). Finally, NAF has described as a master fault, Main 

Marmara Fault, which cut the entire region (Aksu et al., 2000; DemirbaỲ et al., 2003; 

Imren et al., 2001; Rangin et al., 2004; ķengºr et al., 2005). Since, the Marmara Fault 

deflect their degree from ¢ēnarcēk in the east and Ganos in the west where lies 80 km 

length, mainly as two segments. They are identified as a single fault by coinciding with 

same depth in the bottom, in the eastern edge of the ¢ēnarcēk Basin simply, because 
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they extend in the same direction and near each other. Therefore, Marmara fault is 

based on a single right-lateral strike-slip fault (Imren et al., 2001). 

Main Marmara Fault separates two main brunches where are located at the north and 

south almost symmetrically in the inner basin of the Central Basin. Although, Central 

Basin and Western Highs are the key points in the whole basin to determine how the 

tectonic setting changes in the Sea of Marmara, it is also known that the main fault 

properties of the geological features to comprehend the behavior of the MMF, 

correctly. 

1.2 Morphology of the Region 

Bathymetric data clearly reveal the continuation of the North Anatolian Fault Zone 

(NAFZ) below the Sea of Marmara with its primary shelves, ridges, and basins. These 

morphological structures are important to understand the main tectonic features and 

relationship between the bathymetry and active tectonism. In this section, the general 

morphological features of the study region will be discussed.   

There are five basins and two highs are located in the Sea of Marmara, which are 

Tekirdaĵ Basin, Western High, Central Basin, Kumburgaz Basin, Central High, Imrali 

Basin, and ¢ēnarcēk Basin from west to east in the Figure 1.3. Furthermore, Tekirdaĵ, 

Central, and ¢ēnarcēk are deep basins, which are deeper than 1100 m (¢aĵatay & 

U­arkuĸ, 2019). Central Basin and Western High will mention in detail at the end of 

this chapter, because of the main purpose of this master thesis is heat flow modeling 

in the Central Basin and Western High. 

1.2.1 Basins of the Sea of Marmara 

Tekirdaĵ Basin is placed at the northern shelf of the Marmara Sea. It is a wedged shape 

basin covering the 120 km2 area and the depth of the basin is 1190 m in the Figure 1.3. 

The northern slope of the basin is a bit steeper than the southern slope of the basin 

(¢aĵatay & U­arkuĸ, 2019); the difference is 6-7 degrees (¢aĵatay & U­arkuĸ, 2019; 

Okay et al., 1999). There is a landslide area at the southern edge of the basin (Doĵan-

D¿ĸ¿n¿r, 2004; Ķmren,  2003). Tekirdaĵ Basin becomes deep to the SW remarkably 

and it causes the accommodation of turbidities to the NE. In the Northwest, Tekirdaĵ 

Basin has an unconformity that regularly deposited at the top, and deposits covered 

the SE inclined blocks in the bottom (Imren et al., 2001). Moreover, south-east-west 
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directed faults are located in the southern and central parts of the basin that are 

identified as a strike - slip fault due to having either reverse and normal components 

that interpreted in the seismic section as a modest flower structure (DemirbaỲ et al., 

2003). 

Kumburgaz Basin is a very narrow area that is around 160 km2. It extends 30 km from 

east to west and nearly 10 km in NS direction (¢aĵatay & U­arkuĸ, 2019; Okay et al., 

2000). It can be said that it develops under the fold effect of the ¢ēnarcēk Basin 

according to Okay et al., 2000. Kumburgaz Basin is shaped as a restraining bend by 

following the MMF that becomes straight more and more to the west; so, it can be 

accepted as a depocenter. The three basic faults with NE direction manage the basin. 

In the middle, strike-slip fault has a reverse component, noticeably, while the southern 

fault does not interpret with any component. Moreover, there is no clear evidence 

about the northern fault, it is only known that the northern branch of Kumburgaz Basin 

is steeper than the southern one (DemirbaỲ et al., 2003; Imren et al., 2001; Sorlien et 

al., 2012). 

¢ēnarcēk Basin is the biggest basin (Imren, 2003; D¿ĸ¿n¿r, 2004) that is cover a 575-

km2 area in the eastern Marmara Sea. Its depth is 1270 m. In the west, it is limited by 

the Central High is located while Izmit Canyon is located in the east. Its northern slope 

is steeper than the southern that has a formless shape (Yēlmaz et al., 2010). MMF is 

located on the northern side of the ¢ēnarcēk Basin as a strike-slip with a normal 

component, which causes a positive flower structure on the seismic profiles (Imren et 

al., 2001). The northern branch of ¢ēnarcēk is also steeper than the southern part of the 

basin. SE of the basin has normal fault reflected the extension of the area, whereas 

some folds and thrusts are located in the SE direction (DemirbaỲ et al., 2003). 

Imrali Basin has 400 depth in the southeast direction in the Marmara Sea Region 

(¢aĵatay & U­arkuĸ, 2019); so, it is the shallowest basin in the all basins. Right-lateral 

strike-slip faults that have normal component is marked the basins in both south and 

north (¢aĵatay & U­arkuĸ, 2019; Okay et al., 2000). 
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Figure 1.3 : Multi -beam bathymetry map of Sea of Marmara (Modified from 

Rangin, C., et al., 2001; Le Pichon, X., et al., 2001; D¿ĸ¿n¿r, 2004). Key to 

abbreviations, from west to east: TB: Tekirdaĵ Basin; WH: Western High; CB: 

Central Basin; KB: Kumburgaz Basin. 

One of the deepest basins in the Marmara Sea is Central Basin that is nearly 1250 m 

at depth and rhomboid depression area covering around 330 m2 in the Figure 1.4. 

Western High is bounded the structure at the west, when Central High is located at the 

east (¢aĵatay & U­arkuĸ, 2019). Central Basin bathymetry indicates the northern 

margin is quite steeper than the southern one (Le Pichon et al., 2001). It hosts four 

main faults that two of them bounded the basin and others are shaped to the inner basin 

deeper. Inner faults may be strike - slip faults with the normal component that one of 

them may be more dominant than the other due to the vertical slip understood easily 

in the intersection plane. They are active when sediments are deposited syn-

kinematically, in actual, so they are a presence in several ranges during the pull-apart 

basin generation (B®cel et al., 2010). 

