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ABSTRACT

EVALUATION OF SALT STRUCTURES FOR UNDERGROUND GAS
STORAGE I N THE TUZG¥L, ABVDSITHE, ¢TANKKKRYE

G¢ nglPyrk e
Doctor of PhilosophyGeological Engineering
Supervisor: Prof . Dr . Nuretdin K

January 2023113 pages

Natural gas is a fossil fuel thatpsesenin every step of our daily life, in terms of
commercial, dmestic, and industrial areals has wide low and high demand periods
which necessitates its storage during low periods to be used during the high periods.
One of the widely used storage methods is underground natural gas storage (UGS)
facilities that hae been used since 1915. They are economically important in long
term usage in the marketing area. Therefore, finding new suitable underground
storage locations ifi ¢ r kid geténg strategically important. Apart from depleted

oil or gas fields, salt does and other salt bodies are widely used for this purpose. In
this context, this study aims at mapping and evelgahe salt bodies in various

parts ofT ¢ r kusing @otential field data and seismic data sets and to design proper
cavern patterns suitalfier efficient underground storage fad@is For this purpose,

two candidate sites are selected in Tuzg
salt deposits and bodies suitable for constructing underground saltctoregas
storage. The location of the salt bodies was determined by pbtieeltl data then

they are mapped out usi2@p seismic data sets. T seismic interpretations are
modeled in the Leapfrog Geo software for generaibgstatic (solid) volumes.

Then, the underground salt cavasndesignedbased on thenalytical solubn



method that takes the shape of the salt body and geomechanical properties into

consideration.

Keywords: UndergroundNatural Gas Storage, SalDomes,Potential Field Data,

Seismic Reflection Data, Salt Cavern
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TUZ G¥L! VE ¢ANKIRI HAVZALARI NDAKK TUZ
YERALTI NDA GAZ DEPOLAMAK K¢KN DEJERLENLE
T! RKKYE

G¢ ngAyk e
DoktoraJ e o | o] i M¢hendi sl i jJi
Tez Y°neti dNusiet dPmoKayakcé

Ocak 2023113 sayfa
Dojal gaz,etemagstrieyslelalvanl arda ge¢nl ¢k
alan bir fosi |l yaketter. G¢enl ¢k hayatta

sahiptir vV e bu nedenl e d¢ K¢k d°neml erd

kull anél masé ger ekim . deYpaoylgeemma oyl canrtaekml keu li |
1915 yél éndan beri kull anél makta ol an ye.]
Pazarl ama al anénda uzun sg¢relii Kul |l anémd.
T¢e¢rkiye' de yeni uygun yerakiéek depal aka ©
kazanmaktadeéer . Téeékenmi Kk petrol veya gaz
dijer tuz ke¢tlelerdi bu ama- i -in yaygeén
-al ekxma, potansiyel saha wveril'eriin v-ee ksiitslr
bl gel erindeki tuz k¢gtlelerinin haritala
depol ama tesisi I -in uygun bir majara de:
ama-|la, gaz depolama i-in yeraltakt az émaj
ve g°vdel eri i -eren Tuzg®°lg¢ ve Cankeéeré h
k¢tlelerinin konumu, potansiyel alan veri
setl eri kull anél ar ak haritalandé.r 2B si
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ol ukturmak i -in Leapfrog Geo yazél eéménda moc
Kekl ini ve jeomekani k °zell ikl er:i di kkate a

yeral t e s& utza smearj laammé Kkt ér .
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CHAPTER 1

INTRODUCTION

1.1. Purpose and Scope

The main aim of this study is to design a salt cavern for underggamstoragby

delineating th&D volumeof salt bodies it he ¢ ankhér élTuazngeP | ¢ Basit
The salt bodygeometries ardetermined bymagneticand gravity methods which

have specifienagnetic susceptibility and density informatiémaddition, available

well log data correlatéwith the seismi@D data setvhich is also used for ttme-

depth conversionf seismic velocityto define the depth anallk thickness of the

salt. Thegenerate®D saltvolume isused as a constraittt design underground salt

caverrsto be used as gas storage during low demand of gas

The salt cavern desigs performed wittan analytical approach method that is based

on the fundamentals of geomechanical propertias.not the mairaim of this study

where to build underground storage precisatge itrequiresathoroughanalyss of

in-situ stress, seismic hazard risk assessment, environmental impact assessment

which are outside the scope of this study.

This simple analytical model &pplied here trovideconstraints on the design of

caverns foffuture projects.

Single cavern and mukcavern scenariogre applied for bothasins assumintpat

the salt properties artdegeological conditions are similafhe¢ ank ér € basi n ¢
design is determined as a recommendatibonwever,t he Tuz géalegn Basi n
designis comparedvi t h t he exi sting Tuzg®°l ¢ Underg
is constructed in 2017 by the BOTAS Company.



1.2. Motivation

Natural gas is a noenewable fossil fuethat has a broad range of as Rapid
industrialization and urbanization in developing countries have significantly
increased the global demand for natural gas. Also, the latest events in Bueope,
invasion of Ukraine by Russia ated a considerable risk a possible energy crisis

and household heating problems under cold winter circumstances (Zachmann et al.
2021). Therefore, underground gas storage (UGS) is becoming an essential part of
the energy supply chaint is crucial for the seasonal demand, and it is concerned
about geopolitics uncertainty, especidtly European countries

Natural gas can safely be stored undergrdorzk able to meet the broad range of

use in the period of lonand highdemand periods of energiyhere are three types

of storage. These include depleted oil/gas fields, salt caverns, and aquifers. Each
storage type is unique in its physical properties, such ag®itsity, permeability,
stability, etc.and economic factors such as the delivery ratietlaainjection period

(US Energy Information Agency, 2015).

The storage of aquifers is not preferable because of economic constraints, and there
IS a potential risk to the environment. The other question is the stability of the long
term, the uncontrédd permeability of natural gas can be escaped from storage by
the storage system.

In contrast, depleted oil and gas reservoirs are the most preferred ones due to their
wide availability in the world and alreadyown subsurface conditions that reduces
therisk factor to build an underground facilitg®l, 2022.

The unique physical properties of the salt structure give the advantage to be used as
underground storagesven thoughthey have much smaller volumes than other
storage types. The high deliverglirate is meeting shoterm changes in demand

and supply. While the injection period is less than other types, the working volume

is the smallest amormher storage typg®aneshvar2011)



Based on the domestic production of naturallggsr kisiaye¢importer of natural

gas. The imported amat of gas is 46.6 billion cubic meters (bcm) in 2Q2UIK,

2022).

Natural gas provides a significant amount of power generation and heatin7@50

million cubic meters (mcm) per day of natural gas is consumé&ddnr k This e
consumptionncrease wintertimeand epectedly falls in summer. In other words,

the energy demand charsgeeasonally.T ¢ r k itogjakr@atsral gas consumption

exceeded 50 billion cubic metefscm) in 2022 and ranks the 4th natural gas

consumer in Europe, while, it is holdinget 3rd place in imports. To mitigate
fluctuations in the energy demand ofl ¢ r kK unglerground storage is under
consideration in energy politics since the beginnintheRl1stcentury. InT ¢ r ki y e

there are two facilities for underground storage, ome &livri where gas is stored

in depleted gas fields, and the second onetishne T u z gwhére;gasBsss®redn

in artificially formed salt caverns in a salt formatidh @ t, 20R2.

The Tuzg®°l ¢ storage capacity increased f
storage capacity of the Silivri facility is 2.8 bcm and will increase to 4.6 bcm. In

other words, the total storage capwpawill reach 10 bcm by 2023T ¢ r kis y e

planning onincreasing thgas storage capacity to secure the sugpiypand balance

(B o t,20R). Thereforet hi ck sal t f or ma thedoannsk & rné thhaes iTr

make thesbasinsexcellent places for future underground gas storage sites.

1.3. Background

1.3.1. Gravity and Magnetics

Salt structures have unique physical properties, which are diffdrent the
sediments surrounding them. The depositional conditions and the shape of the salt
are affected by the creep and flow under adequate pressure (Ode, 1968).

Gravity and magnetsare the potential field methods among the geophysical survey
methods providing information abouheunique physical properties of the rocks on
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a plan view and at depthichoro, 2016) While the gravity method measures the
strength of the gravitationattractionof the Earth based on the density of the rocks
below, the magnetic field measures the strength of the magnetic field and magnetic
susceptibility of the rocks.

