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ABSTRACT 

 

EVALUATION OF SALT STRUCTURES FOR UNDERGROUND GAS 

STORAGE IN THE TUZG¥L¦ AND THE ¢ANKIRI BASINS, T¦RKĶYE  
 

 

 

G¿ngºr, Ayĸe 

Doctor of Philosophy, Geological Engineering 

Supervisor: Prof. Dr. Nuretdin Kaymakcē 

 

 

January 2023, 113 pages 

 

 

Natural gas is a fossil fuel that is present in every step of our daily life, in terms of 

commercial, domestic, and industrial areas.  It 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 have been used since 1915.  They are economically important in long-

term usage in the marketing area.  Therefore, finding new suitable underground 

storage locations in T¿rkiye is getting strategically important. Apart from depleted 

oil or gas fields, salt domes and other salt bodies are widely used for this purpose. In 

this context, this study aims at mapping and evaluating the salt bodies in various 

parts of T¿rkiye using potential field data and seismic data sets and to design proper 

cavern patterns suitable for efficient underground storage facilities.  For this purpose, 

two candidate sites are selected in Tuzgºl¿ and ¢ankērē basins, which contain thick 

salt deposits and bodies suitable for constructing underground salt caverns for gas 

storage.  The location of the salt bodies was determined by potential field data then 

they are mapped out using 2D seismic data sets. The 2D seismic interpretations are 

modeled in the Leapfrog Geo software for generating 3D static (solid) volumes. 

Then, the underground salt cavern is designed based on the analytical solution 
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method that takes the shape of the salt body and geomechanical properties into 

consideration.  

Keywords: Underground Natural Gas Storage, Salt Domes, Potential Field Data, 

Seismic Reflection Data, Salt Cavern  
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TUZ G¥L¦ VE ¢ANKIRI HAVZALARINDAKĶ TUZ YAPILARININ 

YERALTINDA GAZ DEPOLAMAK Ķ¢ĶN DEĴERLENDĶRĶLMESĶ, 

T¦RKĶYE 

 

 

 

 

G¿ngºr, Ayĸe 

Doktora, Jeoloji M¿hendisliĵi 

Tez Yºneticisi: Prof. Dr. Nuretdin Kaymakcē 

 

 

Ocak 2023, 113 sayfa 

 

 

Doĵal gaz, ticari, evsel ve end¿striyel alanlarda g¿nl¿k hayatēmēzēn her adēmēnda yer 

alan bir fosil yakēttēr. G¿nl¿k hayatta geniĸ d¿ĸ¿k ve y¿ksek talep dºnemlerine 

sahiptir ve bu nedenle d¿ĸ¿k dºnemlerde depolanmasē, y¿ksek dºnemlerde 

kullanēlmasē gerekir. Yaygēn olarak kullanēlan depolama yºntemlerinden biri de 

1915 yēlēndan beri kullanēlmakta olan yeraltē doĵalgaz depolama (UGS) tesisleridir. 

Pazarlama alanēnda uzun s¿reli kullanēmda ekonomik a­ēdan ºnemlidir. Bu nedenle 

T¿rkiye'de yeni uygun yeraltē depolama yerleri bulmak stratejik olarak ºnem 

kazanmaktadēr. T¿kenmiĸ petrol veya gaz sahalarēnēn yanē sēra, tuz kubbeleri ve 

diĵer tuz k¿tleleri bu ama­ i­in yaygēn olarak kullanēlmaktadēr. Bu baĵlamda, bu 

­alēĸma, potansiyel saha verileri ve sismik veri setleri kullanēlarak T¿rkiye'nin ­eĸitli 

bºlgelerindeki tuz k¿tlelerinin haritalanmasē, deĵerlendirilmesi ve verimli yeraltē 

depolama tesisi i­in uygun bir maĵara deseninin tasarlanmasēnē ama­lamaktadēr. Bu 

ama­la, gaz depolama i­in yeraltē tuz maĵarasē inĸa etmeye uygun kalēn tuz yataklarē 

ve gºvdeleri i­eren Tuzgºl¿ ve ¢ankērē havzalarēnda iki aday saha se­ilmiĸtir. Tuz 

k¿tlelerinin konumu, potansiyel alan verileriyle belirlendi ve ardēndan 2B sismik veri 

setleri kullanēlarak haritalandē. 2B sismik yorumlar, 3B statik (katē) hacimler 
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oluĸturmak i­in Leapfrog Geo yazēlēmēnda modellenmiĸtir. Daha sonra tuz k¿tlesinin 

ĸeklini ve jeomekanik ºzellikleri dikkate alan analitik ­ºz¿m yºntemi kullanēlarak 

yeraltē tuz maĵarasē tasarlanmēĸtēr. 

Anahtar Kelimeler:  Yer altē doĵal gaz depolamasē, Tuz yapēsē, Potansiyel Saha 

Verileri, Sismik Yansēma Verileri, Tuz Maĵarasē 
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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 underground gas storage by 

delineating the 3D volume of salt bodies in the ¢ankērē and the Tuzgºl¿ Basins. 

The salt body geometries are determined by magnetic and gravity methods which 

have specific magnetic susceptibility and density information. In addition, available 

well log data correlated with the seismic 2D data set which is also used for to-time-

depth conversion of seismic velocity to define the depth and bulk thickness of the 

salt. The generated 3D salt volume is used as a constraint to design underground salt 

caverns to be used as gas storage during low demand of gas.  

The salt cavern design is performed with an analytical approach method that is based 

on the fundamentals of geomechanical properties.  It is not the main aim of this study 

where to build underground storage precisely since it requires a thorough analysis of 

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

which are outside the scope of this study.  

This simple analytical model is applied here to provide constraints on the design of 

caverns for future projects. 

Single cavern and multi-cavern scenarios are applied for both basins assuming that 

the salt properties and the geological conditions are similar. The ¢ankērē basin cavern 

design is determined as a recommendation. However, the Tuzgºl¿ Basin cavern 

design is compared with the existing Tuzgºl¿ Underground gas storage facility that 

is constructed in 2017 by the BOTAS Company. 
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1.2. Motivation  

Natural gas is a nonrenewable fossil fuel that has a broad range of uses. Rapid 

industrialization and urbanization in developing countries have significantly 

increased the global demand for natural gas.  Also, the latest events in Europe, the 

invasion of Ukraine by Russia created a considerable risk of 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 chain. It is crucial for the seasonal demand, and it is concerned 

about geopolitics uncertainty, especially for European countries.  

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

use in the period of low- and high-demand periods of energy. There 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 as its porosity, permeability, 

stability, etc., and economic factors such as the delivery rate and the injection 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 uncontrolled 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 already-known subsurface conditions that reduces 

the risk factor to build an underground facility (API, 2022).  

The unique physical properties of the salt structure give the advantage to be used as 

underground storage, even though they have much smaller volumes than other 

storage types.  The high deliverability rate is meeting short-term changes in demand 

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

is the smallest among other storage types (Daneshvar, 2011). 
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Based on the domestic production of natural gas T¿rkiye is a net importer of natural 

gas. The imported amount of gas is 46.6 billion cubic meters (bcm) in 2022 (TUIK, 

2022). 

