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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 Bam 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 arselectedo create a reatarth model, whiclare SM46 for Central Basin

and DMS5 for Western HighFurthermore, 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 zore 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 conditidocording tothe results like heat distribution
modek 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 providgreulation 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@éritral

Basin act alepocenter by promoting faults that F3 and F1 fault, when fluid and gas
flow obsened in the southern branch of the basin with F2, F4 faults. At the same time,
inside of theCentral 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 andasimg structures. In addition, Main
MarmaraFault 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.

xXxiii






MARMARA DENKZKONDEKK MERKEZ HAVZA VE
Y KSEKLKJKONKN 2 BOYUTLU 1Sl VE AKIKkKAN

¥ZET
Bu teziNaramaarcad8 Deni zi 6nde bulunan Mer kez
€ésé dajeléemé ve akekkan akék modaljléed manzin
gaz Ve hadka@imikrmlnama&at ekxma al ané ol arak Mer
Yéeksekl ijJidonin se-ilmesinin sedeg@dzive i se ¢
akékkan dekérl ayadawmyiukd eaml enmi kK ol mas édEé
gaz vV e akéekkan -ékekl areéeneén mekani zmas ¢
-al @ékmasénén yapeéel masé da Yunttemioml arnak am
model | eme KkBU | ami@Hime&lkd capl amal é akékkanl ¢
olan Ansys Fle nt pr ®g+ BinRirotgir ma m, u-ak m¢ hend.]

m¢ hendi sl iajlianve rkéinmyaa - o] u n | uykribilmlekindd | an é |
de karkél akt eyed mail léi mlaé dex niiad eadnil layigritnil ru.j

Mer kez Havza @niinyibuk éRillgdke it e-dtssisthik et t i |
kesit.i vV e Bat é& B¢ kssieskniiikj i keis-iitni Did el | e
se-i |l mi ktir Mer kez Havza i-in 6 km der.
model ol ukturul mukt ugé mar ok agnl tainnme Kg °sri s mVi €
sénérl|l ayydmapakblubaoamaktadér. Bunlardan F1
F3 ve F4 ise i- faylardér. Batée Y¢ksekl i
19 km ol an bir modé&lo roul mil kat nunméuxl nsui kst nuirk.  yDaMh
g°re ise Baté Y¢gkseklijioni kesen bex f |
Kuzey Anadolu Fayéeénén devamé ol arak Mar
Ana Mar mara Fayéoder .

Model |l eme i -in wuyogunsesiisminkd ek e ssiotnlrearkiin de
geometrisi ®d-uikltamr mkk t efay] sedimantez bimm gbd e k i

jeol oji k ol ar ak modelgeamettsiah m& & iuy enmEgrizeD {

pr ogr amén trave buradaeAmsysFikient progrenéan a k t amoéel ar a k
geometri si oMeurkkteuzr uHanwxd ur - i n fay kal énl
tanéemlanérken Bateé Y¢gkseklijiondeki 4 f a
125 m ol arak tanémlanméxt éer .

Daha sonra b°l ge iardanmeldeckdilbbas &8 daeclpakrn s u at a k et
sécakl eje gibi veriler kullanélarak seéné
akeseée 68 eamwMIm il et WehKlivie daj etraabah.é5 séca
al énméexkt eér . Bund eég °krne  dveerrikrelzi kHaevkzia t ab an €
158AC ve Batién Y% kksme kdeirjiinl i kt e B2A @larakbo aneé i
hesaplanmeknég¢,nkblgdele kuzey duvarl ar éné
ve k¢gtl e aktar éinmmegs iozldrard éjee doliany égseéyilra s é
sédléearak taBemuahmebteftikte, hidrostatik
i-in de deniz tabanée morfolojisine uygurt
tutul arak hes pplaanmeé yteé& rr9-8km/dormhaersakmend ié n mé
Téeém bunl ara ek ol arak -°9z¢mler g°zenekl i
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permeabilite, porozitgibi fiziksel parametrelerl¢ e ol oj i k biri ml er taném

Bu sebeple, fay, sedimanter birmmv ana kaya ol mak ¢zere ¢- fark
permeabilite ve porozite dej eri se-i |l meye
dejerl eri en b¢yéekten en k¢g-¢]e séraseéeyla fa
tanéemlanméxkt ér .

Buraya kadar permeabiliie por ozi t e, sécakl ek ve hidrostz:
parametreler kullanél arak modell erin sénér Kk
giri kK verisi olarak gseéei devegk emeh Da@dimesonr al
hesapl Kka kttheauy.umodel | eme i -in ésé -Y¥aj él émé Vv e
y°nlerinde zamana bajl é& ol arak hesapl anméxkt é
yel, 1000 yel, 10000 yeéel, 100000 yel ve 1
Yeksekl i Ji o6ni t emesri | i keidsein dressthfe)aduramal @ (st ead
ul akméxkl arder Bu karar |l é durum sonu-1ar én
harital arénda genel ol ar ak l i neer ve yumuk
yakénénda kont ¢r -izgil er iBuirmmda] ifmlyd mdiéjni dag
y¢ksek permeabilite dejerine sahip olduju i-
Kararl é@ duruonaklexk@®mala&k®£kelssvza i -in akékkar
6.06e16 m/sile 2.80e08 m/sar asénda deji kmek€eadigr,bneMewlke z
kuzeydeki birimler 6.06el 6 m/ s gi bi yukar é yonl ¢ de¢ K¢k
g%zl emlenirken havzamRémngiib-i b Irésaml eraihmad ey ¢&K.slexk
-arpmaktadeér . K- havzada y¢ksek heéelza sahip
yenl Bdpun ylaylrdaise 2406 0 m/ s y¢ksek héezl é akékka
arz weder. Fayl arda akéek akék viR&keZ rl erinin
Havzaodonénayl3arveené&n adkékkané akajé y°ne takey
birdgpo al ané gi bi yanséteéerken g¢neyde yer al e
-alektejeée g°r¢l mektedir. Ayné zamanda, Merke
yorumlanabilir, -¢é¢nk¢ burada kuzeyden aktar
yolculuk edere g¢neye baskéen ol arak yatay y°nl ¢ ha
aksine, g¢ney ve kuzey kenardaki birimlerin
akékkan vektorl eri yer al maktader. Bunun se
i -ine oranhiadrddadttaatdick ¢lkkasén- dejerine sahip