The salt is incompressible like fluids when it is completely compacted and has
density of about 2.2 g/cinThese properties make the density change insignificant
with increasing depth in contrast to the surrounding deposits. When the density of
surroundng rocks exceeds the dengitiithe salt due to overburden and compaction,
the lowerdensity salt beconsaunstable due to buoyancy forces and sdodmove
upwards to lower density levels, resulting in the development of very complex salt
structures and #adomes (Ode, 1968)Measurement of gravityariationover the

land provides locating the georries and depths of salt bodid® assesdifferences
between actual gravity and computed gravity as well as rethe@topographical
effects, various techniggs hae been developed, such Bieeair gravity, Bouguer
gravity, and Isostatic reduction method¥ilfiam, 2004). The Bouguer gravity
anomaly is a kind of gravity anomaly, which contains planar terrain correction
different than free air gravity corréoh to reduce the difference between the
computed and actual gravity. The vertical component is subtracted from the sea level
datum (Wilcox, 1990) The Bouguer grawt anomaly is different from the
conceptual models of spherical and planar Bouguer anomalies. It is corrected for the
height at which it is measured and the attraction of terrain (Wil294). In other
words, it is a planar correction application to reglthe effect of the topography.

The Bouguer anomaly provides the most accurate information on the gravity
distribution below the surface as a result of the removal of the topographic and geoid
effect( Vanz2| ek .et al . 2004)

The magnetic method is categ®d as a passive method astiased on measuring

the current magnetic field value which is the magnetic susceptibility of the
subsurface rockHaldar, 2018) Magnetic properties provide important information

to locate and map salt bodiébleinrich et al. 2017) Since, he magnetic

susceptibility of the salt rocks is very weak dudé&ing composed afiamagnetic



minerals, such as halite, sylvite, gypsum, and anhycriié they ee characterized

by negative magnetic anemologhile surrounding sediments are positfiAzinrich

et al. 2017) The gravity data igsed in combinatiowith magnetic data to determine

the location and geometries of dadtdiesmore accurately which can also be used to

aid theinterpretation of salt bodies seismic profils.

In nature the sediment compaction leads do increase in the density of the
accumulated sediments with depteverthelessat shallower deps and when the
density of the surrounding rocks is not large enough to create density anomaly, hence
no gravity anomalybetween the salt and surrounding rocks. However, magnetic
susceptibility differences between the salts and surrounding sedimentary rocks
become useful to delineate their boundaries. ®himainly because the magnetic
susceptibility of the sediments is geally positive, whereas most of the evaporites
including the salt rocks (halite, anhydrate, gypsum, etc.) are negative and it is not
affected by the increasing dep(Richler et al. 2007)Thereforemagnetic methods

are very useful to determine the thickness and dafitte base of a salt body, which

is very difficult to determine by gravity methods alone

To gain a comprehensive understanding of the purpose of this research, the Bouguer
gravity and aeromagneti c f i.&Hisdprovidadp o f
locating gravity and magnetic anomalies or major basins in central Anatisiiaa
residual gravity map is used to determine the salt bounftarg a regional
perspective by correlation with seismic sections.

After obtaining the residual gravity valueBey are plotted as a graph, indicating a
connection between the seismic shot points and gravity values and the location of
the negative gravity value relative to the salt boundanjortunatelythe Bouguer

and magnetic data mapsuld beobtained agrinted imageswith a verylimited
resolution Nevertheless, they were adequtidocate suitable areas for further

study.



1.3.2. SeismicData

In addition to gravity and magnetic methotls seismic reflection methoid also

used in this study The seismic refldémn method is based on the acoustic energy
that is spreading in the subsurface and reflected from the interfaces of the different
layers back to the receiver on the surface.

2D seismic data is a kind of cressction of3D seismig although2D seismic dea

Is inadequate subsurface information rather 8iaseismic response,supplied the
fundamentaldea for interpretatiostarting On the other side8D dataprovides an
adequate andpecified3D volume mageof the subsurfacefor a more reliable
seismic interpretation Y é I, 20@7%

The seismic reflectiomatais provided generallyn the timedomain however,
results of seismimnterpretationarerequired to be ithe depth domainTherefore,
thetime domainis converted intehe depthdomainby three different methdsusing
available sismicvelocities,sonic logs from well data, argheck shot§Sheriff, R.E.,

& L.P.Geldart, 1995). In regards to the tioedepth conversiarseismic velocities
areemployed inthe simple relationshiphat Depth =Velocity x Time.

Understanding the salt geometnaisessential part of the seismic interpretation, the
unique qualities of the salt cause complications while interpreting of seismic section.
Salt velocity is one of the important factors and can travel faster or slower tha
surrounding sedimentary rocks, which generally have slower ektian most
salts. Thus, the seismic reflection at the top surface of a salt layer is typically strong
due to the large impedance (density x velocity) contrast, known askicérth
sdsmic interpretation jargon.

The seismic velocity is leadinthe understanihg of the subsurface precisely by
conversion from travel time to depth, correlation with borehole, creating migration
section, lithological interpretatiorand understanding ofeglogical interpretation
(Brouweré& Helbig, 1998, (Yordkayhun, 2008) The discriminative of the unique
property of salt is the velocity. The density of evaporate is 2.2%tfiough the pure
halite has a 2.165 kgfuensity, and the velocity of the Haliis about 4500 m/s.



The velocity could be changed if the salt layer contains other evaporitic rocks in
addition to halitgJakson& Hudeg 2017)

Salt bodies are critical fosubsurface in the industry, due to the physical
qualifications of salt make unique and easily determine from the surrounding rocks.
In this casetheinterpretation of salt is getting more interesting angporédby the
development of the interpretation techniques of the seismic sections.

The salt geometry is unpredictable due to its subsurface is not homogenous and
deposition is not regular. In such casd3 seismic data is not precise enoughtfer
interpretation of salbodiescompared t@BD seismic data which generally provede
arelatively better image of the salt to interpret. This makes salt badgessalt
domes, readily imaged in seismic reflection data, although steep walls cannot
properly be imaged in conventionat2 seismic datgJackson &Hudeg 2017)
Seismic resolution plays an important role while extracthe salt geometithatis
controlled by the acquisition parameters, which are receiver interval, shot point
interval,and the number afhannes.

Seismic migration is an imaging procedure, that ainte-facementhe layers in

their proper positionrad remove the diffraction effect from the dataset to have a
better image for interpretatiorDtherwise diffraction seemson the stack section as

a remaimg noise typadominantly. Seismicprocessing is the only way to suppress
that kind of noise from #hdata set. The low resolution and the signal/noise ratio of
the seismic section must have been increased before interpretation to get better salt
imaging in 3D volume.This is necessarilthe ultimate procedure due to the stack

section is not proper fahe interpretation.

1.3.3. Salt Properties

Rock salt is a crystalline form of the mineral halite (NaCl). In the literature, the word
salt is mostly used for halite even if the salt includes other evaporites like anhydrite
or gypsum(Hudec & Jackson 2007) Evaporitic salt deposits consist of halite,

gypsum, and anhydrite, which can be deposited in marine or nonmarine depositional



environmentgSchwab 2003) The mechanical behavior of salt consists of thermal
expansion, elastic defmation, plastic deformation, and failu(8enseny et al.

1992)

Salt has unique physical properties when comp#retie surrounding formation
types. The first significant parameter is the density which is measured as 2.0 to 2.2
g/lcn?. Salt is less dense than any other carbonate rock though the density of salt is
higher than unconsolidated clastic sedimeRigure 1.1). The density value is a
distinguishing factor for the salt structure and insignificantly changes even when
subject to pressure and temperature. During the deposition, salt is denser than clastic
and carbonate dements though after burial salt becomes less dense than the
environment due to the compaction of the surrounding sediments. In addition, the
salt becomes mechanically weaker as the temperature increases with depth. Salt has
no porosity, practically eventavery shallow burial depths. It is almost
incompressible and so does not becomes much denser even if the depth increases
(Hudec& Jackson2007) Salt becomes ductile and deformable under high pressure
and temperaturdt has high thermal conductivity and it is almost none magnetic but
depending on the impurities it may be very weakly diamagnetic.