Natural gas provides a significant amount of power generation and heating. 150-170 

million cubic meters (mcm) per day of natural gas is consumed in T¿rkiye. This 

consumption increases in wintertime and expectedly falls in summer. In other words, 

the energy demand changes seasonally. T¿rkiyeôs total natural gas consumption 

exceeded 50 billion cubic meters (bcm) in 2022, and ranks the 4th natural gas 

consumer in Europe, while, it is holding the 3rd place in imports.  To mitigate 

fluctuations in the energy demand of T¿rkiye, underground storage is under 

consideration in energy politics since the beginning of the 21st century. In T¿rkiye, 

there are two facilities for underground storage, one is in Silivri where gas is stored 

in depleted gas fields, and the second one is in the Tuzgºl¿ Basin where gas is stored 

in artificially formed salt caverns in a salt formation (Botaĸ, 2022). 

The Tuzgºl¿ storage capacity increased from 1.2 bcm to 5.4 bcm, however, the 

storage capacity of the Silivri facility is 2.8 bcm and will increase to 4.6 bcm.  In 

other words, the total storage capacity will reach 10 bcm by 2023. T¿rkiye is 

planning on increasing the gas storage capacity to secure the supply-demand balance 

(Botaĸ, 2022). Therefore, thick salt formations in the Tuzgºl¿ and the ¢ankērē basins 

make these basins excellent places for future underground gas storage sites. 

1.3. Background 

1.3.1. Gravity and Magnetics 

Salt structures have unique physical properties, which are different from 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 magnetics are the potential field methods among the geophysical survey 

methods, providing information about the unique physical properties of the rocks on 

file:///E:/0_ODTU-PHD/000_Agungor-Saltdomes-Phd%20thesis-prework/000000000-TEZ_TESLİM/www.botas.gov.tr
file:///E:/0_ODTU-PHD/000_Agungor-Saltdomes-Phd%20thesis-prework/000000000-TEZ_TESLİM/www.botas.gov.tr
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a plan view and at depth (Lichoro, 2016).  While the gravity method measures the 

strength of the gravitational attraction of 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 a 

density of about 2.2 g/cm3. These properties make the density change insignificant 

with increasing depth in contrast to the surrounding deposits. When the density of 

surrounding rocks exceeds the density of the salt due to overburden and compaction, 

the lower-density salt becomes unstable due to buoyancy forces and tends to move 

upwards to lower density levels, resulting in the development of very complex salt 

structures and salt domes (Ode, 1968).  Measurement of gravity variation over the 

land provides locating the geometries and depths of salt bodies. To assess differences 

between actual gravity and computed gravity as well as remove the topographical 

effects, various techniques have been developed, such as Free-air gravity, Bouguer 

gravity, and Isostatic reduction methods (William, 2004).  The Bouguer gravity 

anomaly is a kind of gravity anomaly, which contains planar terrain correction 

different than free air gravity correction to reduce the difference between the 

computed and actual gravity.  The vertical component is subtracted from the sea level 

datum (Wilcox, 1990).  The Bouguer gravity 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 (William, 2004). In other 

words, it is a planar correction application to reduce the 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 (Van²ļek et al. 2004). 

The magnetic method is categorized as a passive method and is based on measuring 

the current magnetic field value which is the magnetic susceptibility of the 

subsurface rock (Haldar, 2018).  Magnetic properties provide important information 

to locate and map salt bodies (Heinrich et al. 2017).  Since, the magnetic 

susceptibility of the salt rocks is very weak due to being composed of diamagnetic 
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minerals, such as halite, sylvite, gypsum, and anhydrite, and they are characterized 

by negative magnetic anemology while surrounding sediments are positive (Heinrich 

et al. 2017).  The gravity data is used in combination with magnetic data to determine 

the location and geometries of salt bodies more accurately which can also be used to 

aid the interpretation of salt bodies on seismic profiles.   

In nature, the sediment compaction leads to an increase in the density of the 

accumulated sediments with depth. Nevertheless, at shallower depths and when the 

density of the surrounding rocks is not large enough to create density anomaly, hence 

no gravity anomaly, between the salt and surrounding rocks. However, magnetic 

susceptibility differences between the salts and surrounding sedimentary rocks 

become useful to delineate their boundaries. This is mainly because the magnetic 

susceptibility of the sediments is generally positive, whereas most of the evaporites 

including the salt rocks (halite, anhydrate, gypsum, etc.) are negative and it is not 

affected by the increasing depth  (Fichler et al. 2007). Therefore, magnetic methods 

are very useful to determine the thickness and depth of the 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 aeromagnetic field map of T¿rkiye is first assessed. This provided 

locating gravity and magnetic anomalies or major basins in central Anatolia. Also, a 

residual gravity map is used to determine the salt boundary from a regional 

perspective by correlation with seismic sections.  

After obtaining the residual gravity values, they 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 boundary. Unfortunately, the Bouguer 

and magnetic data maps could be obtained as printed images with a very limited 

resolution. Nevertheless, they were adequate to locate suitable areas for further 

study.  
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1.3.2. Seismic Data 

In addition to gravity and magnetic methods, the seismic reflection method is also 

used in this study.  The seismic reflection 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 cross-section of 3D seismic, although 2D seismic data 

is inadequate subsurface information rather than 3D seismic response, it supplied the 

fundamental idea for interpretation starting.  On the other side, 3D data provides an 

adequate and specified 3D volume image of the subsurface for a more reliable 

seismic interpretation (Yēlmaz, 2007).   

The seismic reflection data is provided generally in the time domain; however, 

results of seismic interpretation are required to be in the depth domain. Therefore, 

the time domain is converted into the depth domain by three different methods using 

available seismic velocities, sonic logs from well data, and check shots (Sheriff, R.E., 

& L.P.Geldart, 1995). In regards to the time-to-depth conversion, seismic velocities 

are employed in the simple relationship that Depth = Velocity x Time. 

Understanding the salt geometry is an essential 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 than 

surrounding sedimentary rocks, which generally have slower velocities than 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 as hard-kick in 

seismic interpretation jargon.   

The seismic velocity is leading the understanding of the subsurface precisely by 

conversion from travel time to depth, correlation with borehole, creating migration 

section, lithological interpretation, and understanding of geological interpretation 

(Brouwer & Helbig, 1998), (Yordkayhun, 2008).  The discriminative of the unique 

property of salt is the velocity. The density of evaporate is 2.2 kg/m3, though the pure 

halite has a 2.165 kg/m3 density, and the velocity of the halite is about 4500 m/s.  
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The velocity could be changed if the salt layer contains other evaporitic rocks in 

addition to halite (Jackson & Hudec, 2017). 

Salt bodies are critical for subsurface in the industry, due to the physical 

qualifications of salt make unique and easily determine from the surrounding rocks.  

