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ÖZET 

İÇ ANADOLU BÖLGESİ’NDEKİ JEOTERMAL 
SİSTEMLERDE TOPOĞRAFYANIN AKIŞKAN DÖNGÜ 
DERİNLİĞİ İLE İLİŞKİSİNİN ARAŞTIRILMASI 
Sürdürülebilir bir gelecek sunan jeotermal enerji, Türkiye'nin İç Anadolu Bölgesi’nde umut 

verici bir potansiyele sahiptir. Bu potansiyeli harekete geçirmek için sıcak su kaynaklarının 

konumlarını ve akışkan yollarını belirleyen faktörleri anlamak kritik öneme sahiptir. Bu 

çalışma, bu mekanizmaları idealize edilmiş koşullar altında sayısal simülasyonlar kullanarak 

anlamayı amaçlamaktadır. 

Bu çalışmada, jeotermal sistem üzerinde yapılan sayısal modelleme simülasyonu, topoğrafya, 

ısı akısı ve akışkan dolaşımı arasındaki ilginç etkileşimi ortaya koymaktadır. Topoğrafyanın 

etkisi (zorlanmış konveksiyon) sistem içindeki baskın ısı akışını şekillendirmektedir. Dikkat 

çekici bir şekilde, daha derin akışkan dolaşımının da taban ısı akısının büyüklüğünden 

etkilendiği, akışkan dolaşımının dinamik bir yapıya sahip olduğu gözlemlenmiştir. 

Bu çalışmanın bulguları, basitleştirilmiş koşullar altında bile bazal ısı akısının fay zonu 

sıcaklıkları üzerindeki önemli etkisini göstermektedir. Simülasyonlarda topoğrafı yükseklik 

için 0 ile 1500 metre arasında kullanılmıştır. Ayrıca, Nusselt sayısı ve saha verileri referans 

modeli ile bazal ısı akısı, 65 mW⋅m-2 (İç Anadolu Platosu) ve 110 mW⋅m-2 (Kırşehir Masifi) 

için karşılaştırılmıştır. Topoğrafı yükseklik yaklaşık 1000 metrenin üzerine çıktığında Nusselt 

sayısı değerinin artışı azalmaktadır. Sonuç olarak, topoğrafya, İç Anadolu bölgesinde sıcak su 

kaynaklarının oluşumlarında önemli bir faktör olarak ortaya çıkmaktadır. 

Araştırmada, 32 jeotermal alanda 141 jeotermal kuyudan sıcaklık-derinlik verisi kullanıldı. 

Var olan verilere dayanarak ve simüle edilen sıcaklık-derinlik profilleri ile karşılaştırılarak bu 

araştırmanın sonuçları desteklenmiştir. Elde edilen sonuçlar diğer çalışmalarla da uyumludur 

ve bu çalışmada kullanılan simülasyon yaklaşımını desteklemektedir. Bu çalışma İç Anadolu 

Bölgesi’nin jeotermal potansiyelinden yararlanmak için bir katkı sunmaktadır. 

Anahtar kelimeler: jeotermal enerji, İç Anadolu Bölgesi, topoğrafya, akışkan döngüsü, 

sıcaklık-derinlik profili 
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ABSTRACT 

INVESTIGATION OF THE RELATIONSHIP BETWEEN THE 
TOPOGRAPHY AND THE FLUID CIRCULATION DEPTH ON THE 
GEOTHERMAL SYSTEMS OF CENTRAL ANATOLIA REGION 
Geothermal energy offers a sustainable future, and Central Anatolia Region in Türkiye holds 

promising potential. To unlock this potential, understanding the factors governing hot spring 

locations and fluid pathways is crucial. This study aims for understanding these mechanisms 

using numerical simulations under idealized conditions. 

In this study, the simulated numerical modeling on geothermal systems reveals an interesting 

interplay between topography, heat flow, and fluid circulation. The influence of topography 

(forced convection) shapes the dominant flow of heat within the system. Remarkably, deeper 

fluid circulation is also observed to be affected by the magnitude of basal heat flow, showing 

a dynamic nature of fluid circulation.  

Intriguingly, findings of this study highlight the significant impact of basal heat flow on fault 

zone temperatures, even under simplified conditions. In the simulations, the topographic relief 

between 0-1500 m were used. Nusselt number and field data-reference model were compared 

for basal heat flow, 65 mW⋅m-2 (Central Anatolia Plateau) and 110 mW⋅m-2 (Kırşehir Massif). 

Nusselt number rate of increase starts to decrease at topographic relief of above 1000 m. As 

a result, the topography emerges as an important factor in the formations of hot springs in the 

Central Anatolia Region. 