The saltstrength against depth is depictedrigure 1.2 (Weijermars, Jackson%
Vendevillg 1993) Salt is more sensitive to extensional stress than to compressional
stress for low mean stresses but not for high mean stréssssum& Fredrich

2002). Compressive strength is related to the temperature and pressure of the
environment in a direct way. On the other hand, the strain rate also controls the
deformation of the salt in the opposite W&gnseny et al. 1992)

Salt flows like a fluid with depth among other deposits like carbonates and
siliciclastic rocks. Plastic or ductile deformation of salt takeseplanly when the
applied stress reached the yield point. In other words, after the yield stress is reached
the deformation is the function of time, strain raied viscosity. Thereforéghehigh
viscosity property of the salt facilitates its fldide behavior, which means that it

can be mobilizé beneath the overburden. Viscosity depends strongly on
temperature, but if the temperature is constant and the rock is perfectly viscous,



viscosity does not vary with the strain rate and remains constant weh(lHodec
& Jackson2007)

Density p /kg—rﬁ3

1800 2000 2200 2400 2600 2800
o=t | | |
\I\salt denser than clastic sediments
‘I ] ' .
clastic sediments denser than salt
2 —

E 37
£ >\ 2
e <\\®
(D -,
= oY)
Q) (e}
5 - Q| \e
® N
w (oY)
5 \a
6— —
Salt o
7_

Figure 1.1 Variation of the density of salt and clastic sediments with depth to
(Jackson1986)
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Figure 1.2 Graph showing the ingth of salt with depth compared to other
sedimentary rocks (Weijermars et @993, Jacksor& Vendeville(1994)

1.3.4. Salt Structures

These extraordinary properties of salt result in complex geometrical structures. Salt
ridges, pillows, diapirs, and evemls glaciers are special structures that are of
importance in many settings. They can be developed in all kinds of tectonic settings
from extensional to contractional tectonics settingar(in & Jackson2017). The
geometries of a salt structure are classified based on their geometry and relationship
concerningsurrounding rocks, such as salt dome, salt anticlinal, diapiric folds, salt
canopy, etc. The salt diapirs and domes generally provide suitable geometries for
underground storage buildisgFossen, 2010)The geometry of the cavern is
affected by the geometry and size of the salt domes and diapirs. The salt bed
structures are shallver, wider, and thinner than the salt domes. They are also
suitable as underground storage facilities; however, they require different cavern

designs Figure 1.3).
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Figure 1.3 Diagram of differentypes of salt structures, their names, and geometries.
(Jackson2017)

1.3.5. Solution Mining

Solution mining is one of the processingethod, an alternativeto mechanical
digging in salt mines (Richner et. 41992, Warren,(2006). Despite its safety
advantages over the traditional mining process, there is still a risk attached to it such
as collapsing and environmental degeneration (WaR@06).

Solution mining processing generates huge advantages for underground storage. The
salt caverns provide the most suitable advantages due to their ductility, tightness, and
ability to selfcure in case of any damage could happen (Xing, et al. 2Thg)
geomechanical characteristics of salt structures are susceptible to temperature and
humidity, which are important factors to be considered in terms of stress and strain

conditions in time.

1.3.6. Salt Caverns

A salt cavern is a type of underground stordmge is a method of leaching to create
an artificial shape in the salt structure (Muhammed.e2G#11) why is to collect a
variety of hydrocarbon products including natural gas, liquid hydrocarbons,
compressed air, hydrogen, etc. Salt structures commadyg as underground

storage since the 1940s, to supply energy demand regularly and religk)yQ J.,
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Weave, L. K., 1976. The salt cavern is created by solution minthgt uses
technology to develop storage in salt domes, and salt beyis€ 1.4). The caern
structure is usually wider at the bottom and narroatehe top. (Onal, 2013). The
depth of the cavern has a wide range from a few hundred to a thousand meters in the
world. The key aspects of UGS are including threshold pressure, rock mechanical
properties, irsitu stress, and faults (BGH)08) EFigure 1.5).

Figure 1.6s an illustration of the summary of the various salt caverns all around the
world. The shallowest one is from Sallie's de Bean and is designed irbadukdtd
horizontal shape. The first deepeawern leached in a salt dome at Eminence,
Mississippi including a design purpose at the depth of 12/@®0 m. This cavern

has lost 40% of its purpose volume in 2 years due to the creep of the salt that built in
the cavern. The internal pressure is noivled to protect the cavern from surface
subsidence and the size of the cavern is squeezed (Warren, 2016).

Nowadays, salt caverns for underground gas storage are drilled deeper than 1500 m.,
for example, the deepest salt cavern in the world was drilldee Netherlands with

a depth of 2,900 m with an ellipsoid shape (Zhang et al. 2001).

1.3.7. Cavern Designing

Designing methods had been changed during the history of underground storage
facilities. Different approaches are tested and proposed to apply thegbest
solution with the most suitable cavern stability. At the beginning of the design history
empirical approaches are common tough, to reduce the possible problems numerical
approaches had been becoming the most popular and reliable method. After the
experimental method is not giving satisfying knowledge based on the stability of the
cavern so analytical approach method moved forward with simple geometry. While
the assumptions have been changed to find a solution for new challenges such as
dilation, slt creep, thermal conductivity, etc., the numerical approaches method is
helping to predict those kinds of problems with a simulation model. This numerical

approach requires some parameters to be constant though desired parameters
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obtained by irsitu laloratory tests are recommended to get more reliable models
before constructiofHabibi, 2019)

However, an analytical model is a kind of basic approach, only giving the volume of
a singe cavern, capacity, and convergence, it is also beneficial to determine the
possible deformation of the surface by this method. The most useful advantage of
this method is to enable simplifying the cavern design with the fundamentals.
However, it also haslisadvantages due to the nonhomogeneous nature of the
subsurface, and hard to describe the method with a single pardivagtirs et al.

2021)

The geomechanical parameters of the salt are the mosttanpassue while
designing the salt cavern for underground gas storage, due to it is necessary to carry
out the risk management, and financing of the project, and to determine the long
term stability. Geomechanical parameters are only determined by ibitu in
laboratory tests and the results are utilized for designing the cavern concerning the
fundamentals of the design.

The salt cavern design is the first aim of this study after unraveling the 3D salt
volume of the candidate study siteBuilding a cavem in a salt structure is easily
accomplished with a solution mining method by which the salt structure (cavern) is
obtained by controlled salt leaching. This method is the most common way due to
its low cost, and providing technical aspects such as cgeemetry, size, the stress
strain factor of the surrounding rocks, overburden thickness, pressure, temperature
conditions within the salt, et€Allen et al. 1982)

The first essential for designing of cavern starts with the appropriate site selection
and continues with cavern shape and dimension, geomechanical propeteestoela

salt creep, surface subsidence, and thermal conditions (Habibi, 2019).

The modeling methods in the history of cavern design consist of empirical,
analytical, and numerical solution methods (Habibi, 2019). The analytical approach
method only reques a single cavern shape to investigate the relationship between

the salt and cavern by convergence rate, depth, and thickness of the(€aycua

13



et al. 2021)Due tothe lack of geomechanical informat related to the salt bodies

in this study, an analytical approach is followed.

The design of the cavern depends on the geometry and thickness of the salt structures.
For example, thick and pure salt deposits are very common in Europe, mainly in the
south Permian basin (Gerling et al. 1999) thinner and impure rock salt structures are
observed in China (Wang et. 2D15,Xing, et.al 2015).

Since there is no standard cavern design available, the shape and dimension of each
cavern could be unique and aantrolled by three factors to be considered during
building a cavern in a salt structure. These include 1) the thickness of the salt should
be sufficient in a proper depth. 2) Sufficient static stability and reliable tightness that
may Yyield acceptableusface subsidence. 3) Availability of sufficient fresh water
supply for dissolving the salt. In addition to these factors, the environmental hazard
potential of the structure should be considered after removing the brine outside the
cavern. (Allen1982 Lux, 2009).
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Figure 1.4 A schematic diagram of a simplifi
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Figure 1.5 An illustration of various types of underground storage in
structures. (Modified from BGS, 2022)
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Figure 1.6 Depth versus shapes, and relative volumes of typical salt cavern gas
storage facilities in salt domes around the world except for Salies de Bean and Regina
south cavern which are in a saltdbend designed horizontally (modified from
Warren, 2006).

1.4. TheTectonic Outlineof T ¢ r ki y e

The present tectonic schemef¢, r kis rglaed to the evolution of Paleand
Neotethys oceans since thate PalaeozoicDuring its evolutionyariouspiecesof
continental blocks omicrocontinents detached from the northern margithef
Gondwana and collided with the southern margin of Eudisighronouly mainly
during the Mesozoic (Cimmerian orogeny) ande Late Cretaceous tthe Early
Cenozoic(Alpine orageny). PaleacTethyanevolution of T ¢ r kid rglagively less
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known due to overprinting of successive tectonic evératrelated to the opening

and closure of the Neotethys, which is also referred to as Mesozoic Tethys.

The Neotethys opened along seVdrseanchesseparated byarious continental

fragments from the northern margin of the Gondwana and later they are closed and

the continental fragmentamalgamatedo form the present tectonic scheme of

Turkey and surrounding regiores the Neotethys olditated and closezbmpletely

Among theseT ¢ r k lznyirdAnkaraErzincan and (IAESZ) demarcate the former

position of the Northern Branch if ¢, r k(Figue 1.7). Along the IAESZ, the

Pontides with Eurasian Affirity in the north and Taurides with Gondwana affinity in

the south collided and amalgamated as the Northern Branch of Neotethys subducted
below the Pontides. ThanerTauride Suture, however, was developed within the
Taurides, and it separated the Kérkehir E
During the Late Cretaceous Keéerkehir Bl o
intervening oceanic lith@here completgl subduct ed, bel ow Keér K
obliterated. The subduction and collision processes resulted in the development of
fore-arcto foreland basin complexasd successorbasissu c h as ¢ankeéer é,
Haymana, Ul ukéexkl a, acumlatéddaasg¢ryethick iagrieam , Si v
continental clastics and carbonates, as well, very remarkable evapegtiences

which are the main concern of this stuf/a y ma k ¢ Z2009eKergamalvat et al.