In this case, the interpretation of salt is getting more interesting and supported by 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 cases, 2D seismic data is not precise enough for the 

interpretation of salt bodies compared to 3D seismic data which generally provides 

a relatively better image of the salt to interpret.  This makes salt bodies, e.g., salt 

domes, readily imaged in seismic reflection data, although steep walls cannot 

properly be imaged in conventional 2-D seismic data (Jackson & Hudec, 2017).  

Seismic resolution plays an important role while extracting the salt geometry that is 

controlled by the acquisition parameters, which are receiver interval, shot point 

interval, and the number of channels.  

Seismic migration is an imaging procedure, that aims to re-placement the layers in 

their proper position and remove the diffraction effect from the dataset to have a 

better image for interpretation.  Otherwise, diffraction seems on the stack section as 

a remaining noise type dominantly.  Seismic processing is the only way to suppress 

that kind of noise from the data 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 necessarily the ultimate procedure due to the stack 

section is not proper for the 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 
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environments (Schwab, 2003). The mechanical behavior of salt consists of thermal 

expansion, elastic deformation, plastic deformation, and failure (Senseny et al. 

1992). 

Salt has unique physical properties when compared to the surrounding formation 

types. The first significant parameter is the density which is measured as 2.0 to 2.2 

g/cm3.  Salt is less dense than any other carbonate rock though the density of salt is 

higher than unconsolidated clastic sediments (Figure 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 sediments 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 even at very shallow burial depths. It is almost 

incompressible and so does not becomes much denser even if the depth increases 

(Hudec & Jackson, 2007). Salt becomes ductile and deformable under high pressure 

and temperature. It has high thermal conductivity and it is almost none magnetic but 

depending on the impurities it may be very weakly diamagnetic.  

The salt strength against depth is depicted in Figure 1. 2 (Weijermars, Jackson, & 

Vendeville, 1993). Salt is more sensitive to extensional stress than to compressional 

stress for low mean stresses but not for high mean stresses (Fossum & 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 way (Senseny et al. 1992). 

Salt flows like a fluid with depth among other deposits like carbonates and 

siliciclastic rocks. Plastic or ductile deformation of salt takes place only 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 rate, and viscosity. Therefore, the high 

viscosity property of the salt facilitates its fluid-like behavior, which means that it 

can be mobilized beneath the overburden. Viscosity depends strongly on 

temperature, but if the temperature is constant and the rock is perfectly viscous, 
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viscosity does not vary with the strain rate and remains constant with time. (Hudec 

& Jackson, 2007)

 

Figure 1. 1 Variation of the density of salt and clastic sediments with depth to 

(Jackson, 1986)  
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Figure 1. 2 Graph showing the strength of salt with depth compared to other 

sedimentary rocks (Weijermars et al. (1993), Jackson & Vendeville (1994)) 

1.3.4. Salt Structures 

These extraordinary properties of salt result in complex geometrical structures. Salt 

ridges, pillows, diapirs, and even salt 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 settings (Martin & Jackson, 2017). The 

geometries of a salt structure are classified based on their geometry and relationship 

concerning surrounding rocks, such as salt dome, salt anticlinal, diapiric folds, salt 

canopy, etc. The salt diapirs and domes generally provide suitable geometries for 

underground storage buildings (Fossen, 2010). The geometry of the cavern is 

affected by the geometry and size of the salt domes and diapirs. The salt bed 

structures are shallower, wider, and thinner than the salt domes. They are also 

suitable as underground storage facilities; however, they require different cavern 

designs (Figure 1. 3).  

https://www.cambridge.org/core/search?filters%5BauthorTerms%5D=Martin%20P.%20A.%20Jackson&eventCode=SE-AU
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Figure 1. 3 Diagram of different types of salt structures, their names, and geometries. 

(Jackson, 2017) 

1.3.5. Solution Mining 

Solution mining is one of the processing methods, an alternative to mechanical 

digging in salt mines (Richner et al. (1992), 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 (Warren, 2006).  

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 self-cure in case of any damage could happen (Xing, et al. 2015). The 

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 storage that is a method of leaching to create 

an artificial shape in the salt structure (Muhammed et al. 2021) why is to collect a 

variety of hydrocarbon products including natural gas, liquid hydrocarbons, 

compressed air, hydrogen, etc.  Salt structures commonly used as underground 

storage since the 1940s, to supply energy demand regularly and reliably (Jirik, C. J., 

https://www.cambridge.org/core/search?filters%5BauthorTerms%5D=Martin%20P.%20A.%20Jackson&eventCode=SE-AU
https://www.osti.gov/search/author:%22Jirik,%20C%20J%22
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Weaver, L. K., 1976).  The salt cavern is created by solution mining that uses 

technology to develop storage in salt domes, and salt beds (Figure 1. 4). The cavern 

structure is usually wider at the bottom and narrower at the 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, in-situ stress, and faults (BGS, 2008) (Figure 1. 5).  

Figure 1.6 is 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 in a salt-bedded 

horizontal shape.  The first deepest cavern leached in a salt dome at Eminence, 

Mississippi including a design purpose at the depth of 1,740-2,040 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 not provided 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 drilled in the 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 to get the best 

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, salt 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 

https://www.osti.gov/search/author:%22Weaver,%20L%20K%22
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obtained by in-situ laboratory tests are recommended to get more reliable models 

before construction (Habibi, 2019). 

However, an analytical model is a kind of basic approach, only giving the volume of 

a single 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 has disadvantages due to the nonhomogeneous nature of the 

subsurface, and hard to describe the method with a single parameter (Tajdus et al. 

2021). 

The geomechanical parameters of the salt are the most important issue 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 the in-situ 

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 sites.  Building a cavern 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 cavern geometry, size, the stress-

strain factor of the surrounding rocks, overburden thickness, pressure, temperature 

conditions within the salt, etc. (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 properties related to 

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 requires a single cavern shape to investigate the relationship between 

the salt and cavern by convergence rate, depth, and thickness of the cavern (Tajdus 
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et al. 2021). Due to the lack of geomechanical information 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. al. 2015, Xing, et.al. 2015).  

Since there is no standard cavern design available, the shape and dimension of each 

cavern could be unique and are controlled 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 yield acceptable surface 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. (Allen, 1982, Lux, 2009). 
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Figure 1. 4 A schematic diagram of a simplified 

fundamental environment for a salt cavern. (Modified 

from CAES, 2022) 

Figure 1. 5 An illustration of various types of underground storage in salt 

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 salt bed and designed horizontally (modified from 

Warren, 2006). 

1.4. The Tectonic Outline of T¿rkiye   

The present tectonic scheme of T¿rkiye is related to the evolution of Paleo- and 

Neotethys oceans since the Late Palaeozoic. During its evolution, various pieces of 

continental blocks or microcontinents detached from the northern margin of the 

Gondwana and collided with the southern margin of Eurasia diachronously mainly 

during the Mesozoic (Cimmerian orogeny) and the Late Cretaceous to the Early 

Cenozoic (Alpine orogeny).  Paleo-Tethyan evolution of T¿rkiye is relatively less 
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known due to overprinting of successive tectonic events that related to the opening 

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

The Neotethys opened along several branches separated by various continental 

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

the continental fragments amalgamated to form the present tectonic scheme of 

Turkey and surrounding regions, as the Neotethys obliterated and closed completely. 