1.2.2 Highes of the Sea of Marmara  

Western and Central High in the Marmara Sea have trend E-NE direction, anticline 

feature. Although Central High contains younger sediment units, Western High has 

more older sediments which are cut morphological feature severally that can be 

observed even bathymetry map distinguishably (ķengºr et al., 2014). Central High, 

namely Central Marmara Ridge (Sorlien, et al., 2012), is located between the 

Kumburgaz and ¢ēnarcēk Basins, nearly 400 m depth (¢aĵatay & U­arkuĸ, 2019). The 

Main Marmara Fault cuts as a right-lateral strike-slip fault it, sliding 3.5 km (Armijo 

et al., 2002; Le Pichon et al., 2003; Sorlien et al., 2012). Central High has a huge 
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sedimentary ridge with 10 widths and 300 m height that caused an unconformity 

because of the erosional deposition on the northside, which looks like huge wavelets 

in the bathymetry. For this reason, it is interpreted as the deposition that occurs in 

parallel with each other.  

Western High shows sinusoidal shape that is among the Tekirdaĵ and Central Basins 

(¢aĵatay & U­arkuĸ, 2019). This ridge is related to a mass movement during the 

evolution stage of the North Anatolian Fault in the Marmara Sea. When the fault passes 

through to the west, a huge landslide has occurred; so, Western High shapes (Gºkaĸan 

et al., 2003). Moreover, Western High consists of a wide synclinal basin initially and 

anticline basins reflected the narrow body like a ridge because of the compressional 

geological features, which has fluctuating structures. Also, some active and inactive 

faults located by delimiting the high, which have steep thrust in the same ratio (ķengºr 

et al., 2014).  There is a presence of subsiding sedimentary deposits in the western of 

the ridge; however, the eastern part includes sedimentary accretionary stacks (¢aĵatay 

& U­arkuĸ, 2019; Grall et al., 2018). 

 

Figure 1.4 : Block diagrams of bathymetry. It is modified from (Claude et al., 2001). 

Key to abbreviations, from west to east: TB: Tekirdaĵ Basin; WH: Western High; 

CB: Central Basin. 
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1.3 Seismic, Seismicity and Gas Flow Studies at the Region  

In this section, it is going to mention about previous studies and general results in terms 

of seismic, seismicity, and gas and fluid flow in the Sea of Marmara. It can be said that 

researches have been increased since 1999 Ķzmit earthquake with magnitude Mw=7.4 

(G®li et al., 2018). Therefore, there are a lot of studies to worth to explain, but only 

some of them are directly related to study of the 2-D heat flow modelling in the Central 

Basin and Western High in the Sea of Marmara. 

On the one hand, some seismic, seismicity related studies were done by various earth-

scientists in the Sea of Marmara to understand western part of the North Anatolian 

Fault Zone (NAFZ). It is clear that the previous studies did not include high-resolution 

data depending on the technological conditions of that day; however, they were also 

useful to interpret geological environment by using seismic profiles acquired by using 

limited source type like air gun or sparker. For example, it is used to understand better 

the connection between the geometry of the strike slips faults in Turkey and earthquake 

activity (Barka & Kadinsky-Cade, 1988).  

Furthermore, many high-resolution seismic studies are surveyed in the Sea of Marmara 

under the leadership of some national and international projects. It provided 

advantages of reaching more depth and interpreting the seismic data more accurately. 

Take examples for it, high-resolution sparker seismic profiles are used to investigate 

seismic stratigraphy for several locations in the south-west of the Sea of Marmara 

(Smith et al., 1995). Moreover, air gun seismic profiles in the Sea of Marmara are used 

to examine sedimentary and structural features of the North Anatolian Fault Zone 

located in the Sea of Marmara (Wong et al., 1995). Offshore multichannel seismic 

reflection sections are used to suggest a triple-junction model for NAF in the Sea of 

Marmara (Okay et al., 1999, 2000). Furthermore, Main Marmara Fault is investigated 

in the light of the high-resolution sparker, deep-towed seismic reflection sections, and 

this paper also includes the first high-resolution bathymetry map of the Sea of 

Marmara, completely (Le Pichon et al., 2001). Tectonic interpretation with a new 

perspective is also based on the multichannel seismic reflection data of the NAFZ in 

the Sea of Marmara (Imren et al., 2001). To clarify the motion and the sedimentation 

of NAF in there multichannel seismic reflection, GPS, and seismicity data are used 

together (Parke et al., 2002). Compounding the seismic, gravity, and aeromagnetic 
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data, the structure of the Marmara Sea Basin is explained (Ates et al., 2003). The active 

principal deformation zone is investigated by interpreting Pasisar seismic data for the 

Main Marmara Fault (MMF) in the Marmara Sea (DemirbaỲ et al., 2003). MMF is 

also searched by using both seismic data with several sources types and bathymetry, 

so the tectonic structure of the MMF is aimed to describe (Rangin et al., 2004). Finally, 

recent studies have supplied deeper seismic reflection data rather than the previous 

ones. For instance, faults located in the Marmara Sea are interpreted in terms of 

structure, evolution, and deformation (Laigle et al., 2008). In addition to this, a 2-D 

velocity model from west to east in Sea of Marmara is created from the Ocean Bottom 

Seismometer (OBS) refraction seismic data to comment until the deepest part of the 

region (B®cel et al., 2009). A new and recent interpretation is exhibited from velocity-

depth models from OBS and high-deep seismic reflection data in the Central Basin, 

Central High, and Kumburgaz Basin (B®cel et al., 2010). Finally, a newly acquired 

multichannel seismic reflection data is interpreted and a detailed stratigraphic model 

is created initially (Sorlien et al., 2012).  

In addition to the seismic explorations, it can be thought that there can be a relation 

between earthquake activity and free gas emissions in the North Anatolian Fault zone 

(Kuĸ­u et al., 2005; Burnard et al., 2012). Generally, gas emissions are found either 

through the active faults or around of them, which are based on the biogenic and 

thermogenic sources. Biogenic sources mainly occurred in the ¢ēnarcēk Basin; 

whereas, thermogenic one related to the Thrace Basin originated, especially methane, 

in the Western High and Central High (Burnard et al., 2012). Gas emissions originated 

from biological causes are investigated depending on structural and environmental 

conditions in some locations in the Central Basin of the Sea of Marmara (Ritt et al., 

2010). Biogenic gases in the ¢ēnarcēk Basin and thermogenic gases in the two highs 

are classified chemically and structurally (Bourry et al., 2009). Besides, causes of the 

increased gas activity from east to west in the Sea of Marmara, and chemistry of 

samples from Tekirdaĵ, Central Basins, and Western Highs are argued (Zitter et al., 

2008). Furthermore, the studies about gas and fluid flow in the Sea of Marmara have 

increased during the last decade. The 3-D acoustic water column is examined relating 

to the seismicity and seismic studies (Dupr® et al., 2015). Moreover, seafloor 

authigenic carbonate crusts are detected in terms of geochemistry and mineralogy, so 

results show that fluid flow relates to the active faults in the Sea of Marmara (¢aĵatay 
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et al., 2018). In addition to this, the gas migration is interpreted by creating a three-

dimensional velocity model by considering micro-seismicity in the Main Marmara 

Fault that is located in the Western High (G®li et al., 2018). Moreover, static and 

dynamic stress is searched by taking into consideration seismicity, and finally it is 

shown that the gases are generally affected by the earthquakes and Coulomb stress has 

less role in this case (Tary et al., 2019).  
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 METHOD  

A number of two-dimensional and three-dimensional fluid flow studies are 

summarized below depending on the their features of temperature and porous medium 

that affects fluid flow behavior, thermal parameters, and majority of the fluid 

characteristic and its range like permeability, thermal conductivity and viscosity. 