2016, Clark& Rober son 2002, Grpdsey eyapdticesequeades 2020
resulted in various holokinetic structurdgdferentsizes, shapes, and deptlsalts

are mostlydeveloped within théate Eocendo Oligocene and Miocene stratas

well asMessiniann the continental lacustrine environmefi{sa y m aekak 2010).
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1.5. The Geology Outline ofthe Study Areas

151.Tuzg®°l ¢ Basin

The Tuz ghkbngof Bvasidcessor foreland baginG¢, | vy ¢ z )anCerdrdl. 2 0 2 (
Anatoliasuch as t he Hay ma nBaundedindthe hartlz lgythHBzgnir-b asi ns
Ankara Suture ZondJl ukékl a basin to the Sowuadnd, Tuz
Yeniceoba, Cihanbeyli fault to the WéBtgure 1.7). These basins are also interconnected

to each other during certain periods of geologic times (R2[213).

Th e T u z g °tragddleBthednnerauridesuture and developed both on the Taurides

in the wes t and t he Keéer keThe strati§rapbyc drigin, and teckoeic e a s t
characteristicoof t h e T u z g hds peerBiatopic rof various controversy sam

suggested that is a fatdontrolled intermontane basinUj ur t akr, e K®r¥ 53 975) ,
collisional extensional basit (e me n et, aflor €ar9c9 )b as i,hé [(n&Pzr ¢ r
et.al. 1987 G° nc ¢abl99)u et

Thelargeaxisdf h e T u z gtreddgNWBEA tseending and dominated by Paleogene

salt deposits, and related structuges r €1R7&,kgurtas, 1975Dirik, 2000). It covers

around 20,000 kfarea and abdulO km basin fill thickness. It evolved from Late
Cretaceous to Oligocene as a marine to con
Ugurtas, 1975Dirik, 2000), and during the Neogerligbecame a part of Central Anatolian
fluvio-lacustrinebasis y st e m ( ¥ z s a®hheétrue iefill of tael basin & 6oinBo¥ed

of various marine to continental deposits composed of mainly clastics and carbonates. They

are overlain byafew hundred meters thick flusdlacustrine sediments extendibgyond

the baindaries of the basin. In the west, the basement of the basin is constituted by various
metacarbonates, marbles, and higlessure metamorphic rock remnants belonging to the
northern edge of the Tauride Block, whereas, granitoid and roof pendants diticphio
rocks belonging to Kérkehir Blomeh ednatit d
TheT u z gPasinicontains Maastrichtian to Tertiary units during the deposition, and the
regression and transgression are interrupted sedimentary succ@$sobate Eocene

evaporites occurred during the <cl oShere r ec
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sedi mentary infildl of the Tuzg®°ltheUiparsi n st a
Cretaceou$ the Paleocene and continued with the Eocene ma@aéments deposition.

The Eocene stratreoverlain bythe Oligocene evaporites with an angular unconformity
(Ozsayeén et. al, 2013). The controversy betw
two parts, the eastern and the westé&rm (€ K ®ink, 2000,Dirik & Erol, 20000z s ay € n

et. al, 2013) The generalizedtratigraphical columof the lithologcal units around the

basin and the correlation of the sedimentary wrigsnodified and depicted iRigure 1.8

andFigure 1.9.

The Tuzg®l ¢-cdteolingf Uji s A9zl & kia7b) and the complex

sedimentary deposition has seemed due to the tectonic activity. The evaporite samples
appeared in the Paleocene strata overlining
Formation.The salt is deposited in the Paleocene strata at 1,332m in the southwestern part

and the Eocene strata at 1,450m depth in the northeastern. The two boreholes are 42 km

away and hardly correlate them.

The regional shortening dominantly controlled the sedihsuccession in NNV8BSE to

NE-SW compression in the bedrock gnit of t he bas201B). ( Ozsayén et e
Bezirci-1 boreholds located in the southern parttofh e T u z g(Figuge 1.Bleaad n

is used to tiethe formation tops and the age relationship with the thickness and depth
informationfor the seismic sectionsAccording to the relinquishment repsrthe salt is

1270mthick anddeposited byhe end ofthe Cretaceous anehainly duringthe Pale@ene

(Figure 1.10) In the well, thesalt penetrated below the Upper EaeeMiocene Mezgit

Formationat 1,332 m andcontinuedup to the Haymanarormation at 2632 m. The

thickness of the safitructure reaches up to 1300 within therehole 1300 m Figure 1.

10).

Aksarayl borehole data is located the eastern part of the study afemure 1.14). The

salt i s penetrated in the Eocene Eski Pol at
depths along the boreholBhe absence of the seismic profile of thageholecausedt to

keep out otheinterpretatiorof the survey area
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AGE LITH | DESCRIPTION
Quat. u.ogc.oqu.oqi Alluvials
Uavayatal .
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O
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-
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LL' 2] gt . .
=z 2 Nummulitic limetones and marine marls.
Ll
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O SALT Domes
Ll
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conglomerates
L
=z
Ll
®)
O
L
-
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n
2
O
ul -
O Shallow marine limetones, reefs
<
|._.
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!
<
ol
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BEZIRCI -1 BOREHOLE
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Figure 1.10 Bezirci1 borehole (TPAO, 1977).
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152.¢ankéré Basin

¢ankeéer é& BaisthelNWipart ofithe CemttakAdatolia, it is one of the largest

interior basins developed during the latet@ceous to Recent. It straddles the Izmir

AnkaraErzincan Suture Zone and developed on the upper Cretaceous subduction
complex of the | AESZ that intruded partiall"
(Figure 1.11). It was afore-arc basin during the Late Cretaceous and converted into

a foreland basin after the collision of the
Eurasia by the end of Cretaceous. The Upper Cretaceous Paleogene sequences

deposited diachronously over thgpper Cretaceous ophiolitic melanges and

exhumed granitoid of the K@guedh?d.r bl ock (Ka
The infild]l of t he ¢ atwksequénceBlaased on thes di vi de .
tectonostratigraphy. The firsequence includéspperCretaceous to Early Miocene

fore-arc to foreland deposits marking the timing of subduction and collision. The

second sequence islatedto postcollisional events during potdwer Miocene

times. Betweerthe Late Eocene tahe Oligocene strata, thick evaporite units are

been | ocated (FiguelPrkce, 2009)

¢ankéeré Basin comprises 9 Thksesncludaftom strati gr
older to younger; 1) the Upper Cretaceous units, 2) Paledoelieddle Eocene

marine clastics and carbonates, 3) Middle E
Formation, whichis the youngest marine unit in the basin, Ujper Eocene to

Middle Oligocene continental red coarse clastics, Incik formation, which is the

thickest (2000 m) wunits in the basin, 5) Middl e OlI
Formation, 6) Salt Domes, 7) uppermost Oligocenetcowe r Mi ocene cl asti cs
Formation, marking the end of collisioalated deformation. 8) Middle Miocene to

Pliocene fluviel acustri ne deposi t s, tcandeér and S¢ |
evaporites; Tujlu and Bozkér ,famd®)mig@ti ons, whi
Quaternary alluvial unit¢ Kay makcé et al . 2010) . So far t
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drilled in the basin and onl$ a | p-&(EZPA®-1996 penetratedhe salts in the

basini Kay makceé (EgurealB.. 2010)

The closhg phase ofthenor t her n p ar tBasio foccurrddeunddra n k € r ¢
compressional deformation though the stske fault system generally affected the

basin infill at the NESW orientation. AlsoMiddle Miocenenormal faults dominate

the basin centgiKaymakci et al. 2010)

The structural development of the basin consists of four phases, (Lptpre

Paleocene deformation occurred only in thetiseun part, (2) compressional
deformation, (3) extensional deformation in the Middle Miocene (4) regional
transcurrent tectonics since the Late Miocene (Kaymakci et al. 2003a).