Among these, T¿rkiye. Izmir-Ankara-Erzincan and (IAESZ) demarcate the former 

position of the Northern Branch in T¿rkiye (Figure 1. 7). Along the IAESZ, the 

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

the south collided and amalgamated as the Northern Branch of Neotethys subducted 

below the Pontides. The Inner-Tauride Suture, however, was developed within the 

Taurides, and it separated the Kērĸehir Block from the Taurides during the Mesozoic. 

During the Late Cretaceous Kērĸehir Block amalgamated with Taurides as the 

intervening oceanic lithosphere completely subducted, below Kērĸehir Block, and 

obliterated. The subduction and collision processes resulted in the development of 

fore-arc to foreland basin complexes and successor basins, such as ¢ankērē, Tuzgºl¿, 

Haymana, Ulukēĸla, ¢i­ekdaĵē, Ayhan, Sivas accumulated a very thick marine to 

continental clastics and carbonates, as well, very remarkable evaporitic sequences 

which are the main concern of this study (Kaymakcē et al. 2009, Kergaravat et al. 

2016, Clark & Roberson 2002, G¿ly¿z et al. 2020). These evaporitic sequences 

resulted in various holokinetic structures of different sizes, shapes, and depths.  Salts 

are mostly developed within the late Eocene to Oligocene and Miocene strata, as 

well as Messinian in the continental lacustrine environments (Kaymakcē et al. 2010). 
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Figure 1. 7 a) Simplified Paleotectonic map of T¿rkiye, b) Main successor foreland 

basins of Central Anatolia. c) Simplified geological map of central Anatolia showing 

the localities of the ¢ankērē and Tuzgºl¿ basins (G¿ly¿z et al. 2020).
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1.5. The Geology Outline of the Study Areas  

1.5.1. Tuzgºl¿ Basin 

The Tuzgºl¿ Basin is one of the successor foreland basins (G¿ly¿z et al. 2020) in Central 

Anatolia such as the Haymana and Tuzgºl¿ basins. Bounded in the north by the Izmir-

Ankara Suture Zone, Ulukēĸla basin to the South, Tuzgºl¿ fault to the east side, and 

Yeniceoba, Cihanbeyli fault to the West (Figure 1. 7). These basins are also interconnected 

to each other during certain periods of geologic times (Rojay, 2013).   

The Tuzgºl¿ Basin straddles the Inner-Tauride suture and developed both on the Taurides 

in the west and the Kērĸehir Block in the east. The stratigraphy, origin, and tectonic 

characteristics of the Tuzgºl¿ Basin has been the topic of various controversy some 

suggested that is a fault-controlled intermontane basin (Uĵurtaĸ, 1975,  Arēkan 1975), syn-

collisional extensional basin  (¢emen et al. 1999), forearc basin (Gºr¿r et al. 1984 ,Yēlmaz 

et. al. 1987, Gºnc¿oĵlu et. al. 1991). 

The large axis of the Tuzgºl¿ Basin trends NW-SE trending and is dominated by Paleogene 

salt deposits, and related structures (Arēkan 1975, Ugurtas, 1975, Dirik, 2000). It covers 

around 20,000 km2 area and about 10 km basin fill thickness. It evolved from Late 

Cretaceous to Oligocene as a marine to continental flysch to molasse basin (Arēkan, 1975, 

Ugurtas, 1975, Dirik, 2000), and during the Neogene, it became a part of Central Anatolian 

fluvio-lacustrine basin system (¥zsayēn et al. 2013). The true infill of the basin is composed 

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

are overlain by a few hundred meters thick fluvio-lacustrine sediments extending beyond 

the boundaries of the basin. In the west, the basement of the basin is constituted by various 

meta-carbonates, marbles, and high-pressure metamorphic rock remnants belonging to the 

northern edge of the Tauride Block, whereas, granitoid and roof pendants of ophiolitic 

rocks belonging to Kērĸehir Block constitute the basement in the east (¢emen et al. 1999). 

The Tuzgºl¿ Basin contains Maastrichtian to Tertiary units during the deposition, and the 

regression and transgression are interrupted sedimentary succession. The Late Eocene 

evaporites occurred during the closure regime of the basin (¢emen et. al., 1999). The 
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sedimentary infill of the Tuzgºl¿ Basin started with the terrestrial clastics in the Upper 

Cretaceous ï the Paleocene and continued with the Eocene marine sediments deposition. 

The Eocene strata are overlain by the Oligocene evaporites with an angular unconformity. 

(Ozsayēn et. al, 2013). The controversy between stratigraphy units is divided the basin into 

two parts, the eastern and the western (Arēkan & Dirik, 2000, Dirik & Erol, 2000, Ozsayēn 

et. al, 2013).  The generalized stratigraphical column of the lithological units around the 

basin and the correlation of the sedimentary units are modified and depicted in Figure 1. 8 

and Figure 1. 9. 

The Tuzgºl¿ Basin is fault-controlling (Uĵurtaĸ, 1975,  Arēkan, 1975), and the complex 

sedimentary deposition has seemed due to the tectonic activity. The evaporite samples 

appeared in the Paleocene strata overlining above the Haymana Formation in Kērkkavak 

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 sediment succession in NNW-SSE to 

NE-SW compression in the bedrock units of the basin (Ozsayēn et al. 2013). 

Bezirci-1 borehole is located in the southern part of the Tuzgºl¿ Basin (Figure 1. 14) and 

is used to tie the formation tops and the age relationship with the thickness and depth 

information for the seismic sections.  According to the relinquishment reports, the salt is 

1270m thick and deposited by the end of the Cretaceous and mainly during the Paleocene 

(Figure 1. 10) In the well, the salt penetrated below the Upper Eocene-Miocene Mezgit 

Formation at 1,332 m and continued up to the Haymana Formation at 2,632 m. The 

thickness of the salt structure reaches up to 1300 within the borehole 1,300 m (Figure 1. 

10).   

Aksaray-1 borehole data is located in the eastern part of the study area (Figure 1. 14). The 

salt is penetrated in the Eocene Eski Polatlē Formation within the 1,450m and 1,600 m 

depths along the borehole. The absence of the seismic profile of this borehole caused it to 

keep out of the interpretation of the survey area. 
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Figure 1. 8  Generalized stratigraphical column of Tuzgºl¿ Basin (Gºr¿r et al. 1998 

Dirik & Erol, 2000, Ozsayēn et al. 2013)  
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Figure 1. 10  Bezirci-1 borehole (TPAO, 1977).
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1.5.2. ¢ankērē Basin  

¢ankērē Basin is located in the NW part of the Central Anatolia, it is one of the largest 

interior basins developed during the late Cretaceous to Recent. It straddles the Izmir-

Ankara-Erzincan Suture Zone and developed on the upper Cretaceous subduction 

complex of the IAESZ that intruded partially by the granitoids of the Kērĸehir Block 

(Figure 1. 11). It was a fore-arc basin during the Late Cretaceous and converted into 

a foreland basin after the collision of the Kērĸehir Block into the southern margin of 

Eurasia by the end of Cretaceous.  The Upper Cretaceous Paleogene sequences 

deposited diachronously over the upper Cretaceous ophiolitic melanges and 

exhumed granitoid of the Kērĸehir block (Kaymakcē et al. 2009) (Figure 1. 12).  