Primer researches are consisted of homogenous horizontal layered models having 

several lithological units and one fault that cut the all this stack (McKibbin, 1986). It 

is mentioned that the impacts of many coefficients of the medium have different 

permeability and thermal conduction values. It is investigated a general temperature 

and flow studies on a basic model, and it shows that the effects of the topography on 

the heat and flow models (Deming & Nunn, 1991). Furthermore, It is searched that 

faults influences on the flow behavior (L·pez & Smith, 1995). Faults have very steep 

dip angle are used for isotropic homogenous model. Besides, four types of 

groundwater and heat flux regimes that are conduction through the fault zone, 

advective, steady state and unsteady-state conduction are tried to explain. At the 

beginning of the 2000s, increased petroleum and geothermal fieldworks lead to 

reservoir modelling. It is examined that the steady-state solutions for Newtonian fluid, 

viscous, and laminar flow simulations (Sarkar et al., 2004). It has an important place 

in literature due to the fact that faulted medium, faulted and angled medium and 

compound of faulted medium, and their combination studies. Additionally, they are 

identified their models for artificial medium like inside of faults, while a real 

geological problem are not classified. A numerical analysis on a basic model for basin 

and range region that has similar tectonic characteristic of horst-graben system in the 

Western Anatolia are studied (McKenna & Blackwell, 2004). This study shows that 

both geothermal systems generally change depending on time and geological time 

affects reservoir temperature in the maximum scale. Besides, thermal diffusion of the 

faults in the sedimentary basins modeled by using finite-elements-method. It shows 

that the Rayleigh-Bernard diffusion can be occur as large scaled diffusion cells through 

the basin when appropriate conditions are provided. At the same time, this study are 

also critical to understand how the fault zones affect pattern and flow rates of the 
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groundwater (Simms & Garven, 2004). Aside from this, heat and flow modelling are 

made in mid-ocean ridges with high number of Rayleigh and Nusselt (Fontaine & 

Wilcock, 2007). Besides, the first and exemplary three-dimensional model on 

intersecting faults are modelled by taking into consideration hydrothermal fluid 

behavior of faults analytically and numerically. Rise of the fluid velocity of the 

intersecting faults are simulated depending on several parameters(Person et al., 2012). 

Two-dimensional modeling are created by using finite-elementary and finite-volume 

methods to understand how greenhouse gas spread around magmatic intrusion in the 

sedimentary basins affects climate. It is also said that there can be a relation between 

gas outlets and circulation ways of hydrothermal fluids (Iyer et al., 2013). Moreover, 

faults and faulted zones are flow path or a barrier for fluids (Sarkar et al., 2004). Effects 

of topography and location of faults are searched in geothermal sources (Taillefer et 

al., 2017). As a consequence, all mentioned studies are explained that distribution of 

the fluid in ground and related temperature have an impact on fault zones, surface 

topography, geologic units and its thicknesses. For this reasons, each parameter require 

detailed evolution in modelling studies.  

 Equations 

Ansys Fluent software use varies type of media that are fluid, porous and solid to create 

cell zones that are the essential part of the model with boundary conditions. In this 

thesis, it is thought that the porous media is the best option to represent a real-earth 

model like sedimentary environment. For this purpose, pressure-based solver is 

selected to solve problem, properly. Pressure-based solver can solve equations of mass, 

momentum and energy conservations simultaneously by using two main algorithms 

that are segregated-pressure-based and coupled-pressure-based. The algorithm of 

pressure-based coupled means pressure and velocity coupling. It has more advantages 

than the other option, for example, it is more resistant and more effective for solving 

steady-state flows in a single phase. Therefore, coupled numerical solution is used for 

solving heat transport and simulating velocity pattern of the faults and sedimentary 

layers are located in the model. 

Model of porous media consists of a lot of porous in an area that are identified by user. 

There is a flow resistance is defined by using empirical equations in there. A 

momentum source term is interpolated to the governing equations that is also called 
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standard fluid flow equations. This source term is composed of two sections. One of 

them is a viscous loss term is Darcy law that is located right side of the Equation 2-1. 

Secondly, inertial loss term is located in the left side.  

3 В $ʈÖ В # ʍȿÖȿÖ                               (2.1) 

where Si is the source term for the ith (x,y, or z) momentum equation (N/m3), |v| is the 

magnitude of the velocity (m/s), D and C are prescribed matrices (1/m2), ɟ is density 

(kg/m3), and ɛ is fluid viscosity (kg/m.s). Momentum source term form a pressure 

decrease that is proportional to the fluid velocity for creating a pressure gradient in the 

porous cell.  

For adapting the situation to homogeneous porous medium, it can be written as 

3 Ö # ʍȿÖȿÖ                                          (2.2) 

Where Ŭ is the permeability (m2) and C2 is the inertial resistance factor (1/m), simply 

specify D and C as diagonal matrices (1/m2) and C2, respectively, on the diagonals 

(and zero for the other elements).  

Pressure decrease depends on velocity proportionally for laminar flow in the porous 

media. Besides, constant C2 can be take into consideration as zero. At the same time, 

diffusion and convective acceleration can be accept as negligible. Therefore, the 

equation is mentioned before (2.2) converts to Darcyôs law.  

Ðɳ Ö ᴆ                                                                 (2.3) 

According to the coordinates directions,  

Ðɳ В ÖЎÎ                                                     (2.3.a) 

Ðɳ В ÖЎÎ                                                     (2.3.b) 

Ðɳ В ÖЎÎ                                                      (2.3.c) 

Where 1/Ŭij are the inputs in the matrix D in the equation 2.1, vj are the velocity 

components (m/s) in the x, y, and z directions, and Ўὲ, Ўὲ, and Ўὲ  are the actual 

thicknesses of the porous medium (m) in the in the x,y, and z directions.  