¥te yandan HBatien Ykakrsaerklléi jdiurluifeldd K.80ek an ak ék
O7m/sar al eéjJ énda hesapl anemékkt éri .d rBasttéa t¥ gk sbeaksléinj-
kayma yapélarénéenkear Hajg®@raddadtha bbh yy ek Ma@k ék k ar
akéek hézéna s aBli1llp0O misy ¢ kYsuekkarleé zyl°enl gk ék kan aké
genel ol arak Baté Y¢kseklijionin tepelik ala
ve inaktif fayarla birlikte Ana Marmara&y € -088®é s by ekl ¢]J ¢ndeki
y°nl ¢ akéekkan akeélku velkd rfadsdy esiur ksl ¢ lmiy anl e n ¢
fay&adece R4 fayé yukareée y°nl ¢ akéekkan akeéex
2.50e12 mertebelerindedir.

Sonu- MerkezHaka ve Bateée Y¢gksekIl ifgi i -in hesapl
akék heéezlarénén dejeri, Ameri ka Birlekik De
JeotermaB° | g e 8.0eddnvée In7dD 8 m/ s heézl aréndan biraz dah:
dékenda, fayverakadrxkenmnmde léeestéemek | deBsor uml u ol

nedenle gaz ve séveé akéekenée hidrogttraed i k baseé
takéyarak ve daj et asraajkl bbeitskteezm H a-viznadéenkéin -ie-v rkié
yanal vyenl § alk&tRahermkég®zlemlenmicktir, bur
y°nl erde ama y¢ksek hézlé akékkan akék vekt?©
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Mer kez Havzabdneén kuzey yamac é, depo a

Yeksekl iJionde 1 se n&kajné bylyrelke oakainkdkaa ns as
Mar mara Fayéodér. Ayréca tepelik alanl ar ¢
g%zl emlenmesinin sebebi i ki hncoidelve meay ma
kull anél an pesaplana®ed & ed @p&kledke@anv e Kénkc erka d e |
sismik, sismolojik ve gaz -éekeéek -al éxkmal
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1. INTRODUCTION

Various researchers have studibd western part of th&lorth Anatolian Fault that

lies in the Marmara Sed@n increasing nmber of studies were conducted with the
expected Istanbul earthquaksich as interptation of multichannel and high
resolution seismic data, geochemical analysis by taking safmpheshe seaflooand
investigation of gas outletS'he main objective othe 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 wewdcalated by using two
seismic reflection sections, which is thought to represent the region best in the

mentioned regions.

1.1 Tectonic Settings of the Sea of Marmara

North Anatolian Fault (NAF) is a rigHateral, strikeslip fault extended between the

north of the Van Lake and Biga Peninsula from eastvést in the Figure 1.(Ketin,

1968; Le Pichoret al., 2001), which is also identified as a transform fault (Wilson,
1965; keng°r et al ., 2014). Al so, it doe
some ripped parts; therefore, using the |
accuratehte statemer(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 Anatoliatilto the Eurasian

one that caused to close of the Tethys
keng°r et al., 2005). Mor eo vskprfapltrédaivé s | i d
to the Eurasian platéArmijo et al., 2002; Bourry et al., 2009; Imrexn al., 2001;

McClusky et al., 2000; Meade et al., 200Bpwever, twethirds of the shifting and

high seismicity is occurred in the northern part of the NAFE aj at ay & U- ar
2019; Flerit et al., 2003; Reilinger et al., 2006e n g ° r 008)which ik mentiorzed

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

well-known big earthquakes @w 7) that happened in the MMF are 1509 September



10 earthquake with magnitudes®T.2 and 1766 May 22 earthquake witlagnitude

Ms=7.1. In the 20th century, 1912 Aug@searthquake with magnitudes#.3, and

1999 August 17 (1l zmit) and November 12 (D¢
Ms=7.4 and M=7.3(Ambraseys & Jackson, 2000)

20°0 25°0 30°0 35°0 40°0 45°0

o = — - . - -
Figure 1.1 : Tectonic settings of the Turkey and study regiors thodified from

(Degkegnegr, 2004; keng?®r bathymetayldataistakeh®®dn) . Topogr

USGS.

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

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

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

is that Sea of Marmara has two MV structures, Western and Central Highs, that

|l ead to form three main basins cadédld as Tel

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

to the evolution of the basins, kinematicgBorlien et al., 2012)Tectonic models of

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

mentioned as pukpart, erechelonand master fault in Figure2L(Yaltirak, 2002)

also seadystate 1, steadgtate 2, and young reorganization 3 mod8isrlien et al.,

2012)



A Pull-apart models B En echelon models C Master Fault models

ERGUN and OZEL, 1995 : i e i | : i a )
WONG et al, 1995 : SiYAKO et al, 2000 IMREN et al, 2001 0 w25 Km

Figure 1.2 : Tectonic malels of the Sea of Marmara. (A) Patlartmodels (B) En
echelonmodels (C) Mastefault models. When bold lines show the primary faults
that form the region, thin |Iines indic:é

According to the first model, main basins located in the northern part in the Sea of
Mar mara that are Te&krBafpin€eateadammaadpte
basins that cut by short strilsip fault parts( Bar k a , 1992,; Erge¢n a
;Barka & KadinskyCade, 1988; Wong et al., 1999}hey have reachedishresult

from the seismic section interpretations and seafloor morphology such as wedge and
rhomboidal shapes of the basins, limitations of stslike faults that are &V

directional primarily at the boundaries and N8 or NESW directed secondly, and

structures like foldgWong et al., 1995)Secondly, the reason of the formation is
explainal as erechelon faults causing the negative flower structure that can be noticed

in the seismic reflection section of the regi@kay et al., 2000; Parke et al., 1999,

2002; Seeber et al., 2004, 2010; Siyako et al., 200@y suggest that an arrangement

of enechelon faults can be seen in the southern wall of the deepest basins like
¢énarcék, w h i ¢ hthe nerthdrnoedged of the limralit andeMarmara

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

, 2000; Den
Imren et al.2001; Rangin et al., 2004;e n g ° r2005)t Sinee) the Marmara Fault

Marmara Fault, which d¢uhe entire region Ak su et al

defl ect their degree from ¢énarcék in th
length, mainly as two segments. They are identified as a single fault by coinciding with

same depth in the bottom, in the eastern eddefofe ¢ énar cék Basin s



they extend in the same direction and near each other. Therefore, Marmara fault is
based on a single righateral strikeslip fault (Imren et al., 2001).