The tectoni c de v eBasnwasdfected by thred differen@i n k € r &
types such as compressional, stiskie, and normal faults. The compressional faults

are observed in the rim of the basin. The closing phasieeaforthern part othe

¢ ank ér lges oBcarsed under compressional deformation though the-slifke

fault system is generally affecteg the basin infill at the NESW orientation. Also,

the normal faults dominate tieenter of thdasin(Kaymakci et al. 2009Kaymakci

et al. 2010) Two depositional sequences are significantly divided by a local
unconformityint h e ¢ a n kTehe ndrth&mapsurt ohthe basin is mainly evaluated

by the local unconformities thugh the Cretaceous Paleocenenits without no
majorhiatuses in the basin center (Kaymakci et2009)

The salt domes possibly originated betwdditudle Eocene to midDligocene
(Kaymakcé et al. 2010) and they are | oca
units up to Late Miocene Bozkér Fagr mati ot
they are easily delineated in the gravity images due to doavity anomaly
corresponding to the thick basin infill and salt structure, while high values
correspondtéthes ur roundi ng ophiolitic m®l ange an
According to theS a ] p-& @Figure 1.15) borehole report, anhyitie halite is

recorded between@30m and 60 m depth. Alsosarious salts are penetratieom
1,765mto 37 00 m dept h, which is around 2000m
borehole Figure 113) ended up at,300 m depthin thewell, the Mid-Oligocene
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G ¢ v e rFdrindtion is 480 nthick and between-066 m depthncluding white
beige, anhydriteand gypsunalternated with red and greshale. Betweenl66m
and - 380 m, anhydrite with shaletercalations intersected. Halite (NaG$

intersectedetween 380 480 m.

The Late Eocen®| i gocene Knci k Formationadnder|l i es

is intersectedbetween 480netersand 3700 netersdepth reaching up t&,220 m
thickness a-1lwdlhle. SWijtphizmr t he K rhaliie k
interlayers arerecounteredetween 630m and 1660 m depthandevaporites are
encounteredetweenl,765metersto 3,700 nmetersdepthvarious which meanshat
approximately2000metersthick salt existin the basin.
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1.6. Data and Methodology

Potential field data and seismic reflection profiles are used in this study. The

potental field data sets are obtained from the MTA website. The seismic data is

obtained as hard copies from Turkish Petroleum Affairs (MAPB®G)ained printed

2D seismic profils and theyare scannetb interpret in graphic drawing software.

The gravity Boug e r ma p ohingebgtween thek69 and 83 mGal values

which means the lower gravity valuaslong tdess dense rocks, however, the higher

gravity valuesbelong to thedenser rocks. The negative gravity values are much

mor e extende @, pessihlyodsestaniingreasda iy the topography
eastwardsresulting from the deepeated isostatic compensatiofhe residual

gravity of t h griddedinzOgpcontpur Btargalvithin thirs order

polynomial surfaceT he gr avi t yamnkm@mge Bdsitmei £ gridded
the conventional Kri giFgwelh®.t hod ( Kaymakcé,
Int he Tuz g 28lsgismiB 2aDsunmigrated seismic data were used making up

a total 402,650 km line length and coveringmximately 4200 knt area Figure

1.1. The 2D seismic data set of the Tuzg®°l ¢ E
resolution is &old, resulting in a chaotic image on the seismic section. The seismic

profiles are also unmigratednd the issue of arranging the unmigrated seismic

profile is here appearing as a diffractidiigure 3.3 andFigure 3.4). Therefore, the

quality of seismic interpretation is impaired by diffractidhe diffraction present in

the unmigrated seismic profiles was only identified dominantly in three or fewer of

them, which restricted their interpretation. Therefore, the salt interpretation was
committed through correlation with the salt orientation on ab@cent seismic

profile and residual gravity chart on those diffracted profiles in terms of unraveling

the salt boundary.

Diffraction alters the whole of the data set,normal conditions, rprocessing of

the data set is preferable. Unfortunately, $bessmic data set is not available te re

process. Therefore, the 2D unmigrated seismic sections are assumed tosgédadmi

for interpretation.
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As opposed to the Tuzg®°l ¢ Basin, seismic
and have a higher seismiesplution of 6€fold, which is ten times greater than the
Tuzg®°l ¢ Basin. Thus, the seismic section
with a high Signal/Noiseratid. n t he ¢ankeér é& Basin, 15 sei
km line length and covea 4.122km> ar ea are obtained from T
Affairs (MAPEG) that were acquired by Turkish Petroleum Company in various
vintages Figure 1.15).

The depth imaging of the salt is an essential part of underground gas stojagis pr

The seismic method is aimed at a visualization of salt bodies based on density and
speed information from the subsurface. The contrast in velocity at the sediment and
evaporite interfaces is a valuable feature. The seismic velocity increase$favith t

depth, but the structure of salt causes an inversion of the information about the
seismic velocity, and the reflection coefficient is notable because the salt density is

a significant item.During the seismic interpretation, borehole data is used as a
reference for formation tops and time/depth converdiable 1.1 depicts the list of

boreholes used in this study.

Table 1.1 The borehole list used in this study.

Borehole Name Area
Bezirci_1

Sultark | if P ¢dzl 31 £ N
Aksarayl

{FreLAT NI 41 y1 PNP

The seismic energy is absorbed while traveling through the media. The energy
transmission decreases with increased depth. Here, the seismic energy is absorbed
below around 3,000 ms in time, 5,00@&ters in depth, therefore the salt bottom
hardly was interpreted precisely for a few of the seismic profiles. This is solved by
carrying the salt bottom interpretation from the adjacent seismic profiles if the energy
absorption caused energy missing onpiteile.

After completing the interpretation, the seismic sections were digitized and geocoded

using the Leapfrog Geo software and the 3D volumes of the salt bodies were
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generatedThe outline of the salt formations was defined as a diaghai u z g ° | ¢

Basin and as a dome the¢ a n k € r .&Sub&gquentlythese3D volumes have

been employed for the depth and thickness of the salt bodies

The distance of the seismic profiles is irregular and for the generation of the volume

view, a more frequent daset is requested he irregular 2D seismic gridding size,

which is the nature of the 2D seismic survey, had a paramount effect on the
interpolation of salt in this study. Therefore, 3D volume composition involves

several distinct units; three componentsihe ¢ ankér & Basin and four
the Tuzg®©°l ¢ Basin. Utilizing the spheroide
repercussions of this several pieces view by extrapolation even if the interpolation

parameters are maintained at an ideal level. Thepolggion may present an

unfavorable consequence. The 2D mesh files were converted into the 3D volume by
interpolation, even if the parameters were not wider, the 3D salt volume was

constructed possibly overestimatdd. the coming times, provided a prdjeis

acquiredfom t he 3D seismic data set in the ¢ankeéeé
be calculated more accurately. There is plenty of advantages of the 3D seismic data

set in terms of the underground facility location, the number of salt caverns that plan

to build in the 3D salt body, and prevent from possible damage conditions, and

calculating the safety factor of the cavern stability. Like, Bfiten had obtained the

3D volume of salt before building the facility.

This study does not involve laboratory tests omatical databases; therefore, a

cavern was developed by utilizing analytical modelifidpe analytical model

approach could be considered an inversion technigstly, the shape of the cavern

is decided based on the depth and thickness of3lhesalt structure volume

Subsequently he fundamental features were employed in the design that involves

six terms from shape to thermal conditiolmsthis study, lhe Leapfrog software was

employed to create the cavern in the form of a mesh record.

The salt caverrwas constructedo proposethe finest shape, size, and physical

specifications concerning the 3D volume of the salt structure.
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CHAPTER 2

THE UNDERGROUND STORAGES

In this chapter, the underground storages are evaluated for their technical €oncern

to the cavern design.

1.7. Background

Natural gas is known since ancient times, though it was not used commercially until
recently. To reciprocate the increase in demand and consumption of natural gas
worldwide necessitates its storage when demand is low to be used when the demand
increases. Therefore, storing natural gas is one way of keeping the balance in
seasonal changes.

The first underground storage was established in Canada in a partially depleted
Ontario gas field, in 191%Muhammed et al. 2022After that, the underground
storage of natural gas has become a more interesting subject at the beginning of the
21st century. As the energy demand has irsa@aglobally, while the capacity of the

gas reserves could not keep pace with the demand underground natural gas storage
brought a solution to correspond to the gas demand by injection of the gas into the
storage facilities by appropriate technigues.