The infill of the ¢ankērē Basin is divided into two sequences based on their 

tectonostratigraphy. The first sequence includes Upper Cretaceous to Early Miocene 

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

second sequence is related to post-collisional events during post-lower Miocene 

times. Between the Late Eocene to the Oligocene strata, thick evaporite units are 

been located (Kaymakcē, 2009) (Figure 1. 12). 

¢ankērē Basin comprises 9 distinct stratigraphical sequences.  These include from 

older to younger; 1) the Upper Cretaceous units, 2) Paleocene to Middle Eocene 

marine clastics and carbonates, 3) Middle Eocene Nummulitic limestone, Koca­ay 

Formation,  which is the youngest marine unit in the basin,  4) Upper Eocene to 

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

thickest (2,000m) units in the basin, 5) Middle Oligocene evaporites of G¿vendik 

Formation, 6) Salt Domes, 7) uppermost Oligocene to lower Miocene clastics, Kēl­ak 

Formation, marking the end of collision-related deformation. 8) Middle Miocene to 

Pliocene fluvio-lacustrine deposits, ¢andēr and S¿leymanlē formations, and 

evaporites; Tuĵlu and Bozkēr formations, which are dominantly gypsum, and 9) Plio-

Quaternary alluvial units (Kaymakcē et al. 2010). So far two oil wells have been 
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drilled in the basin and only Saĵpazar-1(TPAO-1996) penetrated the salts in the 

basin (Kaymakcē et al. 2010) (Figure 1.13).   

The closing phase of the northern part of the ¢ankērē Basin occurred under 

compressional deformation though the strike-slip fault system generally affected the 

basin infill at the NE-SW orientation. Also, Middle Miocene normal faults dominate 

the basin center (Kaymakci et al. 2010).   

The structural development of the basin consists of four phases, (1) pre-Late 

Paleocene deformation occurred only in the southern part, (2) compressional 

deformation, (3) extensional deformation in the Middle Miocene (4) regional 

transcurrent tectonics since the Late Miocene (Kaymakci et al. 2003a). 

The tectonic development of the ¢ankērē Basin was affected by three different fault 

types such as compressional, strike-slip, and normal faults.  The compressional faults 

are observed in the rim of the basin. The closing phase of the northern part of the 

¢ankērē Basin has occurred under compressional deformation though the strike-slip 

fault system is generally affected by the basin infill at the NE-SW orientation. Also, 

the normal faults dominate the center of the basin (Kaymakci et al. 2009)(Kaymakci 

et al. 2010). Two depositional sequences are significantly divided by a local 

unconformity in the ¢ankērē Basin.  The northern part of the basin is mainly evaluated 

by the local unconformities through the Cretaceous to Paleocene units without no 

major hiatuses in the basin center (Kaymakci et al. 2009).   

The salt domes possibly originated between Middle Eocene to mid-Oligocene 

(Kaymakcē et al. 2010) and they are locally deformed and pierced into the younger 

units up to Late Miocene Bozkēr Formation (Kaymakcē et al. 2010).  On the surface, 

they are easily delineated in the gravity images due to low gravity anomaly 

corresponding to the thick basin infill and salt structure, while high values 

correspond to the surrounding ophiolitic m®lange and the granitoids.  

According to the Saĵpazar-1 (Figure 1. 15) borehole report, anhydrite halite is 

recorded between 1,630m and 1,660 m depth. Also, various salts are penetrated from 

1,765m to 3,700 m depth, which is around 2000m in thickness. The Saĵpazar-1 

borehole (Figure 1.13) ended up at 3,700 m depth. In the well, the Mid-Oligocene 
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G¿vendik Formation is 480 m thick and between 0-166 m depth including white 

beige, anhydrite, and gypsum alternated with red and green shales. Between 166m 

and - 380 m, anhydrite with shale intercalations intersected. Halite (NaCl) is 

intersected between 380 - 480 m. 

The Late Eocene-Oligocene Ķncik Formation underlies the G¿vendik Formation and 

is intersected between 480 meters and 3,700 meters depth, reaching up to 3,220 m 

thickness at the Saĵpazar-1 well. Within the Ķncik Formation, anhydrite-halite 

interlayers are encountered between 1,630 m and 1,660 m depth, and evaporites are 

encountered between 1,765 meters to 3,700 meters depth various, which means that 

approximately 2000 meters thick salt exist in the basin.   
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Figure 1. 12  Generalized tectonostratigraphic column of the ¢ankērē Basin (modified 

from Kaymakci et al. 2009)
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Figure 1.13. Borehole section of Saĵpazar-1 well. (TPAO, 1996) 
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1.6. Data and Methodology 

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

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

obtained as hard copies from Turkish Petroleum Affairs (MAPEG). Obtained printed 

2D seismic profiles and they are scanned to interpret in graphic drawing software.  

The gravity Bouguer map of T¿rkiye changes between the -169 and 83 mGal values 

which means the lower gravity values belong to less dense rocks, however, the higher 

gravity values belong to the denser rocks.  The negative gravity values are much 

more extended across T¿rkiye, possibly due to an increase in the topography 

eastwards resulting from the deep-seated isostatic compensation. The residual 

gravity of the Tuzgºl¿ Basin is gridded in 0.5 contour interval within third order 

polynomial surface. The gravity image of the ¢ankērē Basin is gridded to 2*2 km by 

the conventional Kriging method (Kaymakcē, 2010) (Figure 1. 16).   

In the Tuzgºl¿ Basin, 28 seismic 2D unmigrated seismic data were used making up 

a total 402,650 km line length and covering approximately 4.200 km2 area (Figure 

1. 14). The 2D seismic data set of the Tuzgºl¿ Basin is the stack version, and the 

resolution is 6-fold, resulting in a chaotic image on the seismic section. The seismic 

profiles are also unmigrated, and the issue of arranging the unmigrated seismic 

profile is here appearing as a diffraction (Figure 3. 3 and Figure 3. 4). Therefore, the 

quality of seismic interpretation is impaired by diffraction. The 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 the adjacent 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, in normal conditions, re-processing of 

the data set is preferable. Unfortunately, the seismic data set is not available to re-

process. Therefore, the 2D unmigrated seismic sections are assumed to be admissible 

for interpretation.  
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As opposed to the Tuzgºl¿ Basin, seismic sections of the ¢ankērē Basin are migrated 

and have a higher seismic resolution of 60-fold, which is ten times greater than the 

Tuzgºl¿ Basin. Thus, the seismic sections of the ¢ankērē Basin are of good quality 

with a high Signal/Noise ratio. In the ¢ankērē Basin, 15 seismic lines make up 700 

km line length and cover a 4.122 km2   area are obtained from T¿rkiye Petroleum 

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 storage projects. 