Moreover, for an isotropic porous media, governing equation changes according to 

formulation of physical velocity and supposing a scalar generally ,ɲ  
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ᶮ
ȢɳɾʍÖᴆɲ Ȣɳɾɜɳɲ ɾ3ɲ                                    (2.4) 

The volume-averaged mass and momentum conservation are updated as follows by 

supposing isotropic porosity and single phase flow, 

ȢɳɾʍÖᴆ π                                                        (2.5) 

and, 

ᴆ
ȢɳɾʍÖᴆÖᴆ ɾɳÐ Ȣɳɾʐᴆ ɾ"ᴆ Öᴆ ʍȿÖᴆȿÖᴆ            (2.6) 

Where, ɔ is the porosity that may change by time and space; ũ is diffusion coefficient 

(m2/s); K is the absolute permeability (m2); "ᴆ is the body force (N/m3);  

Additionally, energy equation in the below is solved by Ansys Fluent for heat 

transferring calculations.  

ʍ% ȢɳÖᴆʍ% Ð ȢɳË 4ɳ ВÈ*ᴆ ʐ ȢÖᴆ 3            (2.7) 

Energy transfer because of conduction, species diffusion, and viscous dissipation are 

represented in the first three terms on the right, respectively. Where E is energy 

(kg.m2/s2); keff is the effective conductivity (W/m.K); *ᴆ is the diffusion flux (kg/m2.s) 

and h sensible enthalpy (J/kg) of species j, T is temperature (K), Sh includes volumetric 

heat sources (J/K.m3) and ὺᴆ is velocity field (m/s), ʐ  is the effective shear stress 

(kg/ms2).  

 Numerical Methods  

Numerical methods are widely used in several types of engineering problems that are 

aeronautical, computer and civil engineering. Numerical methods provides to estimate 

results and assume general situation of the basic and compound systems by saving 

time and money. It can be solve multiphysics problems in a short time thanks to the 

modelling. Modelling is a very contemporary tool to analyze physical problems by 

converting to mathematical ones. On the other hand, analytical methods can only solve 

the some types of problems, so it is difficult to adapt this method to complex physics 

problems (Peksen, 2018). 

There are three kinds of methods generally, which are finite elements methods, finite 

difference methods and finite volume methods. The finite difference method is one of 
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the most popular methods that are used commonly in computer simulations. It has the 

advantage of simplicity and clarity, especially in 1-D configuration and other cases 

with regular geometry. The finite difference method essentially transforms a 

differential equation into a coupled set of algebraic equations by replacing the 

continuous derivatives with finite difference approximations on a grid of mesh or node 

points that spans the domain of interest based on the Taylor series expansions. Finite 

difference method is quite common way for simulating models. It uses Taylor series 

expansion that it causes continuous derivatives change place with finite difference 

approach in the interested places where can be grids or nodes in the mesh. Finally, a 

group of algebraic equations represents an ordinary differential equation. Thus, this 

method commonly used in models have unchaotic shape and one-dimension (Yang, 

2008). 

The basic idea of finite element analysis is to divide the domain into many small blocks 

or elements. These small blocks are characterised by nodes, edges and surfaces, and 

the whole domain can be considered as if these blocks or elements are glued together 

at these nodes and along the element boundaries. Since most continuum systems are 

governed by differential equations, the major advantage of this transformation is that 

the differential equation for a continuum system is transformed into a set of 

simultaneous algebraic equations for the discrete system with a finite number of 

elements. Secondly, finite element method is one of the main way used in simulations. 

It cuts into small pieces an interested area that are shown as edges, nodes or blocks in 

the domain. Moreover, it can be imagine that all small pieces are pasted with each 

other; thus, a differential equation that represents a continuous system changes to a 

group of algebraic equations that symbolize a discrete system simultaneously. This is 

one of main purpose of the finite element method (Yang, 2008). 

The finite volume method resembles the finite difference method in certain ways but 

the starting point is the integral formulation of the problem. It uses the integral form 

of the partial differential equations in terms of conservation laws, then approximates 

the surface and boundary integrals in the control volumes. This becomes convenient 

for problems involving flow or flux boundaries. Finite volume method looks like finite 

difference method; however, finite volume method based on a problem with integral 

form primarily. Governing equations that represent as partial differential equations 

formed integral are used in this method. After, integrals of surface and boundary are 
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solved in interested control volumes. Therefore, it gets a proper method to solve flow 

or flux problems (Yang, 2008). 

 Ansys Fluent Software  

There are some softwares like Feflow, Modflow, Comsol Multiphysics that are 

preferred to find out heat transfer and fluid flow in earth science modeling studies. 

Moreover, Ansys Fluent is also effective and powerful tool to calculate fluid flow and 

temperature distribution for porous media (¦ner & Doĵan, 2019). Ansys Fluent 

Software is a the Computational Fluid Dynamics program that is a common way for 

testing or solving lots of numerical equations in the various engineering applications 

like chemistry, aeronautical engineering and earth sciences. Furthermore, it includes 

various parameter options such as material types, boundary and initial conditions, 

which are related to the studied model has compound geometry. A mesh can be 

computed according to the selected unique conditions for this geometry in this 

program. Therefore, solutions can created as results of an advanced analysis like 

contour map, vector scheme, and their mixed situation. In this way, Ansys Fluent 

software was thought to be suitable for the needs of the heat transfer modelling that is 

the main purpose of the thesis.  

2.3.1 Model Geometry  

Two selected seismic sections are used for heat modelling of the both Central Basin 

and Western High in the Sea of Marmara which are Line SM-46 and Line DMS-5 

(Figure 2.1, 2.2). SM-46 seismic profile cut the Central Basin from south to north is 

recorded during the SEISMARMARA-Project in 2001, interpreted by the (B®cel et al., 

2010) and it mainly identifies on thermal properties of the region (Grall et al., 2012). 

In addition to this, DMS-5 Seismic Migration section is gathered by the General 

Directorate of Mineral Research and Exploration (MTA) in 1997 by research vessel is 

known as Sismik-1. It is proccessed by the (D¿ĸ¿n¿r, 2004) and interpretation of faults 

is taken from (Imren, 2003).  
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Figure 2.1 :  Interpreted SM-46 seismic profile that is located in the Central Basin, 

which has three main units and a basement, and faults (Grall et al., 2012). 

 

Figure 2.2 : DMS-5 seismic migration section of the Western High of the Sea 

Of Marmara (It is adapted from D¿ĸ¿n¿r, 2004 and also interpretation of faultsô 

locations are taken from Imren, 2003 but degree of faults are accepted 90Á for the 

model). 

The seismic sections and program are calibrated as knowledgeôs of depth and distance. 