Various types of storage measurements quantify the gas volume in the storage. Those
storage measures are also effective to quantify the capacity of the facility which are;
total gas, base gas (cushion gas), and working gas (deliverability) capacity. Those
are variable and change over time. Total gas is equivalent to the volume of the
storage which could be decided at the storage design step. Base or cushion gas is the
volume that ismaintained in the underground storage to provide the required
pressure and kedpe deliverability at optimum rates. Working gas is representing

the circulation of the injection and withdrawal of the gas. Working gas or

deliverability is the amount of gas in a daily process that can be extracted from
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storage. Kappa2022). Working gas is the total amount of the injected gas that is

to be withdrawn. The injection and withdrawal rate of the gas is belonging to the
deliverability part of the proces$he cushion gas guaranteekeep the safety and
maintenance of the cavern that necessarily stays in the cavern under any
circumstancefMuhammed et al. 2022These volumetric properties are affected by

the storage design parameters and demand different things. Cushion gas is affected
by the depth due tdé pressure, the relationship between cushion gas and depth is
inversely related. While lower caverns desire less cushion gas, deeper caverns desire
more cushion gas, which means the operational cost has directly affected the depth
of the cavern(Lord, Kobos,& Borns 2014(Zivar, Kumar,& Foroozesh 2021)
(Muhammed et al. 2022)

Underground storages have to be under hydrocarbon geal@ginditions, such as

cap rock to get safety and stabilityMo | 2 k o v §. Téa depdeted oil/gas fizlds)
arethe most common among these methods due to not being necessary to build a
storage cavern, create a pipeline connection, or drill a well to inject and withdraw,
however, slow rate of injection and withdrawal rates are their main disadvantage.
Aquifers areonly preferred as a last choice due to their durability is weak to build a
cavern due to their physical properties (EIA, 2028) mentioned previously, there

are three different types of storage, 1. depleted oil/gas fields, 2. aquifers, and 3. salt
strudures(Figure 2.1). Each storage has its pros and cons, physical characteristics
such as porosity and permeability, economic constraints as well as installation costs,
rate of deliverability, and duration (life cycle) (EIA, 2Q15As shown inTable 2.1

the salt cavern working volume is smaller than other underground gas storage (UGS)
facilities, though the injection rate and withdrawal rate are much higher, which
results in relatively very quick injaon and withdrawal period#\s a result, more

than 660 UGS facilities exist in the entire world and 68 more storage projects are

underway all of which provide 48bcm of working gas capacity.
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Table 2.1 Comparison of differences tveeen UGS types (modified from EIA 2022)

Depleted Fields Aquifers Salt Formations
Working volume | Medium to Large Large Small
Withdrawal Flow 10 iy, Medium High
Rate
Injection Period ~200 days ~200 days ~ 30 days

Withdrawal | 160 t 150 dys | 100 to 150 days| 10 to 20 days
Period
Development
Duration 5to 8 years 10 to 12 years 5to 10 years

Depleted Fields

Salt Formations

Depleted Aquifers

Figure 2.1 Schematic illustration ofinderground storage typeSKI 2022)

1.8.

The Underground Storage Background inT ¢ r ki y e

The underground storage subject is one of the main issteg in kowvey the last
two decades due to ireased energy demand, whishmostly basedn imported
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natural gas. So far, there are two facilities for underground storage, one is in Silivri
(Kstanbul), and the oBht28X.one is in the Tuz

a. Silivri Facility : This facilityisi nst al | an2007 gnd iBpovides the

storage of natural gas transported to the depleted hydrocarbon wells in the Marmara

region from the transmission network and has already reachedllip8 m3

storage capacityhich is planned to increase to 4.6 billiod.m

b. TuzgPFakilgy: Tur kegbdbsonal gas company Botak h
started a UGS facility pBothakbdetaunchedt he Tuzg?©
the facility after ensuring the 3D imaging of thelt bodyot he Tuzglad ¢ Basi n
been done by a 3D seismic survey. The project is keph aagoing project and

step by step extesdhe capacity of the facility. It is located in Aksaray Province

whichi s 40 km awa yandfs centred What thg fietegsities for an

underground gas storage facilitConcerningghe Boa k r eport (st orage ex
project) the number of caverns is incliegsstep by step. The depth of caverns is

not located at the same depth due to the subsurface geology and some technical

necesties. The cavern is located 6000 meter®f startingdepths withina1500 m

thick salt column. depth is betwee/da0-1,450 m and the volume of the capacity is

reported 630.0G0-750.000m.

Table 2.2s containim the phases of th@oject. The ¥ phase is completed witt?

cavernswith 630.000 m -750.000m? volume capacity.The 29 phasecommenced

with a 1 billion cubic neters(bcm) capacity ands planned to be increased to 5.4

billion cubic meters (bcm) by 2023. The planned salt caverns will have similar

geometry to the existing caverns. By the ehthe projectthe facility will reach 60

caverns. The caverns have been produced by dissolving the salt using freshwater
providedbyt h e Hi r f a ifFigére 22)aThe dissolkesl brines are discharged

i nto the Tigueg2®) The dorageafacility is built nearby the energy

transmission corridor. In otharords,the storage facility is almost on the main route

of the natural gas pipelines. It is located 23 km away from the Eastern Anatolia

Natural Ga Main Transmission Line. Such as short distance provides high
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punctuality in term®f withdrawing and injection periods to meet fluctuating energy

demands.
Leaching Facility Surface
Facilities

d )

Underground Natural Gas - ¥ ~

Storage Well Sites
- > Fresh Water Line Facilities Brine Discharging Area
I J

= Fresh water Line

— Brine Discharge Line

Figure 2.2 Water Supply and discharge Planned Within the ScofgasfStorage
Expansi on Pr oWerldBank(nBlot ak 2022
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i Capacity Expansion Project
UGS Sites for 40 Caverns

A New Surface
Facihhes *

| Enengy Market Regulato ]
f > Authonty Llcense

3

X -‘Q" )
s P Ex:stlng Surface

| Existing Projects UGS -
| Sites for 12 Caverns |,

LEGEND
—— Existing Natural Gas Branch Line == m Planned Freshwater Supply Line | | Planned Project Well Impact Area
- Existing Freshwater Supply Line ._ -‘Planned Surface Facilities Salt Dome Discovered

D by Seismic Research

~—— Existing Brine Discharge Line - Existing UGS Locations

« == Planned Natural Gas Branch Line B&% Planned UGS Locations Sdaing fes Ao
Planned Brine Discharge Line Planned Pipelines and Auxiliary PMES oo 1o
m--- i I = s
- | Surface Facilities Impact Area Existing Surface Facilities

Figure 23Tuzg®°l ¢ Under gr ound N anhduhe dakilitie
(Botak 2017,) Worl dBank, n.d
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Table 221 nf or mati on on t he ufauGag Storage Rdajedte r gr o
Planned Capacity (Botas 2022)

ltems 15t Phase 2"d Phase

Storage type Salt formation/Salt Cavern Salt formation/Salt
Cavern
Depth of Entry Salt 500m-860m 500m-860m
>1,500m(Drilling), 1500r2000m (sesmic) >1,500m(Drilling),
Salt Dome depth 1500m2000m
(seismic)
Number of UGS/Caverns 12 Caverns 48 Caverns

Cavern Volume 630,000 M 630,000m-750,000mM

Situation Completed Planning phase

1.9. The Fundamentals of the Cavern Design

The salt deposits request to have sufficient enough thickness of the cavern wall even
if it designs as a single one but in general underground storages aresdiestgn
multiple caverns to get the ability of the loteym stability of salt depositSo,the
solution mining method in the salt deposits restdficient diameter and thickness

to accommodate one or more solutimmed openings at substantial distesi¢rom
thetop, bottom and sides of the formatidllen, Doherty,& Thoms 1982h)

The other major requirements to be considereddhution mining include the water

to be injected and the brine to be removed outside of the cavater injection
refers to pumping water into the salt structure. After finishing pumping theibrine
withdrawn outside of the cavern. Everygim3fresh water could dissolve 1fhalite.

The suitable depth of the salt is more than-800 m and shallower thanG®0m
(Warren, 2016).

The fundamental parameters of designing require a few conditions that typically
consist of physical effec{sleusermann, Rolf& Schmidt 2003)Bruno 2005stated
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that while the elastic deformation and thermal expansion behaviors could be
determined by physical condition paraers and not expected to change
everywhere, in contrast, the inelastic deformation, creep propeatidsdamage

behaviors could be different and play an important role.

1.9.1. Site selection

Successful development of a UGS must include an appropriate sitecselzased
on subsurface information, suitable performance analysis based on geological, fluid
dynamics, and geomechanically approaches, and eventually an adequate monitoring

program(Verga, 2018)

1.9.2. Cavern shape and dimension

The shape and dimension the salt cavern directly reduce the negative effact
long-term usage of the storage and give a release on safety. The safety factor, volume
shrinkage, overburden pressure, and plastic volume are the most effective parameters
thatshould be considered whibecidng the cavern shape. In the literature, there is

no oneway solution though different media causing different problentsch may

lead todifferent solutions. (Wang, et &013).

There are several types of cavern shapes, which are ellipsoiegllar, cylindrical,

and cuboid respeawgely (Figure 2.4). Ellipsoidal shape is much more reliable in
terms of stability. The irregular shape of the cavern type is giving a good solution
to the shallower structures, such al pillows and salt beds. The cylindrical shape

and cuboid shape do not have good stability in terms of deformdtianet al.