Main Marmara Fault separates two main brunches where are latdtedinorth 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 knowthéatain fault
properties of the geological features to comprehend the behavior of the MMF,

correctly.

1.2 Morphology of the Region

Bathymetric data clearlyevealthe continuation of the North Anatolian Fault Zone
(NAFZ) below the Sea of Marmara with its pany sheves, 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 regionlwe discussed.

There are five basins drtwo highs are located in ttf&eaof Marmara which are

Tekirdaj] Ba s i Qentral Basis, KemburgazrBag@bntral High, Imrali

Basin, and fomwestrtoceaskitheB-igwseld FurthermoreT ek i r daj ,
Centraland ¢énarcek are deep bam(ntsa,] awhhiych& ar e
U- a r R0M9%. 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 theCentral Basin and Western High.

1.2.1Basins of the Sea of Marmara

Tekirdaj] B atthé northersshglf bf the Madnam Sea. It is a wedged shape

basin covering the 120 Krarea and the depth of the basin is 1190 m in the Fig8re 1.

The northern slope of the basin is a bit steeper than the southern slope of the basin
(¢ajat ay B9 thediffreneeijs® degrees (¢ajatay & U-ar
Okay et al ., 1999). There is a | aandsl|l i de are
D¢Kengr 290@3) KmFTelki rdaj Basin becomes deep
and it causes the accommbdaon of turbidities to the NE. I
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, -sastfvest



directed faults are located ithe 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
2003).

Kumburgaz Basin is gery narrow area that is around 160°%kihextends 30 km from

east to west and nearly 10 km in NS direc¢
2000) . It can be said that it devel ops
according to Okay et al2000. 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, strikeslip faukt 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 southe@m e ( Demi rbaVY et al ., 200 3; I
al., 2012).

¢énar cék Bygestibasinifnren, 2008 ¢ bgne¢egr, 2004) -t hat
km? area in the eastern Marmara Sea. Its depth is 1270 m. In the west, it is limited by

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

is steeper than the southern that has a

| ocated on the northern si-dipwitodnomale ¢én
componentwhich causes a positive flower structure on the seismic profiles (Imren et

al ., 2001). The northern branch of ¢énar c
basin. SE of the basin has normal fault reflected the extension of the area, whereas

somebl ds and thrusts are |l ocated in the SE

Imrali Basin has 400 depth in the southeast direction in the Marmara Sea Region
(¢ajatay & U-arkuk, 2019); so, i-laterals t he
strike-slip faults that have normal component is marked the basins in both south and
north (¢ajatay & U-ar kuk, 2019, Okay et
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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., 2004 ;D¢ 12Q04).,Key to
abbreviations, from west to east: TB: Tekir
Central Basin; KB: Kumburgaz Basin.

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

at depth and rhomboid depressiaeaacoveringaround330 nt in the Figure 4.
Western High i®ounded the structure at the west, when Central High is located at the
easttaj at ay & U- CGentral Bas batRyeirg indicates theorthern

margin is quite teeger than the southermone (Le Pichon et al., 2001)t host four

main faults that two of them bounded the basin and others are shaped to the inner basin
deeper. Inner faults may be strikslip faults with the normal component that one of
them may be more dominant than titeer due to the vertical slip understbeasily

in the intersection plane. They are active when sediments are deposited syn
kinematically, in actual, so they are a presence in several ranges ttherimgjlapart

basin generatiof B®c e | et al ., 2010)

1.2.2Highes of the Sea of Marmara

Western and Central High in the Marmara Sea have trelN& Hirection, anticline

feature. Although Central High containsunger sediment units, Western High has

more older sediments which are cut morphological feature severally that can be
observed even bathymetry map distinguishabl
namely Central Marmara Ridge (Sorlien, et al., 2018)located between the
Kumburgaz and ¢énarcék Basins, nearly 400 m
Main Marmara Fault cuts as a righateral strikeslip fault it, sliding 3.5 km (Armijo

et al., 2002; Le Pichon et al., 2003; Sorlien et al., 2012).r@erigh has a huge



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 depogiabrodcurs in

parallel with each other.

Western High shows sinusoidal shape that
(¢tajatay & U-ar kuk, 2019) . This ridge i ¢
evolution stage of the North Anatolian Fault in the Marmara Sea. When the fault passes
throught o t he west, a huge | andslide has occ
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
geologtal features, which has fluctuating structures. Also, some active and inactive
faults | ocated by delimiting the high, wt
et al., 2014). There is a presence of subsiding sedimentary deposits in the western of
the ridge; however, the eastern part incl
& U-arkuk, 2019; Grall et al., 2018).

-200

-400

-600

-800

-1000

-1200

-1400

Figure 1.4: Block diagrams obathymetry. It is modified from (Claude et al., 2001).
Key to abbreviations, from westtoeast:TB Te ki r daj Basi n; WH:
CB: Central Basin.



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 seismicseismicity, and gas and fluid flow the Sea of Marmara. It can be said that
researches have been increased si=hde 1999
(G®I i e t Theréfare, theBeGarke 8 Jot of studies to worth to explain, but only

some of them are directly related to study of #i2 [zeat flow modking in the Central

Basin and Western High in the Sea of Marmara.