First of all, Central Basinô section calibrated by using the 4 km scale that localized at 

the bottom. As a result, scaling updated as a 24 km distance and 6 km depth, 

respectively. However, these must be converted to depth from two-way travel time for 

the Western High section. It is calculated 3 km depth by using averaged velocity, 

respectively. Besides, one CDP measurements is taken as 6.25 meters (D¿ĸ¿n¿r, 
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2004); so, the distance is calculated almost 19 km. After this step, all structures that 

are bathymetry, faults and sedimentary layers are selected and they are digitized in the 

Plot Digitizer program as .csv files (Figure 2.3 and 2.4). Then, these files are organized 

that can be read by the Ansys Fluent program as .txt file, properly. Finally, first step 

of modelling is done. 

 

Figure 2.3 : Digitizing fault F4 and F3 in Plot Digitizer program, which are 

localized in the Central Basin. 

 

Figure 2.4 : Digitizing MMF in Plot Digitizer program, which are localized in 

the Western High. 
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2.3.2 Constructing of the Geometry 

This step is critical for the modelling accuracy, since the main purpose of the project 

is solving the problem in a true-way and being in accordance with the real earth. So, 

all-important structures for the system are imported to the Ansys-Fluent Design 

Modeler section from the Plot Digitizer program. Every line that represents the faults, 

sedimentary layers and bathymetry are identified and composed each other by using 

spline tool. Also, depth and distance measurements are reserved in the Plot Digitizer 

program.  

 

Figure 2.5 : Geometry of the Central Basin model. 

In Figure 2.5, bathymetry, sedimentary units and faults can be seen. Distance is 

symbolized as H18 as 24 km and the depth is represented by V19 as 6 km, respectively. 

 

Figure 2.6 : Structures of the system in the Central Basin. 

Divided sedimentary units, faults and can be observed in the Figure 2.6. It gets easier 

to specify each body according to their features.   
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Figure 2.7 : Geometry of the Western High model. 

In Figure 2.7, main structures that are bathymetry, sedimentary units and faults can be 

seen. L20 represents the depth as 3 km and H10 shows the distance as 19 km, 

respectively.  

 

Figure 2.8 : Structures of the system in the Western High. 

Similarly, bodies that are separated each other such as faults and sedimentary units can 

be seen in the Figure 2.8.  

Consequently, real data about the seismic sections are conserved by this way. For 

starting, marine sedimentation layer, interpreted faults and related sedimentary layers 

or units are stated and digitized in the Plot Digitizer. Digitized points are imported in 

the Ansys Fluent Design Moduler and connected each other as a one system. Finally, 

they are prepared properly for the meshing. 
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2.3.3 Creating the Mesh 

Creating the mesh is a second main stage for simulating a system after, the construction 

of geometry that represents the real earth model. 

A mesh consists of grouped nodes and elements that can be square, triangular, and 

quadrilateral shape. Convenient element in 2D and 3D model is triangular generally 

because of the increasing rate of the solution on an each cell, and representing angular 

shaped structures. It means that high solution rate on an each unit volume provides 

high quality mesh. In addition, usage of high quality mesh takes away problems about 

extra tests, and estimation for future. Therefore, it converges the optimum solution in 

a short time.   

Meshes in this project are created by using geometry settings, specially. Details about 

the meshes can be seen in the following Table 2.1, which includes the physics 

reference, size function proximity and curvature, statistics and mesh method.   

Table 2.1 : Details of the Mesh Systems of the Central Basin and the Western High. 

Mesh Name Physics Reference Statistics Mesh Method 

  Elements  Nodes 
 

Central Basin 
Computitunal Fluid 

Dynamics (CFD) 
141921      71599 

All Triangles 

Western High 
Computitunal Fluid 

Dynamics (CFD) 
28660         14764 

All Triangles 

Element size of sedimentary units and faults are determined differently due to the their 

areas are not same. Fault thicknesses are selected 150 m, so, element size of faults are 

20 m, while sedimentary units are 50 m in the mesh of the Central Basin.  

 
Figure 2.9 : General view of the Central Basin mesh. 
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In this way, nodes rate are increased and so, mesh quality gets higher. However, since 

the cells are small, mesh structure cannot be seen clearly in small scale, so detailed 

views can be seen in the following figures. 

Mesh of the Central Basin can be seen in the Figure 2.9.  Generally, also, detailed view 

of faults can be noticed in the Figure 2.9 ï 2.11 from south to north.  

 

Figure 2.10 : Detailed view of the fault F2 and F4 Meshing located in the south. 

 

Figure 2.11 : Detailed view of the fault F3 and F1 meshing located in the north. 

Similarly, the same concept are applied to the Western High mesh. Fault thicknesses 

are decided up 75 meter for R4, R3, R2 and R1 faults and 125 meters for Main 

Marmara Fault (MMF). Thus, element size is written as the faults is 10 m, and the 

sedimentary unit is 50. Also, this model is less dipper (3 km) than the Central Basin 

model (6 km), so it is determined that the smaller element size is more appropriate to 

analyze best.   
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Figure 2.12 : General view of the Western High mesh. 

 

Figure 2.13 : Detailed view of the fault R4 and R3. 

 

Figure 2.14 : Detailed view of the fault R2, Main Marmara Fault (MMF) and R1. 

Western High mesh is shown in the Figure 2.12. in general and detailed view of the 

meshing can be seen in the Figure 2.13.  and Figure 2.14. 

2.3.4 Setting Up Solutions  

Solution is the final stage of the modelling that can be steady state and transient. 

Simulation of a system is solved by using these two ways depends on thesis purpose. 

Firstly, steady-state solution were performed then also transient models were 
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computed. Simulation is calculated in order to see evolution of temperature and fluid 

flow during the time. Finally, it can be seen the results of some physical parameters 

like temperature and heat flow velocity as a vector distribution or contour map. In this 

thesis, both of the mentioned solution methods are used on the systems that describe 

following chapters.  
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 MODELLING  

In this chapter, boundary and cell zone conditions are going to identify as physical 

parameters like hydrostatic pressure and porosity. These values are used to specify 

each model, accurately. Thus, models are going to calculate through the time and the 

fluid flow velocities are noted for each time section. After that, it is going to observe 

whether the models have reached a steady state in the next chapter. 

3.1 Heat and Fluid Flow Models of the Central Basin in the Sea of Marmara 

The objective of this master thesis is to model heat and fluid flow distribution of the 

Central Basin of the Sea of Marmara. For this reason, a seismic line is selected that is 

SM46 Seismic Line after searching literature and heat flow models are created 

depending on it. The location of the seismic lines can be seen in the Figure 3.1.  