The temperature-depth data was used from 141 geothermal wells in 32 geothermal fields for 

investigation. Building upon existing data and comparing with the simulated temperature-

depth profiles supports the results of this investigation. The results are in agreement with other 

studies confirming the simulation approach used, presenting a contribution to harness Central 

Anatolia Region's geothermal potential.  

Keywords: geothermal energy, Central Anatolia Region, topography, fluid circulation, 
temperature-depth profiles 
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SYMBOLS 

b : Coefficient of thermal expansion of fluid (K-1) 

r : Mass density of fluid (kg⋅m-3) 

l : Thermal conductivity (W⋅m-1⋅K-1) 

r0 : Reference bulk density (kg⋅m-3) 

∆T : Temperature anomaly (°C) 

cr : Heat capacity (J⋅kg-1⋅K-1) 

dw : Well depth (m) 

dz : Subsurface depth (m) 

fz : Fault zone thickness (m) 

g : Gravitational acceleration (m⋅s-2) 

H : Topographic relief (m) 

K : Permeability (m2) 

P : Fluid pressure (Pa) 

P0 : Atmospheric pressure (Pa) 

Qb : Basal heat flow (mW⋅m-2) 

T : Fluid temperature (°C) 

T0 : Annual average surface temperature (°C) 

Tb : Conductive background temperature (°C) 

Tbw : Bottom-well temperature (°C) 

Tw : Well temperature along the depth (°C) 

Twh : Well-head temperature (°C) 

v : Fluid velocity in (m⋅s-1) 

μ : Dynamic viscosity of fluid (Pa⋅s) 

σ : Heat capacity ratio 
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ABBREVIATIONS 
CA : Central Anatolia 

CAP : Central Anatolia Plateau 

EGS : Enhanced Geothermal Systems 

FEM : Finite Element Method 

GVC : Galatian Volcanic Complex 

KM : Kırşehir Massif 

MTA : Mineral Research and Exploration General Directorate 

MW : Megawatt   

Myr : Million year   

NAF : North Anatolian Fault 

Nu : Nusselt number 

T-D : Temperature-Depth  
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1. INTRODUCTION 

In recent years, geothermal resources have gained significant importance due to their 

low-carbon footprint, renewable, and base-load energy. Geothermal energy is suitable 

to be utilized and adopted in multiple sectors according to the available fluid temperature 

in the geothermal system. High-temperature geothermal sources, 150 °C and above are 

suitable to be utilized for electricity generation, while lower-temperature, between 40 

and 150 °C geothermal sources are suitable in direct use such as residential heating, 

greenhouse cultivation and various industrial applications (Mock et al., 1997).  

Within the scope of transition to global climate change, adaptation of non-traditional 

resources such as hot rock, and deep sedimentary formations have emerged as a 

significant strategy along with the traditional geothermal resources of hydrothermal 

and igneous systems (Mock et al., 1997; Tester, 2007). Presently in Türkiye, as of 2020 

(ETKB, 2021), energy production of 1613 MW in electricity and 3495 MW in thermal 

are produced through geothermal resources (Şimşek, 2009). 

In addition to the observational studies, numerical modelling studies have received 

attention in recent years (Guillou-Frottier et al., 2013; López and Smith, 1995; Magri 

et al., 2016; McKenna and Blackwell, 2004; Pearson-Grant and Bertrand, 2021; Person 

et al., 2012; Taillefer et al., 2018; Wisian and Blackwell, 2004). These studies 

contribute to an enhanced comprehension of the occurrence of both surfaces, such as 

hot water resources, and non-surface deep geothermal resources. To reduce the high 

risk from drilling activities in geothermal energy investments, transport mechanisms of 

geothermal fluid are critical to comprehend and elucidate geothermal resources and 

developments. Insufficient data in subsurface and deep surface in geothermal fields 

have led to the data limited to topography, structural measurements, and surface 

measurements (hot springs) temperatures. Insights and data of regional lithological 

structure, permeability (K), and complex developments of deep processes in geothermal 

systems, are yet to be manifested. Nonetheless, numerical modelling shed light on 

opportunities for understanding the fluid circulation structure in deep layers of 

hydrothermal activity.  