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 increases with the 

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 conversion. Table 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 
SultanƘŀƴƤ-1 

Aksaray-1 
¢ǳȊƎǀƭǸ .ŀǎƛƴ 

{ŀƐǇŀȊŀǊ-1 4ŀƴƪƤǊƤ .ŀǎƛƴ 

 

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, 5,000 meters 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 on the profile.  

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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generated. The outline of the salt formations was defined as a diapir in the Tuzgºl¿ 

Basin and as a dome in the ¢ankērē Basin. Subsequently, these 3D 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 data set is requested. The 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 components in the ¢ankērē Basin and four components in 

the Tuzgºl¿ Basin. Utilizing the spheroidal approach does not eliminate the 

repercussions of this several pieces view by extrapolation even if the interpolation 

parameters are maintained at an ideal level. The interpolation 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 overestimated. In the coming times, provided a project is 

acquired from the 3D seismic data set in the ¢ankērē Basin, the volume of salt would 

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, Botaĸ firm had obtained the 

3D volume of salt before building the facility. 

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

cavern was developed by utilizing analytical modeling. The analytical model 

approach could be considered an inversion technique. Firstly, the shape of the cavern 

is decided based on the depth and thickness of the 3D salt structure volume. 

Subsequently, the fundamental features were employed in the design that involves 

six terms from shape to thermal conditions. In this study, the Leapfrog software was 

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

The salt cavern was constructed to propose the finest shape, size, and physical 

specifications concerning the 3D volume of the salt structure. 
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Figure 1. 16  Interpretation of gravity image of ¢ankērē basin (Kaymakcē et al. 2009). 
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CHAPTER 2 

THE UNDERGROUND STORAGES 

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

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 1915 (Muhammed et al. 2022). After 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 increased globally, 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 techniques.  

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 is maintained in the underground storage to provide the required 

pressure and keep the 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.  (Kappa 2022).  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 process. The cushion gas guarantee to keep the safety and 

maintenance of the cavern that necessarily stays in the cavern under any 

circumstances (Muhammed et al. 2022). These volumetric properties are affected by 

the storage design parameters and demand different things. Cushion gas is affected 

by the depth due to the 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 geological conditions, such as 

cap rock to get safety and stability (Mol²kov§ et al. 2022).  The depleted oil/gas fields 

are the 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 are only preferred as a last choice due to their durability is weak to build a 

cavern due to their physical properties (EIA, 2016). As mentioned previously, there 

are three different types of storage, 1. depleted oil/gas fields, 2. aquifers, and 3. salt 

structures (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, 2015).  As shown in Table 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 injection and withdrawal periods. As 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.

https://www.kappaeng.com/ugs/introduction
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Table 2. 1 Comparison of differences between UGS types (modified from EIA 2022) 

 

 

1.8. The Underground Storage Background in T¿rkiye 

The underground storage subject is one of the main issues in T¿rkiye over the last 

two decades due to increased energy demand, which is mostly based on imported 

 

  Depleted Fields Aquifers Salt Formations 

Working volume Medium to Large Large Small 

Withdrawal Flow 

Rate 
Medium Medium High 

Injection Period ~200 days ~200 days ~ 30 days 
 

Withdrawal 

Period 
100 to 150 days 100 to 150 days 10 to 20 days  

Development 

Duration 
5 to 8 years 10 to 12 years 5 to 10 years  

Figure 2. 1 Schematic illustration of underground storage types (API 2022) 
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natural gas. So far, there are two facilities for underground storage, one is in Silivri 

(Ķstanbul), and the other one is in the Tuzgºl¿ area (Botaĸ 2022). 

a. Silivri Facility : This facility is installed by Botaĸ in 2007 and it provides the 

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

region from the transmission network and has already reached a 2.8-billion m3 

storage capacity which is planned to increase to 4.6 billion m3.  

b. Tuzgºl¿ Facility:  Turkeyôs national gas company Botaĸ has invested and 

started a UGS facility project in the Tuzgºl¿ area in 2017.  Botaĸ had been launched 

the facility after ensuring the 3D imaging of the salt body of the Tuzgºl¿ Basin has 

been done by a 3D seismic survey.  The project is kept as an ongoing project and 

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

which is 40 km away from Tuzgºl¿ and is centered what the necessities for an 

underground gas storage facility.  Concerning the Botaĸ report (storage expansion 

project) the number of caverns is increasing step by step.  The depth of caverns is 

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

necessities. The cavern is located 600-700 meters of starting depths within a 1500 m 

thick salt column. depth is between 1,100-1,450 m and the volume of the capacity is 

reported 630.0003 -750.000m3.  

Table 2.2 is containing the phases of the project.  The 1st phase is completed with 12 

caverns with 630.000 m3 -750.000 m3 volume capacity.  The 2nd phase commenced 

with a 1 billion cubic meters (bcm) capacity and is 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 end of the project, the facility will reach 60 

caverns. The caverns have been produced by dissolving the salt using freshwater 

provided by the Hirfanlē Dam Lake (Figure 2. 2). The dissolved brines are discharged 

into the Tuzgºl¿ area (Figure 2. 3). The storage facility is built nearby the energy 

transmission corridor. In other words, 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 Gas Main Transmission Line. Such as short distance provides high 

http://www.botas.gov.tr/
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punctuality in terms of withdrawing and injection periods to meet fluctuating energy 

demands.  

 

 

 

Figure 2. 2 Water Supply and discharge Planned Within the Scope of Gas Storage 

Expansion Project (Botaĸ 2022, WorldBank, n.d). 
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Figure 2. 3 Tuzgºl¿ Underground Natural Gas Storage Project, and the facilities 

(Botaĸ 2017, WorldBank, n.d) 
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Table 2. 2 Information on the Tuzgºl¿ Underground Natural Gas Storage Project 

Planned Capacity (Botas 2022) 

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 are designed with 

multiple caverns to get the ability of the long-term stability of salt deposits. So, the 

solution mining method in the salt deposits requires sufficient diameter and thickness 

to accommodate one or more solution-mined openings at substantial distances from 

the top, bottom, and sides of the formation (Allen, Doherty, & Thoms 1982b).  

The other major requirements to be considered for solution mining include the water 

to be injected and the brine to be removed outside of the cavern. Water injection 

refers to pumping water into the salt structure. After finishing pumping the brine is 

withdrawn outside of the cavern. Every 7-8 m3 fresh water could dissolve 1m 3 halite. 

The suitable depth of the salt is more than 400-500 m and shallower than 2,000m 

(Warren, 2016). 