On the one hand, some seismic, seismicity related studies were done by varieus earth
scientists in the Sea of Marmara to understand western part of the North Anatolian
Fault Zone (NAFZ). lis clear thatheprevious studies did not include higbsolution

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 tye like air gun orarker. For example, it is used to understand better
the connection between the geometry of the strike slips faults in Turkey and earthquake
activity (Barka & KadinskyCade, 1988)

Furthermoremany highresolution seismic studies are surveyed in the Sea of Marmara
under the leadership of sommational andinternational projects. It provided
advantages of reaching more depth and interpretegeaismic data more accurately.
Take examples for it, highesolution sparker seismic profiles are used to investigate
seismic stratigraphy for several locations in the sowght of the Sea of Marmara
(Smith et al., 1995Moreover, air gun seismic profiles in the Sea of Marmara are used
to examine sedimentary and stwal features of the North Anatolian Fault Zone
located in the Sea of Marmaf@&/ong et al.,1995) Offshore multichannel seismic
reflection sections are used to suggest a tjipletion model for NAF in the Sea of
Marmara(Okay et al., 1999, 2000Furthermore, Main Marmara Fault is investigated

in the light of the higkresolution sparker, degpwed seismic reflection sections, and
this paper also includes the first higgsolution bathymetry map of the Sea of
Marmara, completelyLe Pichon et aJ 2001) Tectonic interpretation with a new
perspective is also based on the multichannel seismic reflection data of the NAFZ in
the Sea of Marmardmren 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

Kz



data, the structure of the Marmara Sea Basin is expléitted et al., 2003)The active
principal deformabn zone is investigated by interpreting Pasisar seismic data for the
Main Marmara Fault (MMF) in the Marmara SeaDe mi r baVyY .eMMFial . , 2
also searched by using both seismic data with several sources types and bathymetry,
so the tectonic struate of the MMF is aimed to descriffRangin et al., 2004Finally,

recent studies have supplied deeper seismic reflection data rather than thesprevi
ones. For instance, faults located in the Marmara Sea are interpreted in terms of
structure, evolution, and deformatiflmaigle et al., 2008)In addition to this, a-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®c e |l e.tA neavland recedtinferpretation is exhibited from velecity
depth models from OBS and higleep seismic reflection data in the CelnBasin,

Central High, and Kumburgaz BaginB ® c e | e tFinaly, a newly dduiéedl
multichannel seismaireflection data is interpreted and a detailed stratigraphic model

is created initially(Sorlien et al., 2012)

In addition to the seismic exploratigris can bethought that there can be a relation

between earthquake activity and free gas emissions in the North Anatolian Fault zone
(Kuk-u et al ., 2 0.@GBnerall3 gas enaissions ard fouadleither 2 0 1
through the active faults or around of them, which are based on the biogenic and
thermogenic sources. Bieghi ¢ sour ces mai nly occurred
whereas, thermogenic one related to the Thrace Basin originated, especially methane,

in the Western High and Central Hi¢Burnad 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 Ma(Rdrat al.,

2010) Bi ogenic gases in the ¢énarcék Basin
are classified chemically and structurglBourry et al., 2009)Besides, causes of the

incressed gas activity from east to west in the Sea of Marmara, and chemistry of
samples from Tekirdaj, Centr a(ZttdBetsall, ns, a
2008) Furthermore, the studies about gas and fluid flow in the Sea of Marmara have
increased during the last decade. TH2 &coustic water column is examined relating

to the seismicity and seismic studiésDu pr ® e t. Mardover, seaflOot 5 )
authigenic carbonate crusts are detected in terms of geochemistry and mineaalogy, s

results show that fluid flow relates to the active faults in the Sea of Mafm&ra ] at ay



et al., 2018) In addition to this, the gas migration is interpreted by creating a three
dimensional velocity model by considering mig®ismicity in the Main Marmara

Fault that $ located in the Western HiIghG ® | | e t. Madovey, statiz @rid 8 )
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 cag@ary et al., 2019)
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2. METHOD

A number of twedimensional and threédimensional fluid flow studies are
summarized below depending on the their features of temperature and porous medium
that affects fluil 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 anohe fault that cut the all this sta@cKibbin, 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 basicogkel, and it shows that the effects of the topography on
the heat and flow mode(®eming & Nunn, 1991)Furthermore, It is searched that
faults influences on the flow behaviprL - p e z & S Raults haye vdrsteép)

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, steadgtate and unsteadbtate 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 steatdjfe solutions for Newtonian fluid,
viscous, and laminardiv simulationgSarkar et al., 2004)t has an important place

in literature due to the fact dh 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. Anmerical analysis on a basic model for basin
and range region that has similar tectonic characteristic of-g@asen system in the
Western Anatolia are studiét¥icKenna & Blackwell, 2004)This study show 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 felg#enentamethod. It shows

that the RayleigiBernard 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 th

11



groundwate(Simms & Garven, 2004 Aside from thisheat and flow modelling are

made in midocean ridges with high number of Rayleigh and Nug$alntaine &
Wilcock, 2007) Besides, the first and exemplary thddmensional 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 para(fetesen et al., 2012)
Two-dimensional modeling are created by usingtéhelementary and finiteolume
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 8ylgler 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 s@Uatkster 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. Ferdasons, each parameter require

detailed evolution in modelling studies.

2.1 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 conditighs In
thesis, it is thought that the porous media is the best option to representartieal
model like sedimentary environment. For this purpose, presssed solver is
selected to solve problem, properly. Prestiaged solver can solve equationmaks,
momentum and energy conservations simultaneously by using two main algorithms
that are segregatguessurebased and couplegressurebased. The algorithm of
pressurebased coupled means pressure and velocity coupling. It has more advantages
than theother option, for example, it is more resistant and more effective for solving
steadystate 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 governingtems that is also called

12



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 Equdtion 2

Secondly, inertial loss term is located in the left side
3 B $t0 B # -mO0O (2.2)

where Sis the source term for the ith (x,y, or zZ) momentum equation {\Njm is the

magnitude of the velocity (m/s), D and C are prescribed matrice$)(1/m § i s dens
kg/m® , and e is fluid viscosity (kg/m.s).
decrease that is proportional to the fluid velocity for creating a pressure gradient in the

porous cell.