Türkiye has emerged among the top countries of reliable geothermal resources due to 

its proximity to active tectonic plates of the world. In terms of geothermal resources 

and production, Aegean Region, in western Türkiye, or western Anatolia such as Gediz 
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and Büyük Menderes grabens are leading, followed by Central Anatolia (CA) Region 

and Eastern Anatolia Region (Hepbasli and Ozgener, 2004; Serpen et al., 2009). In 

Türkiye, Aegean Region dominates well-established geothermal resources, possessing 

promising potential on world stage (Hepbasli and Ozgener, 2004). Extensive literature 

is conducted in western Türkiye resulting in establishment of geothermal power plants 

and direct district heating (Erdogmus et al., 2006; Serpen et al., 2009). The highest fluid 

temperatures in geothermal systems are found in western Türkiye. Faulds et al., (2009); 

Söğüt et al., (2010) suggests that in Türkiye, deep circulation of hydrothermal fluids of 

meteoric origin is the primary control on the geothermal systems such as is the case in 

Salihli, Manisa.  

In conjunction with western Türkiye studies (Faulds et al., 2010; Mutlu, 1998; Söğüt et 

al., 2010; Tarcan et al., 2005; Uzelli et al., 2021) in topography and hydrogeochemical 

aspects of the geothermal systems, a comprehensive approach is to focus on remaining 

regions of Türkiye to complement western Türkiye and promote sustainable energy 

throughout Türkiye, beginning with the promising potential of CA Region. Although 

many hydrogeochemical studies (Akıllı and Mutlu, 2018; Pasvanoğlu and Çelik, 2018; 

Şener et al., 2023; Şener and Baba, 2019; Ünsal and Afşin, 1999) are available for the 

CA Region; topography and fluid circulation depth studies on geothermal systems in 

CA Region have been very limited. 

To address energy requirements of Türkiye, geothermal resources in the CA Region 

play significant role in development of geothermal energy infrastructure, concurrent 

with facilitating transition to low-carbon emissions and addressing sustainable energy 

action plan of the European Green Deal (Hoogland et al., 2019; Igliński et al., 2022; 

Karlsdottir et al., 2020; Miłek et al., 2022). Perhaps, in addition, Limberger et al. (2018) 

provides an insight of how topography of world can improve and develop geothermal 

energy production globally. 

1.1. Central Anatolia Region 

In the heart of Türkiye, CA Region covers 151,000 km2, comprising 21% of the territory 

in Türkiye (Altın et al., 2012), exhibiting a contrast of topography between its lowlands 

and highlands, ranging in the heights of as low as 680 m above sea level, with some 

exceptional peaks of Erciyes (3916 m), Aladağlar mountain range, Hasan Dağı (3253 
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m) and Karadağ (2271 m) in Figure 1.1. Renowned for its tectonic lowlands (known as 

Ova in Turkish), surrounded by highlands in the vicinity of the region. The lowlands 

are found in the Konya province, followed by provinces of Ankara, Kayseri, Aksaray, 

Karaman, Eskişehir and Sivas. The 13 provinces of CA Region are, namely Ankara, 

Yozgat, Eskişehir, Karaman, Kırıkkale, Çankırı, Niğde, Aksaray, Sivas, Konya, 

Kayseri, Kırşehir and Nevşehir, are bordered by black solid lines in Figure 1.1. 

1.1.1. Geologic setting of Central Anatolia Region 

The CA Region sits on a complex geological setting, due to the convergence of several 

tectonic plates. One of the most prominent fault lines in the region is the North Anatolian 

Fault (NAF), extending right-lateral strike-slip fault type by east-west across northern 

provinces of the CA Region, signifying the boundary between the Eurasian plate and 

Anatolian plate (Şengör, 1980), moving at approximately 20 mm⋅yr-1 (Reilinger et al., 

2006, 1997) westwards relative to the Eurasian plate (Aydar et al., 1994). In addition, 

Şengör, (1980); Şengör and Yılmaz, (1981) argue that convergence of African-Arabian 

and Eurasian plates towards the north provides volcanic activity in the plates involved 

in the region. The major fault zones existing in CA Region is illustrated by black dashed 

lines in Figure 1.1. The complex neo-tectonic setting of Anatolia is a direct consequence 

of the ongoing collision between the Eurasian and African plates (Dewey et al., 1973; 

McKenzie, 1972; Şengör, 1980). Geomorphology of Anatolia and of the vicinity area 

began to develop in the Late Oligocene-Early Miocene period and continued progressing 

later throughout the Neotectonics period (Şengör and Yılmaz, 1981).  

The boundary of Kırşehir Massif (KM) is illustrated in purple solid lines and the KM 

granite boundary in maroon solids lines, and any area beyond KM block is the Central 

Anatolia Plateau (CAP). In addition, northwestern area of the KM block encompasses 

Kızılcahamam area, known as Galatian Volcanic Complex (GVC) (Görür et al., 1984; 

Kazancı, 2012; Pasvanoğlu and Çelik, 2018) in Figure 1.1. In this study, CA Region 

will be studied into two different areas, clustered as KM and CAP. 