The fundamental parameters of designing require a few conditions that typically 

consist of physical effects (Heusermann, Rolfs, & Schmidt 2003). Bruno 2005 stated 

Items 1st Phase 2nd Phase  

Storage type Salt formation/Salt Cavern Salt formation/Salt 

Cavern 

Depth of Entry Salt 500m -860m 500m -860m 

Salt Dome depth 

>1,500m(Drilling), 1500m-2000m (seismic) >1,500m(Drilling), 

1500m-2000m 

(seismic) 

Number of UGS/Caverns 12 Caverns 48 Caverns 

Cavern Volume 630,000 m3 630,000m3-750,000m3 

Situation Completed Planning phase 
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that while the elastic deformation and thermal expansion behaviors could be 

determined by physical condition parameters and not expected to change 

everywhere, in contrast, the inelastic deformation, creep properties, and damage 

behaviors could be different and play an important role.  

1.9.1. Site selection  

Successful development of a UGS must include an appropriate site selection based 

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 of the salt cavern directly reduce the negative effect of 

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 

that should be considered while deciding the cavern shape.  In the literature, there is 

no one-way solution through different media causing different problems which may 

lead to different solutions. (Wang, et al. 2013).  

There are several types of cavern shapes, which are ellipsoidal, irregular, cylindrical, 

and cuboid respectively (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 as salt pillows and salt beds.  The cylindrical shape 

and cuboid shape do not have good stability in terms of deformation  (Liu et al. 

2020). 

While an ellipsoid shape cavern type seems much preferable due to it giving more 

stable characteristic behaviors when compared to the other shapes (Wang et. al. 

2011). The ellipsoid model is much better based on long-term processing. Moreover, 
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some researchers have suggested a rectangular cavern type according to the corner 

radius and stability (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 types, so irregular type caverns are suggested no 

matter what type of salt structure is dealing with (Liu 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. Geomechanical 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), stress, strength, and geological 

anomalies. Those are giving insurance for safety factors before, during, and after the 

cavern design is completed.  (Heusermann, Rolfs, & Schmidt 2003). 

Cavern depth, cavern geometry, the distance between caverns depending on the case 

of a cavern field, the distance of cavern to neighboring, geological, pressure regimes 

during a storage operation, and constitutive behaviors of the host rock (short and 

long term) are the most important parameters while constructing the cavern 

(Heusermann, Rolfs, & 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, also important 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 dome (a) (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 steady-state strain rate of the 

rock salt is approached to the point of a non-linear function of the applied stress, the 
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volume has not been changed and the system is sensitive to the temperature (Berest 

et al. 2013).  

In general, the mechanical behavior of the salt which is affecting the deformation 

rate is influenced by thermal conditions and stress issues. The inside stress is 

determined by the overburden weight and the inside pressure is represented by the 

operating gas pressure (Onal, 2013). Stress-strain rate is controlled by three 

fundamental parameters, which are the elastic behaviors of salt, thermal expansion 

of salt, and salt creeps (Brouard, 1997).  When the leaching process starts the 

pressure value is causing initial stress (Pv) (Ozarslan, 2012). 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 priority for 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) unit  (Ozarslan, 2012). 

 

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 generally close to the vertical initial 

stress component (Ozarslan, 2012).  

Susan 2019; stated that; cavern pressure is the most effective to protect the cavern in 

long-term stability to keep this in balance. In this case, the cavern pressure and 

lithostatic pressure have to be in balance, and cavern pressure couldnôt exceed the 

lithostatic pressure.  Also, the cavern pressure could affect the neighboring caverns 

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 cavern distance. To 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 geological tightness 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 maximum cavern pressure Pmax should 

be 10% lower than the minimum pressure value (ůmin Ó 1.1 Pmax).  On the other side, 

the technical tightness could be at most 15% of the maximum pressure rate. 

Compressive stress ůxx =0,85 Pmax (Susan, 2019). 

The lithostatic pressure 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 pressure (Tiab & Donaldson, 2016).  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 formalized as (Dnicolasespinoza, 2022); 

 

᷿ Ὠ3Ö ᷿”ὦόὰὯ ᾀὫὨᾀ      (2) 

 

Sv(z) = ɟbulkg z        (3) 

 

Pp = ɟwgz         (4) 

Here; sv is the total stress, ɟbulk(z) g is the lithostatic stress gradient, z is the depth, g 

is the gravitational acceleration, and Pp pore pressure, respectively. The effective 

vertical stress (ův) is the difference between total stress (sv) and pore pressure (Pp) 

and can be estimated with a given depth:  

 

ův = Sv - Pp         (5) 
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Table 2. 3 is generated by D¿zyol (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 world (D¿zyol, 

2004) 

Location Density Elastic 

module 

ɏ(GPa) 

Rigidity 

rate 

G(GPa) 

Poison 

Rate 

ɡ 

Compressive 

Strength ůc 

(MPa) 

Tensile 

Strength ůt(MPa) 

Germany - 31 - 0,23 - 0,5-3,5 

Russian - - - - 35,4 1,56 

France - 16 - 0,2 - 2 

T¿rkiye 2,18 0,14 - - 28,3 1,96 

 

 

Figure 2. 4  Four different shapes of salt caverns: ellipsoid-shape, irregular-shape, 

cylinder-shape, and cuboid-shape (h is for the effective volume of the cavern, which 

is called base gas, upper-part stands for the sediments in the bottom of the cavern 

(modified from Liu 2020)).  
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Figure 2. 5  General demands for the geomechanical design of caverns in salt 

(modified from (Heusermann, Rolfs, & Schmidt 2003) after (Lux, 1984, Lux, 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 visco-plastic material and tendency to creep (H. Wang et al. 2017).  

Figure 2. 6 represents the typical creep test results that consist of two or three stages; 

transient, steady-state, and accelerative respectively.  Transient and steady-state 

creep phases are following each other starting from the high-rate strain rate and, 

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 specimen (H. 

Wang et al. 2017).  

Rock salts are affecting long-term non-linear creep deformation due to the 

subsurface overburden. Salt creep occurs in the range of 20ï200oC temperature and 

as low as 0.2 MPa stress for long-term and short-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 hundred meters and thousand 

meters depth which changed into an unstable form below a thousand-meter depth, 

which is at the elastic-plastic transition zone.  The internal cavern pressures are not 

sufficient at this point and salt behaves unstable. This instability is causing 

subsidence and salt creeping so cavern size squeezing (Warren, 2006) (Figure 2. 7).  

There is a good salt creep example, which is seen in the Eminence cavern in 

Mississippi that occurred by shrinking of the cavern built at 1700 - 2000 m depth. 

This means 40% of the cavern volume loss (Warren, 2006).  Salt creep occurs by the 

lithostatic pressure and cavern pressure differences (Warren, 2006) (Susan, 2019) 

(Li et al. 2021).  To reduce the rate of the salt creep cavern pressure should be kept 

at high values to gain against the lithospheric pressure (Warren, 2006). 

The creep rate of the rock salt under different circumstances during the operation a 

valid creep deformation model needs to be proposed to avoid possible damages (H. 
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Wang et al. 2017).  Rock salt creep behavior occurs anytime even under small stress 

and is measured by this equation (Ozarslan, 2012); 

ɏss = A exp (-Q/RT) ůn)        (6) 

 

Function (6) is also known as Norton-Hoff law. Here, A is the creep material model 

that depends on the stress.  Q 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 with a constant temperature. R is 

the universal gas constant. T is the rock temperature at a certain depth. A steady-

state creep strain rate is symbolized by ɏss.  