For adapting the situation to homogeneous porousumedt can be written as
3 -0 # -m0 (2.2)

Where U is t hYandCdsthamartialirdsistange fatton (1/m), simply
specify D and C as diagonal matrices (3/mnd G, respetively, on the diagonals

(and zero for the other elements).

Pressure decrease depends on velocity proportionally for laminar flow in the porous
media. Besides, constant €an be take into consideration as zero. At the same time,
diffusion and convectiveacceleration can be accept as negligible. Therefore, the

equation is mentioned before (2.2) convel

np -® (2.3)

According to the coordinates directions,

nb B —OY (2.3.a)
nb B —OY (2.3.b)
nb B —OY (2.3.0)

Wh e r g ard thdJinputs in the matrix D in the equation 2;lare the velocity
component§m/s) in the xy, and z directions, ant ,¥¢ , andY¢ 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

13



—~ n8r @ n8ran 3 (2.4)

The volumeaveraged mass and momentum conservation are updated as follows by

supposing isotropiporosity and singl phase flow,
— n8r @ ™ (2.5)

and,

2]

ngr @ (Mmp n8rp» "D —O —nNGEO (2.6)

Where, 9 is the pornoesiatnyd tshpaatc ema yi ci hsa ndg e fbuys i
(m?/s); K is the absolute permeability Yn" Pis the body force (N/r);

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

transferring calculations.
— Mo n8OGML P n8E n4 BERP z & 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.m?/s?); ket is the effective conductivity (W/m.KP is the diffusion flux (kg/ms)

and h sensible enthalpy (J/kg) of species j, T is temperaturen(idl&des volumetric

heat sources (J/Knandbis velocity field (m/s),z is the effective shearrsss
(kg/m$).

2.2 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 bawlccampound 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, andlyigthods can only solve

the some types of problems, so it is difficult to adapt this method to complex physics
problemgPeksen, 2018)

There are three kinds of methods generally, which are finite elements methods, finite
difference methods and finite volume methods. The finite difterenethod is one of

14



the most popular methods that are used commonly in computer simulations. It has the
advantage of simplicity and clarity, especially #Dlconfiguration and other cases
with regular geometry. The finite difference method essentialipstoams 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 expdfiritas
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 mebkh.aFinal
group of algebraic equations represents an ordinary differential equation. Thus, this
method commonly used in models have unchaotic shape andiroeesion (Yang,
2008).

The basic idea of finite element analysis is to divide the domain into manybéockb

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 agsstems
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
elemerts. 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
othe; 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 methodesembles 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 bouad, 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. Governingequations 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 problemgYang, 2008)

2.3 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 calctilateflow and
temperature distribution for porous media} n e r & Da jArsys,Fluept0 1 9)
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 aadth 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 conditionsthis 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 trartgfelling that is

the main purpose of the thesis.

2.3.1Model Geometry

Two selected seismgectionsare used for heat modelling of the both Central Basin
and Western High in the Sea of Marmarhich are Line SM46 and Line DN&-5
(Figure2.1, 2.2. SM-46 seismic profilecut the Central Basin from south to noigh
recorded during the SEISMARMARRYrojectin 2001 interpreted by theB ® c e | e t
2010)andit mainly identifies on thermal propertie$ the region (Grall et al., 2012).

In addition to this, DM&-5 Seismic Migration section is gathered by the General
Directorate oMineral Research and Exploration (MTA) in 1997 by research vessel is
known as Sismid..Ilti s pr oc c e s s e d200d)\andtintemretétibngalis n ¢ r
is taken from (Imren2003).
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1“”'
[ S1 (0-250 ka) [ ]S3(450-640ka)
[ ]1S2(250-450ka) —— Top basement |—%km |

Figure 2.1 : Interpreted SIM46 seismicprofile that is locatedn the Central Basin,
which has three main units and a basement, and faults (Grall et al., 2012).

2,00

two-way travel time (sec)

4,00
Figure 2.2 :DMS-5 seismic migrationection of the Western High of the Sea
Of Marmara (It is adapted from D¢kKeéenegr,
locations are taken from | mren, 2003 but
model).

The seismic sections and program are cali
First of all, Central Basind sedizedan cal
the bottom. As a result, scaling updated as a 24 km distance and 6 km depth,
respectively. However, these must be converted to depth fromvayaravel time for

the Western High section. It is calculated 3 km depth by using averaged velocity,
respectively. Besides, one CDP measurements sk en as 6. 25, meter
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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 (Figl2& and2.4). 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.

) SM46_Central Basin.png
File Edit Analysis Windows Help

Despeckle |  Calbrate ReCalib Y Bigifize Undo Add Done |  Zoom:OutIn 100 % | GridLines

[ South ] Center T North ]

[ S1(0-250 ka) 1S3
[ ]S2(250-450 ka) —— Top basement j—4km |

Figure 2.3 :Digitizing fault F4 and F3 iflot Digitizer program, which are
localized in the Cendl Basin.

5_Western_High.jpg
: Analysis Windows Help

Zoom:OutIn 100 % |  GridLines

two-way travel time (sec)

Figure 2.4 :Digitizing MMF in Plot Digitizerprogram, which are localized in
the Western High.
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2.3.2Constructing of the Geometry

This step is critical for the modelling accuracy, since the main purpose of the project
is solving the problem in aue-way and being in accordance with the real earth. So,
all-important structures for the system are imported to the ARyt Design
Modeler section from the Plot Digitizer program. Every line that represents the faults,
sedimentary layers and bathynyeare identified and composed each other by using
spline tool. Also, depth and distance measurements are reserved in the Plot Digitizer

program.

ANSYS

R19.2
_Academic

a 5e+03 1e+04 (m)
2.5e+03 7.5e+03

Figure 2.5 :Geometry of the Central Basmodel.

In Figure 2.5, bathymetry, sedimentary units and faults ¢se seen. Distance is

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

S N

o

N
4.500+03 9.00e+03 (m) I ©
S 02020 O 9Eaaaaa—— %

2250.00 6.75e+03

Figure 2.6 : Structures of theystem in the Central Basin.