2020)

While an ellipsoid shape cavern type seems much preferable due to it giving more
steble characteristic behaviors when compared to the other siiafzewy et. al

2011). The ellipsoid model is much better based onterng processing. Moreover,
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some researchehmvesuggested a rectangular cavern type according to the corner
radius and stality (Cristescu& Paraschiv,1995)( Wang et al. 2013)

The complex structure and the homogeneity of the subsurface are unordinary giving
the challenge to design salt cavern typesirregular type caverns are suggested no
matter what type of salt structure is dealing withu et al. 2020).The current
solution mining methods are also not allowed to design a regular shape cavern due

to the heterogeneity of the subsurface.

1.9.3. Geomeclanical properties

The geomechanical parameters supply the fundamental criteria to design a cavern to
be sure the stability of the facility and increase the safety factors. These fundamentals
consist of physical effects (pressure, temperature), stressgtstrand geological
anomalies. Those are giving insurance for safety factors before, during, and after the
cavern design is complete@Heusermann, Rolf& Schmidt 2003)

Cavern depth, cavern geometry, the distance between caverns depending on the case
of a cavern field, the distance of cavermé&ghboring geological, pressure regimes
during a storage operation, andnstitutive behaviors of the host rock (short and
long term) are the most important parameters while constructing the cavern
(Heusermann, Rolf§; Schmidt 2003)

The salt cavern design is allowing reducing the stress risk by using the
geomechanical characteristics of the salt and surrounding area. Stress/strain ratios
are not important just for construction time,aaisportant for production time.
Geometrical parameters are including salt roof thickness (s), cavern roof depth (z),
cavern height (h), cavern diameter (d), Pillar width (b), and distance to the edge of
the salt doméa) (Figure 2.5).

The mechanical behaviors are observed by so many authors and approached to the if
a constant mechanical stress load into the system the stzd€\strain rate of the

rock salt is approached to the point of adfioear function of the applied ssgthe
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volume has not been changed and the system isigerisithe temperature (Berest
etal. 2013).

In general, the mechanical behavior of the salt which is affecting the deformation
rate is influenced by thermal conditions and stress ssshige ingde stress is
determined by the overburden weight d@hdinside pressure is represented by the
operating gas pressur@®nal 2013) Stressstrain rate is controlled by three
fundamental parameters, which #ne elastic behaviors of salt, thermal expansion

of salt and salt creep (Brouard, 1997). When the leaching process starts the
pressure value is causing initial stress (@garslan2012) The pressure regime is

the first consideration to avoid surface subsidence during the gas injection and
withdrawal period (Susan, 2019). The internal gas pressure is the key factor in the
safety and stability of the cavern. The pitypfor the underground gas storage is
initial stress and the vertical component can be estimated for flat ground surface and
deep salt deposit either; in MegaPascal (MPa) (D#arslan2012)

Pv =0,022 H (1)

Here Pv is the vertical initial stress component and H is the starting depth of the
cavern. The maximum pressure of the cavern is generabig ¢b the vertical initial

stress componefi©zarslan2012)

Susan 2019; stated that; cavern pressureimthst effective to protect the cavern in
long-term stability to keep this in balance. In this case, the cavern pressure and
|l ithostatic pressure have to be in balance,
lithostatic pressure. Also, the cavern presswguld affect th@eighboringcaverns

and cause collapse. It could be kept in a safety zone with the pillow width. The
sealing of the cavern is ensured by the thickness selection of the top of the cavern,
which is measured by the salt top and cavernmtistalo avoid surface subsidence,

the cavern pressure has to keep in balance with the lithostatic pressure during the

process.
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The geological tightness and technical tightness are providing the sealing of the
cavern and keep the cavern safe. The geolbggiatness must be thick enough
against the storage pressure. The technical tightness is including the casing system.
The geological tightness and technical tightness can provide optimum limitations by
keeping the pressure rates in balance. The maxinawerc pressure Pmax should

be 10% | ower than t heinQniPrilmnine pitreresisles u r e
the technical tightness could be at most 15% of the maximum pressure rate.
Compr es s iw=885%Rh«(Sesans201D).

The lithostatic presse gradient is related to the density of the rock material and
transmitted through the layers. The overburden pressure is equal to the total value
of the lithostatic pressure and fluid press(ifab & Donaldson2016) The total

vertical stress gradient is compressive stress and equal to the lithostatic stress
gradient Sv. Typical lithostatic pressure is around 23 Mpa, pore pressure is around
10 Mpa, and formatied agDnicolasespinoz&022);

BO 7 06 @A (2)
Sv(zpgdz |} (3)
Po= wgz (4)

Here;ssi s t h e tokiz)als the lithostascstressgradient, z is the depth, g
is the gravitational @eleration,and P, pore pressure, respectively. The effective
verti ca)isthetdifference betwieen total stresg énd pore pressure fP

and can be estimated with a given depth:

av=S- Po (5)
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Table2. 3is generated b ¢, z ¥2004 to summarize the mechanical properties of

rock salt around the world based on the laboratory test results.

Table 2.3 Mechanical parameters values of the rock salt around the vddi¢, z y o |

2004)

Location | Density | Elastic | Rigidity Poison | Compressive Tensile
module rate Rate Strength Gc | Strength G(MPa)
¥y ( GP| G(GPa) g (MPa)

Germany - 31 0,23 - 0,53,5
Russian - - - 35,4 1,56
France - 16 0,2 - 2
Ter kil 2,18 0,14 - 28,3 1,96

—_
s H
—

Figure 2.4 Four different shapes of salt cavereflipsoid-shape, irregulashape,
cylindershape, and cuboishape (h is for the effective volume of the cavern, which
is called base gas, uppeart stands for the sediments in the bottom of the cavern
(modified from Liu 2020)).
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Surface Subsidence ?

Non-salt
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Geometry parameters

s = Salt roof thickness

7 = Cavern roof depth

h = Cavern height

d = Cavern diameter

b = Pillar width

a = Distance to the edge
of the salt dome

Depth (m)
=
o
=}
s}

Operating parameters

Pmin = Minimum
permisibble
Operating pressure

Pmax= Maximum
permissible
Operating pressure

Figure 2.5 General demands fahe geomechanical design of caverns in salt
(modified from(Heusermann, Rolf& Schmidt 2003after (Lux, 1984Lux, 2009)
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1.9.4. Salt creep

When the salt rock is subject to stress under pressure at a certain depth behaves like
a viscaplastic material and tendency to créep Wang et al. 2017)

Figure 2.6 represents the typical creep test results that consist of two or three stages;
transient, steadgtate and accelerative respectively. Transient and ststatg

creep phases are following each other starting from therhighstrain rate ah
becoming normalized and stabilized. When the temperature and differential stress
add to the system accelerative creep phase is occurring. This third creep stage is
known also as the tertiary creep stage and governs the failure of the spédimen
Wang et al. 2017)

Rock saltsare affecting longterm nonlinear creep deformationdue to the
subsurface overburde8alt creemccursin the range of 2R0C°C temperature and

as low as 0.2 MPa stress for letegm and sbrt-term periods.(Kumar, 2021)

Several fundamental properties that are effective on salt creep are overburden
pressure, internal pressure, salt type, cavern shape, cavern depth, and geothermal
gradient. The salt cavern stability is effective between raththeters and thousand
meters depth which chardyeto an unstable form below a thousandter depth,

which is at the elastiplastic transition zone. The internal cavern pressures are not
sufficient at this point and salt behaves unstable. This ingyalsl causing
subsidence and salt creeping so cavern size squd&vargen, 2006)Kigure 2.7).

There is a good salt creep example, which is seethdrEminence cavern in
Mississippithat occurred by shrinking of the cavernilh at 1700- 2000 m depth
Thismeans 40% of the cavern volumed@d/arren, 2006). Salt creep ocsbyy the
lithostatic pressure and cavern pressure differences (Warren, 2006) (3ukan,

(Li et al. 2021) To reduce the rate of the salt creep cavern pressure should be kept
athigh values to gain against the lithospheric pressure (Warren, 2006).