Generally, typical values are given during the tests, as constant for the components 

of n and Q/R, which are in the range of 3 to 6 and from 3,000 to 10,000 K, 

respectively. The steady-state strain rate ( e ) ss is about 10ï10 s ï1 when given a 10 

MPa for deviatoric stress ( s ) and 300 K for temperature (T) in the function. This 

rate is not representing the real world which is assumed as slower when compared 

with most laboratory tests, in which applied stress is larger than 10 MPa (Berest, et. 

al. 2013).  
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Figure 2. 6  Typical creep test result (Modified from H. Wang et al. 2017)
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The Norton-Hoff law is a generalized formulation of; 

 

d ‐ /dt = 3(A exp (-Q/RT) ůn)) (J2)
 (n-1)/2Sij/2   (7) 

Here, the first invariant is Sij , and formulize  

 

Sij= ůij -„kk ‏ij        (8) 

 

The second invariant is J2 is a deviatoric stress sensor that formulizes;  

 

J2= Sij Sji/2        (9) 

 

For an idealized cavern subjected to a constant pressure of geostatic lithospheric 

pressure of ”lith and cavern pressure ”c, the steady-state creep rate and second 

invariant formalized;  

 

σὐ σ”lith -”c) (a/r)3/n/2n      (10) 

 

Here r is the distance to the cavern center and a is the radius of the cavern. In a 

conclusion, cavern tests are extrapolated in a stress range (Berest et al. 2012). 

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 cavern (Li et al. 

2021,) (Hardy, 1982) (Onal, 2013). 

During the injection /withdrawal period, overburden would govern subsidence of the 

surface as a bowl shape or a depression (Figure 2. 7) (Warren, 2006).  This could be 

more common in shallower storages than in deeper storages (Zhang 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 existing to prevent 

the storage from such damage by prediction.  In generalized surface subsidence 

function is given (Susan, 2019);  

 

S (x, y, t) = a f (x, y) Vk. (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 convergence function in time 

(Susan, 2019).  

Volume convergence can be estimated by the equation;  

 

Vk (t) = Vp (t-1/k (1-exp(-k.t)))    (12) 

 

Here, Vp describes the rate of production, t is the time (day), and k convergence rate 

of the volume.  

 

k= Ѝσ
Ѝ 

ᶻ ȢὃȢÅØÐ     (13) 

 

Here, ɟlitho represents the lithostatic pressure, while ”Ὥ  represents the internal 

pressure with the exponential of n. ”ᶻ is the reference stress.  Salt creep is represented 
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by A, Q is the activation energy, R is the universal gas constant, and T is the 

temperature (Susan, 2019).  

 

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, 2006) 

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 calcium sulfate the leaching 

becomes less endothermic (Brouard, B®rest, & Couteau,1997), (Onal,2013).  During 

the salt leaching period, the rock mass around the salt became cooler and caused a 

creep.  During the solution mining period, the water is injected into the cavern and 

dissolved salt, which is brine withdrawn and this is causing temperature changes at 

a certain depth (Berest, 2001). 

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

transformation occurs between the surrounding rock and cavern turning into a cooler 
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when the leaching is completed.  The injected cold water became a warmer brine 

(B®rest, Brouard, & H®vin, 2010) (Onal, 2013) (Jeannin, Myagkiy, & Vuddamalay 

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

faster due to the rapid injection and withdrawal are adiabatic(B®rest, 2019).  The 

thermal exchange is not the most important parameter due to the slowness of the 

exchange processing. This is the first assumption 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 exchange between 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 depth (Susan, 2019); 

 

T= 290 + 0.023. H        (14) 

 

Here, T is the temperature in Kelvin (K), and H is the depth of the cavern. 
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CHAPTER 3 

RESULTS OF THE STUDY 

This chapter involves the seismic data interpretation of the Tuzgºl¿ Basin and the 

¢ankērē Basin, as well as the 3D salt volume of the Tuzgºl¿ Basin and the ¢ankērē 

Basin, and cavern design results. 

1.10. The Seismic Data Interpretation  

The seismic data sets are in 2D at both study sites. Through the time-depth 

conversion method, the depth information 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 profiles were derived also from this correlation. The 

simplified cross-sections 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 circumstances of the regions. 

1.10.1. Tuzgºl¿ Basin Interpretation  

The Tuzgºl¿ Basin seismic profiles are located in a certain area in the southern part 

of the basin. The interpretation of the Tuzgºl¿ Basin began with a reference line 

close to the Bezirci-1 borehole, which was drilled by the TPAO firm in 1977. This 

study specified this borehole as a main well (Figure 1. 10). It was related to the 

adjacent seismic lines by utilizing the timeïvelocity relationship of the seismic 

sections. Bezirci-1 borehole has identified the presence of salt at a depth of 1,332 

meters with a thickness of 1,270 meters (Figure 1. 10). The salt top was detectable 

on the reference seismic section at 900 ms and a depth of 1,305meters in the seismic 
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profile which is depicted in Figure 3. 1 and Figure 3. 2. Additionally, the depth of 

the salt bottom corresponds to 2,600 meters and 1,600 ms at accordance with time-

depth conversion. The thickness of the salt is close to 1,300 meters thick. On the 

seismic sections, the Oligocene-Miocene Mezgit Formation and the Pliocene 

Cihanbeyli Formation were interpreted as a seal atop the salt layer (Table 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 marked by the blue dashed line to correlate with the residual gravity 

graph and seismic profile (Figure 3. 4) 

In Figure 3. 5 and Figure 3. 6, the seismic profile is depicted in its original and 

interpreted form. This seismic profile is located in the southeastern part of the study 

region. It was interpreted that the layering of salt is shaped like a diapir along this 

profile.  

The seismic profile illustrated in Figure 3. 6 is inspired to generate a simplified cross-

section (Figure 3. 7b).  The interpreted seismic profile was displayed over the cross-

section outlook by utilizing a diaphanous blue box to point out the cross-section-

created area as shown in Figure 3. 7a).  This simplified cross-section illustrates the 

salt in a diapir shape, with the Oligocene strata significantly pinched out in the survey 

area from north to south on the seismic profiles. The strata from the Oligocene-

Miocene period cover 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 in Figure 3. 7b. Moreover, the salt body is becoming wider 

towards the south. As a consequence of the salt analysis, the formation of the salt is 

finalizing in the stratigraphy of the Paleocene in the simplified cross-section. The 

salt concentration is divergent across the seismic profiles, which are two-

dimensional and stretched out in different ways. Consequently, the range of 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 TG7-ext line.  
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Figure 3. 2 The interpreted TG7 ext. line involves 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. The Bezirci-1 borehole has been placed above the seismic section to identify 

the roof of the salt formation. (Shot point interval:50m)  
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Figure 3. 3  The original TG15 seismic profile.
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Figure 3. 4 The interpreted TG15 seismic profile.  The negative. residual gravity is 

representing the salt boundary the salt structure is remarked by yellow on the 






































































