 

 

 



4 
 

1.1.2. Topography of Central Anatolia Region 

In terms of tectonics, the CA Region is a plateau bounded by NAF zone in the east, the 

Taurus Mountains, which are thrust zone of the Cyprus Arc in the south, and the western 

Anatolian expansion zone in the west is CAP (Barka and Reilinger, 1997). The eastern 

boundary of the CAP is continuous towards the Eastern Anatolian Plateau. According 

to (Cosentino et al., 2012), the present-day topography of CA Region was formed 10 

Myr ago, affiliated to 1000 m (Aydar et al., 2013; Yildirim et al., 2011) and above of 

surface uplift. For initial stages of the study, to visualize the influence of topography on 

the geothermal resources in the CA Region, distribution map is in Figure 1.1. 

Figure 1.1 Distribution map of geothermal systems in CA Region (Akkuş et al., 
2005). 

1.1.3. Geothermal resources in Central Anatolia Region 

In Türkiye, the known geothermal resources are mainly fault-controlled geothermal 

systems. Studies suggest that the topography and basal heat flow impose a significant 



5 
 

influence on the geothermal fluid circulation within such systems (Pearson-Grant and 

Bertrand, 2021; Taillefer et al., 2018; Wisian and Blackwell, 2004). CA Region hosts 

hot springs, bathing pools and direct usage, also district heating and greenhouse have 

been established in the region (Parlaktuna et al., 2013). 

1.2. Geothermal Systems  

In natural convection systems, convection is induced by buoyancy forces that occur due 

to the increase in the temperature throughout the depth. On the other hand, the effect of 

topography on the formation of the geothermal systems in fault zones with the pressure-

driven flow (forced convection) is demonstrated by different modelling studies Bodri 

and Rybach, (1998); Forster and Smith, (1989). The modelling studies show that both 

the natural and forced convection mechanisms contribute to the geothermal system 

temperatures giving “mixed convection” (Magri et al., 2016; Pearson-Grant and 

Bertrand, 2021). Although the general proposition of the topography effect is effective 

at shallow depths for buoyancy forces in natural convection, recent studies have revealed 

that the topography is effective in the formation of high-temperature geothermal systems 

derived from deeper depths (Pearson-Grant and Bertrand, 2021; Taillefer et al., 2018).  

1.2.1. Permeability in geothermal systems 

In most of the fault-controlled geothermal systems, the permeability of the medium is 

maintained by the fractures, contributing to secondary permeability. On the other hand, 

bedrock as primary permeability is not a significant factor in terms of the determination 

of circulation depth (Magri et al., 2016). Numerous geothermal systems are formed in 

areas lacking aquifers supporting the insignificance of primary permeability. Based on 

the data obtained from existing geothermal systems, the minimum permeability value of 

10-16 m2 is essential for convective heat transfer to initiate in the earth's crust (Manning 

and Ingebritsen, 1999). As permeability exceeds the previously mentioned value, natural 

convection occurs. Conversely, even in the areas of lower matrix permeability in the 

tectonically active geothermal fields, where such low values are easily ensured through 

presence of fractures. Consequently, it is, therefore, possible to model the circulations 

of existing geothermal systems by defining an accurate fault and fracture geometry. For 

instance, Wisian and Blackwell (2004), produced a model of the fluid convection for 

different regional permeability values by identifying a fault zone that delimits the horst 



6 
 

in the horst-graben structures observed in active tectonic zones. In their study, it was 

concluded that the convection occurs within a narrow range of 10-15 and 10-16 m2 

permeability values only. While no convection occurs at lower permeability, at higher 

permeability, geothermal systems rapidly cool down under surface effects. In addition, 

the model results demonstrated that the fault zone fluid is not only supplied by the horst 

bordering the fault zone but also by neighbouring horst, due to topographic relief. 

1.2.2. Fluid circulation in geothermal systems 

The subsurface groundwater flow pathways and their association with waterbodies are 

difficult to understand due to invisibility of these pathways from direct observations, as 

well as hypothetical approach of bedrock as an impermeable layer (Feth, 1964; Frisbee 

et al., 2013). Conversely, Anderson et al., (1997); Gascoyne and Sheppard, (1993) 

suggest that to some extent, bedrock is permeable aided by fractures.  

In addition, however, Gascoyne and Sheppard (1993) argues that, to some extent, the 

bedrock is permeable in waterbodies the through fractures. Also, Anderson et al. (1997) 

suggest that permeability in highland is relatable, even though the waterbody is minimal.   