Divided sedimentary units, faults and can be observed in the Rduré gets easir

to specify each body according to their features.
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ANSYS

R19.2
Academic

0 3.5e+13 7e+03 (m)
1.75e+03 5.25e+03

Figure 2.7 :Geometry of the Western Highodel.

In Figure2.7, main structures that are bathymetry, sedimentary units and faults can be
seen. L20 represents the depth as 3 km and H10 shows thecelisia 19 km,

respectively.

Graphics

ANSYS

R19.2
Academic

0 3e403 Be+03 (m)
I I ] 3
1.5e+03 450403
X

Figure 2.8 : Structures of theystem in the Western High.

Similarly, bodies that are separated each other such as faults and sedimentary units can
be seen in the Figu8.

Consequently, real data about the seismic sectéwa 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 conne@ach other as a one system. Finally,

they are prepared properly for the meshing.
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2.3.3Creating 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 consistsfagrouped nodes and elements that can be square, triangular, and
quadrilateral shape&€onvenient 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 structure#. 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. Thereforepitverges 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 which includes the physics

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

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

Mesh Name Physics Reference Statistics Mesh Method

Elements Nodes

Computitunal Fluid All Triangles
Dynamics (CFD) 141921 71599

Computitunal Fluid All Triangles
Dynamics (CFD) 25000 14764

Central Basin

Western High

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 urgtare 50 m in the mesh of the Central Basin.

0 4.50+03 9e+03 (m)

]
226413 B.75e+13

Figure 2.9 :General view of the Central Basimesh.
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In this way, nodes rate are increased and so, mesh quality gets Higlexer, since
the cells are small, mesh structure cannot be seen clearly inssalal] so detailed

views can be seen in the following figures.

Mesh of the Central Basin can be seen irFilgare 29. Generally, also, detailed view

of faults can be noticed in tiggure 297 2.11 from south to north.

ANSYS

R19.2
Academic

Figure 2.10 :Detailed view othefault F2 and F4 Meshing located in swth.

ANSYS

R19.2
Academic

Figure 2.11 :Detailed view of théault F3 and FIneshing located in theorth.

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

are decided up 75 meter for R4, R3, & 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 smialement size is more appropriate to

analyze best.
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Figure 2.12 :General view of the Western Highesh.

ANSYS

R19.2
Academic

0.00 1000.00 2000.00 {m)
L E—— ES—
500.00 15600.00

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

ANSYS

R19.2
Academic

0.00 1000.00 2000.00 {m]
- 1 m ©
500.00 1500.00 b'e

Figure 2.14 :Detailed view of the fault R2, Main Marmara Fault (MMF) and R1.
Western Highmesh is shown in thEigure 2.12in general and detailed view of the
meshing can be seen in thigure 213. andFigure 214.
2.3.4Setting Up Solutions

Solution is the final stage of the modelling that can be steady state and transient.
Simulation of a systa is solved by using these two ways depends on thesis purpose.
Firstly, steadystate 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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3. 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 cacilliaiugh the time and the

fluid flow velocities are noted for each time section. After that, it is going to observe
whether the models have reaclzesteady 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 motehtand fluid flow distribution othe
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 itThe location of the seismic linean be seen in the Figure.3.1

Seismic Profile of SMi6 isinterpreted that the four main faults shaped the Central
Basin that are F2, F4, F3, ki the Figure 2. In detail, F1 and F2 limit the basin
oute, 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 ou the fault activit B®c e |  e.B8-D subsidence2ate m6dgl is created

by considering homogenite deppand SM46 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 sedimentataie 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 t can be seen in the Figur&.3.
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141" 00' 41° 007
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140° 36' 40" 365"
‘ |
l0° 30" \( Normal Faults I Seismic Lines Z 40° 30.).
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\ e Transtensive Area

40" 24' \ Strike-slip Faults R > — — 40° 24
27° 24' 27" 36' 27" 48' 28" 00' 281412 28° 24' 28° 36' 28" 48' 29° 00' 29° 12' 29° 24' &

Figure 3.1 :Locations of the seismic sections that are used in the modelling (Bathymetry is taken from Claude et al., 2001; fearipsedesl in
from keng®°r et al., 2014; and the |l ocation11®f the sei smioc
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Figure 3.2: Interpreted seismic profleof SMI6 i n t he Centr al B
al., 2010; Grall et al., 2012).

F4

Layer TA

0 4.50e+03 9.00e+03 (m) ©
L ESS——— ES— - X

2250.00 8.75e+03

Figure 3.3: Reinterpreted SMI6 Seismic Profile for Heat Flow Modelling.
3.1.1Boundary Conditions

First step for modelling is tapply 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 SM46 seisnic section, for this reason pressure values are calculated by
considering variable water column, respectively. Besides, temperature value of
seafloor, is taken B4 constantly(Geli et al., 2018)and crustal heat flow is 68
mW/n?, so temperature at 6 km is calculated 358y taking into consideration the
thermal conductivity value as 2.5 WK™ (Grall et al., 2012)Finally, boundary
conditions for the right aniéft 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, impermeabl&igure 34).
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Figure 3.4: Temperature conditions of the Central Basin.
Hydrostatic pessure valuesan be seen in the Tablel3.which are calculated by

acceleration of gravity i€9.81 m/$.

Table 3.1: Table of Hydrostatic Pressure Values of Water Column according to
the Depthof theCentral Basin

Units Water Column Wata Column Pressure
Thickness (m) (Pa)
Sediments 1200 12128078
Faults 1200 12128078
Basements 860 8720498

3.1.2Cell 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, matershould 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 othesscaneentary unithat are
shown in the Figure 3.