The creep rate of the rock salt under different circumstances duerapération a

valid creep deformation model needs to be proposed to avoid possible déiFhages
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Wang et al. 2017)Rock salt creepehavioroccurs anytime even under small stress
and is measured by this equat{@zarslan2012)
yss=Aexp (Q/ RT) 0 (6)

Function (6) is also known as Nortbtoff law. Here, A is thereep material model
that depends on the stresR. is the energy of activation and is determined by the
serial laboratory test with constant stress, and different temperature levels. Exponent
n is the serial laboratory creep test at various stress wihstant temperature. R is
the universal gas constant. T is the rock temperature at a certain Alegtiady
state creep strain rate is symbolizedyby

Generally, typical values are given during the tests, as coristathie components

of n and @R, which are in the range & to 6 and from 3,000 to 10,000 K,
respectively. The steaebtate strain ratée) ss is about 18° s'* when givena 10
MPa for deviatoric stres¢ s ) and300 K fortemperature (T the function This
rate isnot representinghe real world which is assumed as slower when cordpare
with mostlaboratory tes in which applied stress is larger thanNI@a Berest, et.

al. 2013).
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Figure 2.6 Typical creep test resulModified from H. Wang et al. 2017)
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The NortonHoff law is a generalized formulatioof;

d- /dt=3(Aexp(Q/ RT) (R)&FV2%5/2 (7)

Here, the first invariant isjSand formulize

Si= ij & ke ij (8)

The second invariant is i adeviatoric stress sensthratformulizes;

b=Sj Si/2 9)

For anidealized cavern subjected #oconstant pressure of geostatic lithospheric
pressureof ” lith and cavern pressurec, the steadystate creep rate and second

invariant fornalized;

o0 ¢ "lith -"c) (a/rf"2n (10)

Here r is thedistance tathe cavern center and atise radius of the caverrn a

conclusioncavern testare extrapolatin a stress range (Berestatt2012).

1.9.5. Surface Subsidence

Surface subsidence is a complicated procedure that occurs in dimensions of time and
space(Han, Hu, and Zou 2020)Surface subsidence is happening during the
construction period or injection period to the internal gas pressure limitation. To

protect the cavern's stability the minimum gas pressure is ultimately kept in the
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storage to avoid surface subsidence and volume shrinkage of the (lavetrrmal.
2021,)(Hardy, 1982)Onal 2013)

During the injection /withdrawal peripdverburden would govern subsidence of the
surface as a bowl shape or passion Figure 2.7) (Warren, 2006). This could be

more common in shallower storages than in deeper stofZbasg et al. 2021)
Surface subsidence is influenced by the depth, thickness, overburden pressure,
leaching method, and most importantly the injection /withdrawal rate (Neal, 1991)
(Warren, 2006).

Surface subsidence is a complex process and several methods are expsangrio

the storage from such damage by prediction. In generalized surfacdesgbs

function is givenSusan2019)

Sy t)=af(x, yVWk (t) (11)

S is representing the subsidence in a certain time (t) at the x, y locations, a is the
subsidence amount of the cavern volume of each cubic meter, the f (x, y) determines
the shape of the subsidence bowl, and Vk is the volume converfgeten in time
(Susan2019)

Volume convergence can be estintblby the equation;

Vi () = Vp (t-1/K (1-expk.t))) (12)

Here, Vp describes the rate of production, t is the time (dagk convergence rate

of the volume.

k=to L — DA FD— (13)

Here, ) itho represents the lithostatic pressure, whil&Xxepresents the internal

pressure with the exponential of'fi.is the reference stress. Salt creep is represented
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by A, Q isthe activation energy, R is the universal gas constanti T is the

tenperature (Susan, 2019).

Bowl of Subsidence

Figure 2.7 Simplified diagram showing salt creep and surface of subsidence is
affecting the cavern to shrink and getting more squeeze from the original size of the
cavern (Modified after Warren, 20D6

1.9.6. Thermal Conditions

If the rock salt material is pure halite, the leaching period is endothermic. In contrast,

if the rock salt is involving anhydrite, gypsum, or calcisuoiffate the leaching
becomeslessndot her mi ¢ ( Br ou 2a997, (OaRR@B)eButing & Cou
the salt leaching period, the rock mass around the salt became cooler auhcaus

creep. During the solution mining period, the water is injected into the cavern and
dissolved salt, which is brine withdrawn and this is causing temperaianges at

a certain deptkBerest, 2001)

Salt dissolution is an endothermic activity and during the operation, heat

transformation occurs between the surrounding rock and cavern turning into a cooler

55



when the leaching is completed. The injected owdtier became a warmer brine
(B®r est , HB®wvRMA) {Odal, 20&3)Jeannin, Myagkiy& Vuddamalay

2022) The heat transfer is slower in a cavern though the teype is changing

faster due to the rapid injection and withdrawal are adigb&i® y 2819}t The
thermal exchange is not the most important parameter due to the slowness of the
exchange processing. This is the firstiamption from the beginning of salt leaching.

The differences between the brine and fresh water are increased when the cavern is
enlarged, for example, the brine water is 8 times bigger than water at the depth of
1000 m. On the other hand, thermal excleapetween rock salt and the well tube is
negligible when compared with fresh cold water and brine warm water (Brouard et
al. 1997). The temperature can be estimated at the (&ythn, 2019);

T=290 + 0.023. H (14)

Here, T isthetemperature ifKelvin (K), andH is thedepth ofthe cavern

56



CHAPTER 3

RESULTS OF THE STUDY

This chapteinvolvesthe seismic data interpretatioht he Tu z gé&ndithe Basi n
¢ ank ér,aswlbashe 8D salt volume of he T u z géndthe¢ Bak é neé

Basin, andtavern design results.

1.10. The Seismic Datalnterpretation

The seismic data sets are in 2D at both study sites. Through theldptie
conversion method, the depthfarmation is derived from the seismic velocity,
generated during the processing of seismic data. They are correlated with the
borehole data to interpret the formation tops. The top of the salt depth and the bottom
of the salt depth in the seismic profil@sre derived also from this correlation. The
simplified crosssections represent a summary of tectonic movement and sediment
accumulation in the specific direction of the area. Their appearance does not aim at

generalizing the geological circumstanceshef regions

1.10.1.T u z g BakirgInterpretation

TheT u z gPadingeismic profilesrelocatedin acertainareain the southern part
ofthebasin The interpretation of the Tuzg®°l ¢
close to the Bezirel borehole, which was dled by the TPAO firm in 1977This

study specified this borehole as a main wEIlggre 1.10). It was related to the

adjacent seismic lines by utilizing the tinvelocity relationship of the seismic
sectionsBezirci1 boreholehas identified the presence of salt at a depth,282

meterswith athickness ofl,270 meters(Figure 1.10). The salttop wasdetectable

on the reference seismic section at 900 ms and a depth ofrfleB9Sn the seismic
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profile which is depicted ifrigure 3.1 andFigure 3.2. Additionally, the depth of

the salt bottontorresponds to 800 metersand 1,600 ms at accordance wittime-

depth conversionThe thicknessof the saltis close to 1,300netersthick. On the
seismic sections, the OligoceMdocene Mezgit Formation and the Pliocene
Cihanbeyli Formation were interpreted as a seal atop the sal(Tade 3.2).

In Figure 3.3, NNW-SSE oriented seismic profile displayed with the residual gravity
graph to mark the negative anomaly in gravity values is apparent. The gravity values
show a negative anomaly that corresponds to the salt boundary. Here, the salt
boundary was méed by the blue dashed line to correlate with the residual gravity
graph and seismic profiléigure 3.4)

In Figure 3.5 and Figure 3.6, the sésmic profile is depicted in its original and
interpreted formThisseismic profiles located in thesoutheasterpart of the study
region It was interpreted that the layering of salt is shaped like a diapir along this
profile.

The seismic profile illatrated irFigure 36 isinspired to generate a simplified cross
section Figure 3.7b). The interpreted seismic profile wdsplayedover the cross
section outlook by utilizing a diaphanous blue loxpoint out the crossection
created areas shown irFFigure 3.7a). This simplified crossection illustrates the
saltin a diapir shape, with the Oligocene strata significantly pinched out in the survey
area from north to soluton the seismic profiledhe strata from the Oligocene
Miocene periodcover the Paleocene strata. The salt layer extends to a depth of
around 1,120 meters and is approximately 1,000 meters wide in the simplified cross
section, which is depicted Figure 3.7b. Moreover the salt body ibecoming wider
towards the southAs a consequence of the salt analysis, the formation of the salt is
finalizing in the stratigraphy of the Patmme in the simplified crossection.The

salt comentration is divergent across the seismic profiles, which are two
dimensional and stretched out in different ways. Consequentlyanigeof the salt

top is revealed between 800 meters and 1,400 meters in the seismic profiles.
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Figure 3.1 The original TG7ext line.
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Figure 3.2 The interpreted TG7 ext. linavolves the time depth conversion and the

salt structure depicted in a yellow color salt view drawn on the defined seismic
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profile. TheBezirci1 borehole has been placed above the seismic section to identify

the roof of the salt formatioiShot point interval:50m)
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Figure 3.3 The original TG1%eismic profile
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Figure 3.4 The interpreted TG15eismic profile The negative. residual gravity is

representing the salt boundary the salt structure is remarked by yelldiveon
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