Despite recent advancements in geophysical methods, lack of field data for estimates of 

fluid circulation depths hindered the progress of the hydrogeologic studies and caused 

inadequate attained results (Rempe and Dietrich, 2014; St Clair et al., 2015). Such data 

are pivotal in the development of models involving deep processes and characterize the 

hydrogeological properties effectively in deep layers (Ball et al., 2014). 

For instance, Mayo et al. (2003) reports stratigraphically controlled shallow circulation 

of 75–300 m and subsurface groundwater of above 700 m. In their study, it has been 

described the shallow circulation is occurring within active zones of the bedrock, and 

the deep circulation is occurring within the inactive zones. Due to such constraints, it is 

challenging to model fluid flow in the bedrock aquifer as some of the bedrock units may 

allow fluid circulation (Frisbee et al., 2017). Also, their study suggests that topography 

is non-pivotal for fluid circulation. However, if topographic relief emerges, it supports 

the fluid circulation, evolving the dynamics of geothermal systems. 
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1.2.3. Effects of topography in geothermal systems 

Groundwater flow is a critical factor in the geothermal systems, applying an influence 

on the fluid movement, heat transfer and behaviour of geothermal systems. Investigating 

the groundwater flow dynamics in the geothermal reservoir is essential for sustainable 

geothermal resources to optimize and manage its utilization. One of the components of 

efficient groundwater flow in the geothermal system is the topography in facilitating the 

patterns and pathways of groundwater flow.  

In the topographic-driven geothermal systems, the meteoric water infiltrates at high 

topographic relief, where meteoric waters are warmed at shallow-level crust and quickly 

rise upwards through permeable fluid pathways of subsurface (Craw et al., 2013; Wisian 

and Blackwell, 2004).  

To a significant extent, the water table is spatially characterized by slightly lower relief 

coinciding to surface topography, establishing deeper water table depths found beneath 

high topographic reliefs compared to shallower water table depths found beneath low 

topographic reliefs (Fetter, 2011). However, despite using the piezometric method and 

producing maps, direct measurement of the exact water table elevation is challenging. 

Thus, this approach simplifies boundary conditions of the models. Consequently, water 

table elevations are estimated through well drilling, producing waterlogs for well data. 

Groundwater flow caused by topography may be identified by the correlation between 

elevation and circulation depths (Tóth, 1999). 

 2. METHODOLOGY 

In this study, the Finite Element Method (FEM) was employed to investigate the effect 

of topography and basal heat flow (Qb) value on geothermal fluid temperatures. Within 

the scope of this study, two-dimensional numerical model was developed, introducing 

the equations, parameters, boundary conditions and geometry in the script code of the 

program. The outcome results of the model were compared with Wisian and Blackwell 

(2004) to validate the produced model. Subsequently, well borehole dataset for the CA 

Region was gathered, including well logs, retrieving data from MTA (Maden Tetkik ve 

Arama Genel Müdürlüğü, Mineral Research and Exploration General Directorate) and 

literature. Consequently, referring to MTA inventory book Akkuş et al. (2005), the fault 

lines existing in the vicinity of the geothermal field were considered for delineation and 
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topographic relief (H) was calculated for each geothermal field in CA Region in Figure 

1.1. Within the scope of modelling studies, the Qb and H parameters were changed for 

simulation and their effect on the fault zone temperatures was calculated. Temperature-

Depth (T-D) profiles were produced along the fault zone and e-profiles meeting the fault 

zone at some point in the subsurface depth. The obtained results of the numerical model 

have been evaluated by comparing the conditions in the geothermal systems associated 

with reservoir temperatures below and above 60 °C in CA Region. Simulation scenarios 

were analysed and compared with the geothermal field data that had been retrieved in 

the region.  

2.1. Heat Flow Distributions 

In CA Region, heat flow measurements have been conducted by a few studies (Balkan-

Pazvantoğlu and Erkan, 2019; Tezcan and Turgay, 1991). Balkan-Pazvantoğlu and 

Erkan (2019) suggests heat flow value of ~65 mW⋅m-2 on average, however, areas such 

as Kızılcahamam and Kırşehir anomalies have demonstrated a considerably high heat 

flow, showing a considerable measurement of more than 100 mW⋅m-2. Therefore, in the 

modelling, two different heat flow values of 65 mW⋅m-2 in CAP and 110 mW⋅m-2 in KM 

were employed. The relatively high temperatures of geothermal systems in the KM have 

been attributed to high radioactive heat production of the granites that form the massif 

(İlbeyli et al., 2004).  

2.2. Model Design 

A two-dimensional schematic illustration of geological model was considered to 

demonstrate fault zone, hot spring or geothermal source, basin-fill, and bedrock zones. 