Fault can conduct heat and water pressure like a channel in appropriate conditions
(D¢k-Dogman & | ner, 2019; .S$bepermeability offaulsai r |l ey,
must be higher than the geological -units in
Dojan & | ner ,phydcallp&ameterdkeh pesneability, porosity are

appointed in the light of such information. Als@rmeability and porosity valuesin

be seen in the Table 3.2
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Table 3.2 :Table ofPhysical Parameters for Cell Zone ConditiohtheCentral

Basin
Units Permeability (m) Porosity (1)
Sedimentary 1.00E16 0.1
Fault 5.00E17 0.2
Basement 1.00E15 0.03

3.1.3Run Calculation Section for each Computed Year

Final step for modelling is run calculation that means model will calculated with time
by numerically. Each time, governireguations are solved transiently by iteration
method to approximate a regdrth 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 dediby considering of purpose of the project. In this
thesis,heat and fluid flowis calculated several times that are 100 years, 1000 years,
10000 years, 100000 years, and finally 2000000 years as temperature and fluid flow
vectors maps in the followinggiures.

S N

Velocity
2.83e-08

3.42e-10

4.14e-12

5.01e-14

6.08e-18
[m s*-1]

o 4500403 9.00e+03 (m)

¥
- ®
2250.00 6.75e+03 3 3

Figure 3.5 : Calculatedluid flow velocity vectors for 100 years in the Central
Basin.

Velocity
2.83e-08

3.42e-10

4.14e-12

5.01e-14

6.06e-16
[m s*-1]

0 4.508+03 9.00e+03 (m)
1

Y
[ ©
2250.00 6.750+03 . X

Figure 3.6 : Calculatedluid flow velocity vectors for 1000 years in the Central
Basin.
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Figure 3.7 : Calculatedluid flow velocity vectors for 100008aars in the Central
Basin.
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Figure 3.8 : Calculatedfluid flow velocity vectors for 100000 years in the Central
Basin.
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Figure 39 : Calculatedfluid flow velocity vectors for Imillion years in the Central
Basin.

Therefore, it can be easily seen thatdrmaents have the lowest and moderate fluid flow
velocity that ranges between 6.66& and 4.144.2 m/s, laterally (Figure 3.6 3.9).

In addition, there are some +y directed faster velocity vectors with-3@18#&s at the
north and the south, whereas desbf the basin hosty directed fluid flow vectors in

general. Also, faults will mention in the following figures.
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Figure 3.10: Calculatedluid flow velocity vectors in théaults for 100 years in the
Central Basin.
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Figure 3.11: Calculatedfluid flow velocity vectors in thdaults for 1000 years in
the Central Basin.
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Figure 3.12 :Calculatedluid flow velocity vectors in théaults for 10000 years in
the Central Basin.

Faults have higher velocity values more than 342en/s and their directiomay
change (Figure 3.1D 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 calculad in XX - YY directions by the time in the Table
3.3.
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Figure 3.13 :Calculatedfluid flow velocity vectors in thdaults for 200000 years in
the Central Basin.
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Figure 3.14 :Calculatedfluid flow velocity vectors in thdaults for 1Imillion Years
in the Central Basin.

Table 3.3: Calculated Fluid Flow Velocitfor the Central BasiDepending on

Time.

Year Calculated Calculated

Minimum Maximum
Velocity (m/s) Velocity (m/s)

100 6.24E16 2.52E08
1000 7.00E16 2.52E08
10000 1.70E16 2.50E08
100000 3.78E16 2.52E08
1000000 3.44E16 2.50E08
SteadyState 6.06E16 2.83E08

3.2Heat 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 an@entral Basin and correlate them with recent fluid outlets that

is reported in previous studiésAr mi j o et al ., 2005; ¢ajatay et
2015; Gasperini et al ., 2018; G®I i et al ., :
2005; Ritt et al ., 2010; .Bydoimgttheskoneecdan al . |, 201

32



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 nwdeis decided to make a
second model for Western High to interpret thermal properties of Main Marmara Fault,
accurately. Thus, the D85 seismicsection which is processed and interpreted lgefor
(Imren,2 0 0 3 ; 2P04)dsrchipsen for this purpo@ee Figure 35, 3.16).

1,00

2,00

3,00

two-way travel time (sec)

4,00_E=

Figure 3.15 : The DMS5 seismicmigrationsection of the Western High of the Sea
ofMarmara( | t 1 s adapt200 4 raomd Dglksion ¢irnt er pr et
locaions are takefromImren2 003 but degree of faults a

model).

In detail, the MMF has dominate in the southern part of the Western High as a right
lateral strikeslip fault with reverse component that cause rising since 400 ka at least
( G° k a mla2003gGrall et al., 2013). While the deformation may be active in the
northen slope of the high (Imrer2003). In general, some landslides have occurred
because of the seismicity and instabilities depended on gravity, regién@ly k a Kk a n
et al ., 200 3; . Sherefere, & is assumedatHat. there & ®rily8ohe
sedimentary unit due to low resolution of the seismic section that prevents
identification of different sedinary 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 Figut&&nd Figure 3.6.
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Figure 3.16 :Main structures oftte system in the Western High.

3.2.1Boundary 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 valdesvertical boundaries. For this reason,

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

of gravity with-9.81 m/$, and also it can be seen in Tabl. 3.

Table 3.4: Table of Hydrostatic Pressure Values of Watelu@n according to

Depthof the Western High

Units Depth from Sea Level (m

Water Column Pressure (Pa)

Unit 1
Unit 2
Unit 3
Unit 4
Unit 5
R1
R2
R3
R4
MMF

828
984
1078
1047
984
1078
1078
1078
828
1187

8221149
9750971
10672786
10368783
9750971
10672786
10672786
10672786
8221149
11741700

Similar to the Central Basin, seafloor temperature is takenftd the seafloor and
823 for the bottom layer by considering the heat flux 68 m¥ysonstantly G®]1 i

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

et

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

boundaries (Figure B7).
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Figure 3.17 :Temperature conditions of the Western High.
3.2.2Cell 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
andporosity 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 fauls in the modelTable3.5). Cell zone conditions of Western High are correlated

with Centr al Basi no.