Seismic Profile of SM-46 is interpreted that the four main faults shaped the Central 

Basin that are F2, F4, F3, F1 in the Figure 3.2. In detail, F1 and F2 limit the basin 

outer, while F4 and F3 locate in the inner side. Sedimentary deposits can subsided 

from 4 km to 6 km by reaching the deepest part of the basin between the F2 and F1 

faults. Additionally, the layers stand aside to the faults with normal component by 

pointing out the fault activity (B®cel et al., 2010). 3-D subsidence rate model is created 

by considering homogenite deposit and SM-46 seismic profile is reinterpreted in the 

light of it. Therefore, the S1 blue layer aged as minimum 250 ka, the S2 pink layer 

aged between 250 and 450 ka when S3 yellow layer aged from 450 to 650 ka in 

accordance with the constant sedimentation rate with ~7.5 mm/a (Grall et al., 2012). 

Besides, sedimentary units in the interpreted seismic section are basically reinterpreted 

for the model as four units mainly that are three sedimentary and one basement layer, 

that it can be seen in the Figure 3.3.
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Figure 3.1 : Locations of the seismic sections that are used in the modelling (Bathymetry is taken from Claude et al., 2001; faults are interpreted 

from ķengºr et al., 2014; and the locations of the seismic lines are taken from D¿ĸ¿n¿r, 2004; Becel, A., 2010).
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Figure 3.2 :  Interpreted seismic profile of SM-46 in the Central Basin (B®cel et 

al., 2010; Grall et al., 2012). 

 

Figure 3.3 : Reinterpreted SM-46 Seismic Profile for Heat Flow Modelling. 

3.1.1 Boundary Conditions 

First step for modelling is to apply the boundary conditions that are pressure values 

according to the bathymetry, temperature values of the horizontal boundaries, and heat 

flux values for the vertical boundaries in the model. Therefore, seafloor bathymetry is 

irregular for SM-46 seismic section, for this reason pressure values are calculated by 

considering variable water column, respectively. Besides, temperature value of 

seafloor, is taken 14ᴈ constantly (Geli et al., 2018), and crustal heat flow is 68 

mW/m2, so temperature at 6 km is calculated 158ᴈ by taking into consideration the 

thermal conductivity value as 2.5 W.m-1.K-1 (Grall et al., 2012). Finally, boundary 

conditions for the right and left vertical walls are assumed zero heat flux because there 

is no heat and mass transfer in there. In addition, these conditions are called as 

adiabatic, impermeable (Figure 3.4).  
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Figure 3.4 : Temperature conditions of the Central Basin. 

Hydrostatic pressure values can be seen in the Table 3.1., which are calculated by 

acceleration of gravity is -9.81 m/s2. 

Table 3.1 : Table of Hydrostatic Pressure Values of Water Column according to 

the Depth of the Central Basin. 

Units Water Column 

Thickness (m) 

Water Column Pressure 

(Pa) 

Sediments 1200 12128078 

Faults 1200 12128078 

Basements 860 8720498 

3.1.2 Cell Zone Conditions 

The most crucial step is defining of the cell zone conditions as a physical parameter 

for each unit located in the model. In this way, materials should be identified like solid 

and fluid, after that faults and layers can explain easily in the Ansys Fluent 

environment. Besides, Layer 4A, Layer 4B, Layer 4C, Layer North and Layer South 

are basement units, F2, F4, F3, F1 are faults, and others are sedimentary units that are 

shown in the Figure 3.3. 

Fault can conduct heat and water pressure like a channel in appropriate conditions 

(D¿ĸ¿n¿r-Doĵan & ¦ner, 2019; Heffner & Fairley, 2006). So, permeability of faults 

must be higher than the geological units in the environment, comparatively (D¿ĸ¿n¿r-

Doĵan & ¦ner, 2019). Thus, physical parameters like permeability, porosity are 

appointed in the light of such information. Also, permeability and porosity values can 

be seen in the Table 3.2. 
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Table 3.2 : Table of Physical Parameters for Cell Zone Conditions of the Central 

Basin. 

Units Permeability (m2) Porosity (1) 

Sedimentary 1.00E-16 0.1 

Fault 5.00E-17 0.2 

Basement 1.00E-15 0.03 

3.1.3 Run Calculation Section for each Computed Year 

Final step for modelling is run calculation that means model will calculated with time 

by numerically. Each time, governing equations are solved transiently by iteration 

method to approximate a real-earth model. Time step size is second in the Ansys Fluent 

Environment, so it is chosen 3.1E+07 s to calculate one year, properly. After that time 

step can organize what time is desired by considering of purpose of the project. In this 

thesis, heat and fluid flow is calculated several times that are 100 years, 1000 years, 

10000 years, 100000 years, and finally 1000000 years as temperature and fluid flow 

vectors maps in the following figures.  

 

Figure 3.5 : Calculated fluid flow velocity vectors for 100 years in the Central 

Basin. 

 

Figure 3.6 : Calculated fluid flow velocity vectors for 1000 years in the Central 

Basin. 
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Figure 3.7 :  Calculated fluid flow velocity vectors for 10000 years in the Central 

Basin. 

 

Figure 3.8 : Calculated fluid flow velocity vectors for 100000 years in the Central 

Basin. 

 

Figure 3.9 : Calculated fluid flow velocity vectors for 1 million years in the Central 

Basin. 

Therefore, it can be easily seen that basements have the lowest and moderate fluid flow 

velocity that ranges between 6.06e-16 and 4.14e-12 m/s, laterally (Figure 3.5 ï 3.9). 

In addition, there are some +y directed faster velocity vectors with 3.42e-10 m/s at the 

north and the south, whereas inside of the basin hosts ïy directed fluid flow vectors in 

general. Also, faults will mention in the following figures. 
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Figure 3.10 : Calculated fluid flow velocity vectors in the faults for 100 years in the 

Central Basin. 

 

Figure 3.11 : Calculated fluid flow velocity vectors in the faults for 1000 years in 

the Central Basin. 

 

Figure 3.12 : Calculated fluid flow velocity vectors in the faults for 10000 years in 

the Central Basin. 

Faults have higher velocity values more than 3.42e-10 m/s and their direction may 

change (Figure 3.10 ï 3.14). When inner faults generally behave to downside and 

inside of the basin, the boundary faults have bigger +y component in their velocity 

vectors that change their direction, differently. 

Also, fluid flow velocity is calculated in XX - YY directions by the time in the Table 

3.3. 
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Figure 3.13 : Calculated fluid flow velocity vectors in the faults for 100000 years in 

the Central Basin. 

 

Figure 3.14 : Calculated fluid flow velocity vectors in the faults for 1 million Years 

in the Central Basin. 

Table 3.3 : Calculated Fluid Flow Velocity for the Central Basin Depending on 

Time. 