In addition, the boundary conditions and geometry used in the modelling are in Figure 

2.1, where the model boundary conditions are designated in black text, thermal transport 

modelling in red text, and hot spring location in blue text. In the Figure 2.1, l is thermal 

conductivity, K is permeability, U is Darcy velocity, g is gravitational acceleration, T is 

temperature, T0 is annual average surface temperature, and H is topographic relief. 
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Figure 2.1 Schematic illustration of two-dimensional geological model.  

In the simulations produced, thermal irregularities were observed in the model when the 

heat flow was directly applied at the bottom. To resolve the issue, an impermeable layer 

of 10-20 m2 was introduced at the bottom of model, a constant temperature was applied 

to the bottom of the model to provide an analogous heat flow. In addition, Forster and 

Smith (1989) implemented a similar approach in their study to remediate the thermal 

irregularities.  

2.3. Numerical Modelling 

The numerical modelling studies have been carried out utilising a commercial program, 

FlexPDE (PDE Solutions Inc, 2023), to solve partial differential equations using FEM 

and the produced outcome results of the model were analysed. The physical equations, 

or conservation equations, representing dynamics of the environment, model geometry, 

and boundary conditions necessary for the solution of the equations were defined using 

program-specific commands to write script code, and then the model was run to produce 

outcomes. A two-dimensional spatial has been considered as such dimension enables 

geological and hydrological scenarios to be defined in limited parameters and produce 

comprehensive results. In addition, the two-dimensional numerical model was adopted 

to investigate the effect of topographic relief (H) on geothermal systems, effect of the 

groundwater flow for the various heat flow (Qb), and permeability (K) scenarios. The 

meshing automation produced by FlexPDE, and further detail is in Figure A.2. 
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2.3.1. Equations used in model 

Fluid movement under certain boundary conditions in permeable medium underground 

can generally be solved by the Navier-Stokes equations. The problem can be reduced to 

the Darcy flow problem by using the average velocity of the fluid in the porous medium 

(Darcy velocity). In modelling, the mechanical and thermal state of the fluid is defined 

by equations of momentum, mass, and heat conservation, given respectively in (Nield 

and Bejan, 2006): 

∇𝑃 = − !
"
𝐯 + 𝜌#𝐠                                                                                                   Eq. (2.1) 

∇ ∙ 𝐯 = 0                                                                                                                  Eq. (2.2) 

(𝑐𝜌)$
%&
%'
+ (𝑐𝜌)#𝐯 ∙ ∇𝑇 = l∇(𝑇                                                                            Eq. (2.3) 

In these equations, P represents fluid pressure, μ represents dynamic viscosity of the fluid, 

K represents permeability, r represents mass density of fluid, v represents fluid velocity 

(Darcy velocity), cr represents heat capacity of matrix (m) and fluid (f), T represents fluid 

temperature, l represents coefficient of thermal conductivity of medium, and g represents 

gravitational acceleration. In addition to above equations, in Eq. (2.1), the temperature-

dependent change of the density of fluid is (Nield and Bejan, 2006): 

𝜌# = 𝜌)(1 − 𝛽(𝑇 − 𝑇)))                                                                                       Eq. (2.4a) 

In the equation, T0 represents annual average surface temperature, r0 represents reference 

bulk density and b represents coefficient of thermal expansion of fluid, for the viscosity 

of the fluid given in Eq. (2.1) (Rabinowicz et al., 1998): 

𝜇 = 2.414 × 10*+ × 10
!"#.%

('()**)                                                                             Eq. (2.4b) 

formula has been used. The remaining physical parameters such as the coefficient of 

thermal expansion of fluid (b), and heat capacities of fluid (cr ) were retrieved from 

Stauffer et al. (1997).  

In the simulations, conductive heat equation for ambient initial temperature distribution 

was solved to respect-sent the initial thermal conditions. In addition, the hydrostatic 
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pressure condition is accepted for the initial pressure distribution. Under the initial and 

boundary conditions described above, equations for ambient temperature and pressure 

(Eq. 2.2 and Eq. 2.3) are solved sequentially. The distribution of Darcy velocity after 

each successive solution was calculated using Eq. (2.1). 

2.3.2. Boundary conditions of model 

In the model, the upper boundary is at a constant atmospheric pressure (P0) of 105 Pa 

and T0 of 20 °C. Whereas the lower boundary of the model is the regional geothermal 

heat flow of 65 mW⋅m-2 representing the CAP scenarios and 110 mW⋅m-2 representing 

the KM, applied at a depth of 20 km beneath the upper boundary, with constant heat flux 

at the lower boundary and heat and fluid passage on both right and left boundaries of 

the model has been prevented, therefore no heat and fluid pass through either side of the 

model. In modelling, the topography on the surface is represented by static groundwater 

level and fluid inflow and outflow are considered free (Wisian and Blackwell, 2004). It 

is worth mentioning that it is a challenge to specify the boundaries of the water table. 