Table 3.5: Table of Physical Parameters for Cell Zone Conditmfrthe Western

High.
Units Permeability (m2) Porosity (1)
Sedimentary 1.00E16 0.1
Faul 5.00E17 0.2
Basement 1.00E15 0.03

3.2.3Calculation 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 guations 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, propeiepending on this procedure and fluid flow
vectors are calculatad the XX T YY directions for 100 years, 1000 years, 10000

years, 100000 years, and 1 million years, respectively.
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Figure 3.18 :Calculatedfluid flow velocity vectors for 100 yealis the Western
High.
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Figure 3.19 :Calculatedfluid flow velocity vectors for 1000 yeais the Western
High.
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Figure 3.20 :Calculatedfluid flow velocity vectors for 10000 yearsthe Western
High.
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Figure 3.21: Calculatedfluid flow velocity vectors for 100000 yeans the Western
High.
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Figure 3.22 :Calculatedluid flow velocity vectors for Imillion yearsin the
Western High

Therefore, it can be easily nagd that basement units that unit 1 and unit 5 generally
have lower velocity value than the other environments, according to the figures above
(Figure 318 - 3.22). In detail, these speeds are so small that are called as diffuse
velocity. While, there are aderate velocity vectors with 5.24€ are located in the

center of the model in thiex and +y directionshasically
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Figure 3.23 :Calculatedfluid flow velocity vectors in théaults for 100yearsin the
Western High
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Figure 3.24 :Calculatedfluid flow velocity vectorsin thefaults for 1000/earsin
the Western High
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Figure 3.25 :Calculatedfluid flow velocity vectors in thdaults for 1000G/earsin
the Western High
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Figure 3.26 :Calculatedfluid flow velocity vectors in thdaults for 2L0000§earsin
the Western High
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Figure 3.27 :Calculatedfluid flow velocity vectas in thefaults for 1Imillion years
in the Western High

Table 3.6: Calculated Fluid Flow Velocitjor the Western Higibepending on

Time.
Year Calculated Calculated
Minimum Maximum
Velocity (m/s) Velocity (m/s)

100 1.08-14 1.09E07
1000 1.29E14 1.09E07
10000 146E-14 1.09E07
100000 343E-14 1.09E07
1000000 3.29E-14 1.09E07
SteadyState 1.19E14 1.10E07
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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 39land 1.168-07 except

one fault (Figure 23 - 3.27). Only one fault located in the north transport to water
from bottom to top of the high, but this velocity with 8.82kis quite little to observe

from seafloor. Finally, the calculated fluid flow vector velodtiare got together
depending on time in the following table (Tablé)3It shows that the velocity values
change from 1.08&4 to 1.09e07 m/s.Thus, the differences and similarities between

two models will discuss in the following chapter.
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4. 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 careach steadgtate condition according to the numerical
modelling results as can be seen in the Figure42l The steadgtate temperature
contour maps are calculated, which temperature contour lines look smooth and linear
that is similar to the WesterHigh 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¢e¢k-Dogman & | ner, 2019; .Fdrthérrhoregthe flddfldwai r | e\
vectors arealso calculated with steagbfatetemperature distribution, which range

from 6.06-16 to 2.80e08 m/s for Central Basin (Figure 4.3). Thialue of the
velocities are a little bit lower than the Basin and Range Geothermal Region that have
ordered between 2.8t and 1.7608 m/s( Mc Kenna & Bl ackwel | ,
Doj an,.THe@Gam®@ ¥ituation is also valid for fluid flow velocity vectors of the
Western High that has magnitude of the velocity is calculated as-1419&.10e07

m/s (Figue 4.4).
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Figure 4.1 : Steadystate temperature distribution map for CenBasin.
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Figure 4.1 : Steadystatetemperaturelistributionmap for Western High.
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Figure 4.2 : Steadystatetemper&uredistribution andfluid flow vectormap for
Central Basin.
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Figure 4.3 : Steadystatetemperaturelistribution andfluid flow velocity map for
Western High.

In detail, blue and green colored fluid flow velocities in thedments 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 (Figuie4443. Additionally, the
center of the Western High shows moderate fluid flow aiglovith 5.24€10 m/s in
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+y direction, differently, when the center of the Central Basin indicates lower fluid
flow velocity like 4.12e12 in1y direction. The reason of this result may be high values

of the hydrostatic pressure due to the depth of CleBaain ~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 relatedete@lay shearing and
fractures presence of the sedimentary units with high permedkiligjl et al., 2018;

Kmr en et. Whén.other @a@dd like basement are representdddiftise
velocity that has smaller than-16 that is so slow to affect the temperature distribution

(1 ner & DoNoaetheless thelfdlljs have important role to understand heat
transportation and fluid flow vectors behavior. For example, one of the boundary fault
F1 is located northern branoithe basin and F3 inner fault transport the seawater to
the bottom side of basin in tihg direction, especially (Figure 4.5). They also transmit
the fluid towards sedimentary units in combinatioinxafi y and +x,-y directions. On

the other hand, the2rand 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, datively 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 tlyeare responsible for the circulation of the fluid in the system.
For instance, the faults are commonly directed yndirection, they conduct the
seawater to inside of the sedimentary unit and basement, except R4 fault located in the
northward of the higkFigure 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-DZ0w/s.

In accordance with previowstudies, morphological marks of gas and fluid flow in the
seafloor are mostly pockmarks, gas pipes and mud volcanSes r ét ak .Ted a |
origin of this kind of structure in the western part of 8ea of Marmara is identified

as thermogenic sourced because of the Eocene aged Thrace Basin that lie until almost
eastern edge of the Western Hi{fBourry et al., 2009; Dupre et al., 2015; Grall et al.,
2018, Sar ét a Besides, thea tombinatian® df8the 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 environniBuofpre et al.,, 2015)The
following map indicate that the acoustic gas emissions in the water column in the 2009
( Dupr ® e withéalltstructilze X ®)n g ° r eand seaisimic secti@ng that )
used for modelling in this thesis (Figure 4.7). Accordinghis, 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 vectoedculated in the models.
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Figure 4.4 : Steadystatetemperaturelistribution andfluid flow vectormap in the
faults for Central Basin.
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Figure 45 : Steadystatetemperaturelistribution andfluid flow vectormap in the
faults for Western High.

44



Figure 4.6 : Acoustic gas emissions in the water column with faults and seismic sections used in this study. (Acoustic anomaly map is take
from Dupreea |l ., 2015; bathymetry is used from Rangin et al., 200
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