Year Calculated 

Minimum 

Velocity (m/s) 

Calculated 

Maximum 

Velocity (m/s) 

100 6.24E-16 2.52E-08 

1000 7.00E-16 2.52E-08 

10000 1.70E-16 2.50E-08 

100000 3.78E-16 2.52E-08 

1000000 3.44E-16 2.50E-08 

Steady-State 6.06E-16 2.83E-08 

3.2 Heat and Fluid Flow Models of the Western High in the Sea of Marmara 

The objective of the thesis is to understand the fluid flow and heat flow distribution of 

the Western High and Central Basin and correlate them with recent fluid outlets that 

is reported in previous studies (Armijo et al., 2005; ¢aĵatay et al., 2018; Dupr® et al., 

2015; Gasperini et al., 2018; G®li et al., 2018; Grall et al., 2012, 2018; Kuĸ­u et al., 

2005; Ritt et al., 2010; Sarētaĸ et al., 2018; Tary et al., 2019). By doing this, one can 
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identify the driving mechanism that transport the fluid to the seafloor. Since there are 

more fluid vents are reported in Western High we also extended our models including 

this part. Therefore, after simulating Central Basin models it is decided to make a 

second model for Western High to interpret thermal properties of Main Marmara Fault, 

accurately. Thus, the DMS-5 seismic section which is processed and interpreted before 

(Imren, 2003; D¿ĸ¿n¿r, 2004) is chosen for this purpose (see Figure 3.15, 3.16). 

 

Figure 3.15 : The DMS-5 seismic migration section of the Western High of the Sea 

of Marmara (It is adapted from D¿ĸ¿n¿r, 2004 and also interpretation of faultsô 

locations are taken from Imren, 2003 but degree of faults are accepted 90Á for the 

model). 

In detail, the MMF has dominate in the southern part of the Western High as a right 

lateral strike-slip fault with reverse component that cause rising since 400 ka at least 

(Gºkaĸan et al., 2003; Grall et al., 2013). While the deformation may be active in the 

northern slope of the high (Imren, 2003). In general, some landslides have occurred 

because of the seismicity and instabilities depended on gravity, regionally (Gºkaĸan 

et al., 2003; Sarētaĸ et al., 2018). Therefore, it is assumed that there is only one 

sedimentary unit due to low resolution of the seismic section that prevents 

identification of different sedimentary units from each other and five interpreted faults 

are transmitted to model directly, which are mentioned here as R4, R3, R2, Main 

Marmara Fault (MMF), and R1 from north to south in the Figure 3.15 and Figure 3.16. 
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Figure 3.16 : Main structures of the system in the Western High. 

3.2.1 Boundary Conditions 

Boundary conditions that are used in the Western High Model consist of pressure 

values depended on the pressure of the water column, temperature values for 

horizontal boundaries, and heat flux values for vertical boundaries. For this reason, 

pressure values are calculated by taking consideration of bathymetry, and acceleration 

of gravity with -9.81 m/s2, and also it can be seen in Table 3.4.  

Table 3.4 : Table of Hydrostatic Pressure Values of Water Column according to 

Depth of the Western High. 

Units Depth from Sea Level (m) Water Column Pressure (Pa) 

Unit 1 828 8221149 

Unit 2 984 9750971 

Unit 3 1078 10672786 

Unit 4 1047 10368783 

Unit 5 984 9750971 

R1 1078 10672786 

R2 1078 10672786 

R3 1078 10672786 

R4 828 8221149 

MMF 1187 11741700 

Similar to the Central Basin, seafloor temperature is taken 14ᴈ for the seafloor and 

82ᴈ  for the bottom layer by considering the heat flux 68 mW/m2, constantly (G®li et 

al., 2018; Grall et al., 2013). Besides, due to adiabatic and impermeable boundary 

conditions, the heat flux and mass transfer are approximated zero in the vertical 

boundaries (Figure 3.17). 
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Figure 3.17 : Temperature conditions of the Western High. 

3.2.2 Cell Zone Conditions 

After deciding the boundary conditions, the model should be specified based on the 

thermal features on the region that represent as physical parameters like permeability 

and porosity values in the Ansys Fluent software. For this purpose, Unit 2, Unit 3, Unit 

4, and Unit 5 are assumed as sedimentary units; Unit 1, Unit 5 are accepted as a 

basement; and finally, R1, R2, R3, R4, and Main Marmara Fault (MMF) are contacted 

as faults in the model (Table 3.5). Cell zone conditions of Western High are correlated 

with Central Basinô. 

Table 3.5 : Table of Physical Parameters for Cell Zone Conditions of the Western 

High. 

Units Permeability (m2) Porosity (1) 

Sedimentary 1.00E-16 0.1 

Fault 5.00E-17 0.2 

Basement 1.00E-15 0.03 

3.2.3 Calculation For Each Computed Year  

The last step is running a model for several years and observing changes in heat 

transfer and fluid flow velocity by the time. Ansys Fluent environment solves the 

conservation of equations for models numerically that is mentioned before. Besides, it 

comprehends the time step in terms of seconds. Therefore, to calculate one year, it 

must be entered 3.1E+07 s, properly. Depending on this procedure and fluid flow 

vectors are calculated in the XX ï YY directions for 100 years, 1000 years, 10000 

years, 100000 years, and 1 million years, respectively.  
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Figure 3.18 : Calculated fluid flow velocity vectors for 100 years in the Western 

High. 

 

Figure 3.19 : Calculated fluid flow velocity vectors for 1000 years in the Western 

High. 

 

Figure 3.20 : Calculated fluid flow velocity vectors for 10000 yearsin the Western 

High. 

 

Figure 3.21 : Calculated fluid flow velocity vectors for 100000 years in the Western 

High. 
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Figure 3.22 : Calculated fluid flow velocity vectors for 1 million years in the 

Western High. 

Therefore, it can be easily noticed that basement units that unit 1 and unit 5 generally 

have lower velocity value than the other environments, according to the figures above 

(Figure 3.18 - 3.22). In detail, these speeds are so small that are called as diffuse 

velocity. While, there are moderate velocity vectors with 5.24e-10 are located in the 

center of the model in the ïx and +y directions, basically. 

 

Figure 3.23 : Calculated fluid flow velocity vectors in the faults for 100 years in the 

Western High. 

 

Figure 3.24 : Calculated fluid flow velocity vectors in the faults for 1000 years in 

the Western High. 
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Figure 3.25 : Calculated fluid flow velocity vectors in the faults for 10000 years in 

the Western High. 

 

Figure 3.26 : Calculated fluid flow velocity vectors in the faults for 100000 years in 

the Western High. 

 

Figure 3.27 : Calculated fluid flow velocity vectors in the faults for 1 million years 

in the Western High. 