To overcome complexity, the water table has been specified at the top boundaries of the 

model. The geometry of the model is 23 km in length on x-axis and 20 km in breadth on 

y-axis, comprising an area of 460 km2, basement of the model starts at a depth of dz=-

8000 m downwards of the domain. The topographic relief of H=0, 10, 100, 500, 1000, 

1500 m is variable based on the scenario of model, varying the breadth and area of the 

model domain. In addition, the length of the model is not limited to 23 km, but for 

modelling purposes such a length suffices the scope of the study. The model geometry 

of H=500 m is in Figure A.1, where, also, the location of the synthetic temperature-

depth vertical profile (e-profile) is visible, where the starting point is off the base of 

topographic relief and fault top from upper boundary in the basin to the bottom of fault, 

meeting the fault zone at some subsurface depth. The e-profile is produced to analyse 

the behaviour of temperature in the model in vertical profile, compared to a typical fault 

zone T-D profile. The model used in this study is a cross-section of a typical fault-

controlled geothermal systems. All the final scenarios are computed to simulate for 1 

Myr which is sufficient time for the system to be under steady-state conditions. 

2.3.3. Parameters of model 

In all models, the fault zone thickness (fz) is considered as 250 m wide. In addition, thin 
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impermeable layers were placed on both sides of the fault zone to represent fault sealing 

as 25 m wide. Parry et al. (1988); Wisian and Blackwell (2004) suggests the formation 

of fault walls at the margins form due to chemical precipitation. Table 2.1 summarizes 

the fixed physical parameters and their values used in reference model, respectively. The 

following parameters was retrieved from different sources in the literature, producing a 

comprehensive list of parameters.  

Table 2.1 Parameters used in the reference model. 

Parameter: 
unit Value References 

fz: m 200 
(McKenna and Blackwell, 2004; Person et 
al., 2012; Wisian and Blackwell, 2004) 

l: W⋅m-1⋅K-1 2.5 (Bed rock) (Guillou-Frottier et al., 2013; Magri et al., 
2015; Person et al., 2012) 
  1.25 (Basin-fill) 

ß: K-1 2.1x10-4 (Bodri and Rybach, 1998; Stauffer et al., 
1997) 

K: m2 

Fault zone: 10-14 

(Bodri and Rybach, 1998; Forster and 
Smith, 1988; Guillou-Frottier et al., 2013; 
McKenna and Blackwell, 2004; Neuzil, 
1994; Person et al., 2012; Rabinowicz et al., 
1998; Smith and Chapman, 1983)  

Bed rock: 10-16 

Basin-fill: 2x10-16 
Fault sealing 
zone: 10-18 

T0: °C 20 
(Magri et al., 2017; Pearson-Grant and 
Bertrand, 2021; Person et al., 2012; Wisian 
and Blackwell, 2004) 

r: kg⋅m-3 
998.2 (20 °C) 

(Smith and Chapman, 1983; Stauffer et al., 
1997) 

P0: Pa 105 (Pearson-Grant and Bertrand, 2021) 
cr: J⋅kg-1⋅K-1 4182 (Person et al., 2012; Stauffer et al., 1997) 
σ: -- 0.75 (Rabinowicz et al., 1998) 

The permeabilities used in the domain are 10-16 m2 and 10-18 m2 based on the scenario 

except for the fault zone 10-14 m2, fault sealing 10-18 m2, and basin 2x10-16 or 2x10-18 m2, 

according to the scenario of the model. In addition, the thermal conductivity of 2.5 W⋅m-

1⋅K-1, a characteristic of basement rocks, employed homogeneously in model domain.  

2.4. Model Validation  

A comparison was made with the results of a study conducted by Wisian and Blackwell 
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(2004). In their study, a different geometric model under the geometry and boundary 

conditions proposed in Figure 2.1 was used. TOUGH2, a commercial software, was 

used in their work, which has been developed specifically for modelling of geothermal 

systems and has been employed in many scientific studies for years.  

As part of the validation study, the model geometry and boundary conditions used by 

Wisian and Blackwell (2004) were created in the FlexPDE environment. The equations 

mentioned in 2.3.1 has been used directly as conservation equations. Unlike Wisian and 

Blackwell (2004) model, base of the model was defined as an impermeable zone, K=10-

20 m2, and a constant basal heat flow was applied at the base, providing same temperature 

gradient along the bottom boundary of the model. This approach is widely employed in 

similar hydrological modelling studies such as the (Forster and Smith, 1988). 