Table 3.6 : Calculated Fluid Flow Velocity for the Western High Depending on 

Time. 

Year Calculated 

Minimum 

Velocity (m/s) 

Calculated 

Maximum 

Velocity (m/s) 

100 1.08E-14 1.09E-07 

1000 1.29E-14 1.09E-07 

10000 1.46E-14 1.09E-07 

100000 3.43E-14 1.09E-07 

1000000 3.29E-14 1.09E-07 

Steady-State 1.19E-14 1.10E-07 
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Moreover, the faults commonly transport to seawater to the bottom and inside of the 

high with vectors that change velocity values between 3.11e-09 and 1.10e-07 except 

one fault (Figure 3.23 - 3.27). Only one fault located in the north transport to water 

from bottom to top of the high, but this velocity with 8.82e-11 is quite little to observe 

from seafloor. Finally, the calculated fluid flow vector velocities are got together 

depending on time in the following table (Table 3.6). It shows that the velocity values 

change from 1.08e-14 to 1.09e-07 m/s. Thus, the differences and similarities between 

two models will discuss in the following chapter. 
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 CONCLUSION AND DISCUSSION  

As a conclusion, the steady state condition of the models are going to explain and 

discuss with previous studies in this section, in detail. Firstly, both Central Basin and 

Western High models can reach steady-state condition according to the numerical 

modelling results as can be seen in the Figure 4.1- 4.2. The steady-state temperature 

contour maps are calculated, which temperature contour lines look smooth and linear 

that is similar to the Western High model (Figure 4.1, 4.2), but contour lines incline 

near at the fault because it is thought that the permeability of fault is higher than the 

surrounding sediments. Therefore, it behave like a conduit to transport heat and fluid 

(D¿ĸ¿n¿r-Doĵan & ¦ner, 2019; Heffner & Fairley, 2006). Furthermore, the fluid flow 

vectors are also calculated with steady-state temperature distribution, which range 

from 6.06e-16 to 2.80e-08 m/s for Central Basin (Figure 4.3). The value of the 

velocities are a little bit lower than the Basin and Range Geothermal Region that have 

ordered between 2.0e-14 and 1.7e-08 m/s (McKenna & Blackwell, 2004; ¦ner & 

Doĵan, 2019). The same situation is also valid for fluid flow velocity vectors of the 

Western High that has magnitude of the velocity is calculated as 1.19e-14 ï 1.10e-07 

m/s (Figure 4.4).  

 

Figure 4.1 : Steady-state temperature distribution map for Central Basin. 
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Figure 4.1 : Steady-state temperature distribution map for Western High. 

 

Figure 4.2 : Steady-state temperature distribution and fluid flow vector map for 

Central Basin. 

 

Figure 4.3 : Steady-state temperature distribution and fluid flow velocity map for 

Western High. 

In detail, blue and green colored fluid flow velocities in the basements have the lowest 

value in the environment for both models, while the faults have the highest velocities 

that are represented as yellow and orange colors (Figure 4.3 ï 4.4). Additionally, the 

center of the Western High shows moderate fluid flow velocity with 5.24e-10 m/s in 
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+y direction, differently, when the center of the Central Basin indicates lower fluid 

flow velocity like 4.12e-12 in ïy direction. The reason of this result may be high values 

of the hydrostatic pressure due to the depth of Central Basin ~1250 m. Also, some 

previous studies suggest that +y direction moderate fluid flow velocity in the high 

topographic region of the Western High, researchers propose that this gas and fluid 

flow outlets can source from secondary structures related to the clay shearing and 

fractures presence of the sedimentary units with high permeability (Grall et al., 2018; 

Ķmren et al., 2001). When other places like basement are represented with diffuse 

velocity that has smaller than 1e-10 that is so slow to affect the temperature distribution 

(¦ner & Doĵan, 2019). Nonetheless, the faults have important role to understand heat 

transportation and fluid flow vectors behavior. For example, one of the boundary fault 

F1 is located northern branch of the basin and F3 inner fault transport the seawater to 

the bottom side of basin in the ïy direction, especially (Figure 4.5). They also transmit 

the fluid towards sedimentary units in combination of ïx, ïy and +x, -y directions. On 

the other hand, the F2 and F4 faults located in the southern part of the basin generally 

behaves like a channel by transporting the fluid to the inside and upside of the basin, 

+y direction. Notably, only the F4 inner fault looks like more active than the F2 

boundary fault, relatively because of the presence of the upward fluid flow vectors. 

However, it can be easily said that there is no any remarkable difference between 

velocities. Apart from this, faults in the Western High generally behave similar to 

Central Basin, thus they are responsible for the circulation of the fluid in the system. 

For instance, the faults are commonly directed in ïy direction, they conduct the 

seawater to inside of the sedimentary unit and basement, except R4 fault located in the 

northward of the high (Figure 4.5). Although, the R4 fault has less velocity magnitude 

in +y direction. Particularly, the most active fault located in the Western High is Main 

Marmara Fault, due to the highest velocity value as nearly 1.10e-07 m/s. 

In accordance with previous studies, morphological marks of gas and fluid flow in the 

seafloor are mostly pockmarks, gas pipes and mud volcanoes (Sarētaĸ et al., 2018). The 

origin of this kind of structure in the western part of the Sea of Marmara is identified 

as thermogenic sourced because of the Eocene aged Thrace Basin that lie until almost 

eastern edge of the Western High  (Bourry et al., 2009; Dupre et al., 2015; Grall et al., 

2018; Sarētaĸ et al., 2018). Besides, the combinations of the tectonic settings, 

sedimentary structure, and seismicity control the gas emission features. In particular, 
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it is dominated by the faults and fractures in the western side of the Sea of Marmara, 

they distribute and migrate the gas in the environment (Dupre et al., 2015). The 

following map indicate that the acoustic gas emissions in the water column in the 2009 

(Dupr® et al., 2015) with fault structures (ķengºr et al., 2014) and seismic sections that 

used for modelling in this thesis (Figure 4.7). According to this, the areas have high 

fluid flow velocity are southern and northern branches of the Central Basin and the 

center of the Western High can recognize in the map. Generally, this map provide same 

information with the distribution of upward velocity vectors calculated in the models.  

 

Figure 4.4 : Steady-state temperature distribution and fluid flow vector map in the 

faults for Central Basin. 

 

Figure 4.5 : Steady-state temperature distribution and fluid flow vector map in the 

faults for Western High. 
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Figure 4.6 : Acoustic gas emissions in the water column with faults and seismic sections used in this study. (Acoustic anomaly map is taken 

from Dupre et al., 2015; bathymetry is used from Rangin et al., 2001; faults are interpreted from ķengºr et al., 2014). 






