The model comparison results for two different bedrock permeability, K2, are shown in 

Figure B.1, where K1=2xK2 for basin in all models and K3=10-14 m2 for fault zone were 

considered. The thermal conductivity values in bedrock, l1=2.5, and basin-fill, l2=1.25 

W⋅m-1⋅K-1 were considered.  

In the models produced by both the studies, firstly, the problem was solved under the 

condition of time-independent thermal conduction and hydrostatic pressure, and these 

results were used as the initial state in convection models. In their models, 90 mW⋅m-2 

was used as the basal heat flow.  

Evaluating the temperature distributions shown in Figure B.1, results of both different 

simulations produced similar results in regional temperature distribution. In addition, 

however, some differences between the models are evident. For example, at fault zone 

temperature, it is observed that in low permeability, K=10-18 m2, the temperature value 

at the base of the fault zone in Wisian and Blackwell (2004) model had been calculated 

as approximately 180 °C and 200 °C in this study model. In high transmittance model, 

K=10-16 m2, at the base of the fault zone in Wisian and Blackwell (2004) model had been 

calculated as approximately 200 °C and 225 °C in this study model. These temperature 

differences are likely due to differences in the definition of baseline conditions between 

the models. 

In Wisian and Blackwell (2004) model, it was accepted that the base is insulated against 

fluid passage, dz=-8000 m. While in the study model, it has been observed that there is 
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a very slight upward convection from the impermeable area in the base. For this reason, 

the fault zone temperature in the study model has been approximately 20 to 25 °C higher. 

On the other hand, it can be expected that these differences are at least partially related 

to the differences in the values of physical parameters used in solving the equations, 

temperature-dependent density and viscosity, heat capacities among others. Wisian and 

Blackwell (2004) did not provide information about these parameters in their model. As 

a result, the fluid simulation model developed within the scope of the project produced 

suitable results for modelling the topography effect in geothermal systems. 

Since Wisian and Blackwell (2004) model in Figure B.1 used in validation studies is 

suitable for parametric modelling of the Qb and H values to be investigated in this study, 

the same model has been considered for further investigation. Six different scenarios, 

H=0, 10, 100, 500, 1000, 1500 m were modelled to calculate the topography effect in 

geothermal system formation. 

2.5. Field Well Data 

For CA Region, MTA geothermal inventory (Akkuş et al. 2005) was used to retrieve 

datasets such as the fault lines, well data and coordinates. Moreover, additional well data 

had been obtained from the literature (Afşin and Baş, 1997; Akbaşlı, 1992; Akıllı and 

Mutlu, 2018; Burçak, 2009; Çelmen, 2008; Çetin and Şimşek, 2008; Dağıstan et al., 

2008; Gevrek, 2000; Gündüz and Özten, 1994; Kahraman, 2014; Kara, 2009, 2007; 

Karadağlar, 2013; KOP İdaresi et al., 2020; Ölmez and Gevrek, 1991; Özeke, 1987; 

Özen Türker, 2006; Simsek et al., 2010; Zengin, 2014). Another question that has been 

raised is, how the data is collected, and the techniques used in well-data temperatures. 

To analyse the well-data, all well-data should be of consistent techniques and methods. 

According to Vaught, (1980); Vieira and Hamza (2011), for temperature data obtained 

at various depths, linear regression is the method to define a geothermal gradient and 

exclude shallow wells due to the environmental effects of precipitation and groundwater 

flow at the subsurface. Geothermal wells deeper than dw=-300 m are good indications 

of actual temperatures of the regional convection system as well-temperature data might 

not be affected by the shallow complex fracturing effects (Blackwell et al., 2012). In T-

D profiles, complex distribution is observed between shallow and medium depths. This 

dispersion is related to shallow effects such as geological complexity and groundwater 
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flow. 

A total of number of 266 geothermal wells in 37 geothermal fields were gathered within 

the CA Region. However, due to insufficient data reported in the literature, only 141 

geothermal wells in 32 geothermal fields were considered for investigation in the study. 

Out of 13 provinces in CA Region, 11 provinces host geothermal sources. In Kırıkkale 

and Karaman provinces, geothermal resources do not exist as per the MTA inventory 

(Akkuş et al., 2005).  

2.6. Elevation Profiles 

In this study, we develop and evaluate the topographic relief (H) for geothermal systems 

in the CA Region. The objective is to develop a simple approach of two-dimensional 

elevation profiles for geothermal systems, consisting of three steps. First, a radius of 

approximately 5 km for a geothermal field of interest is encircled from the geothermal 

source shown in Figure 1.1 using the Google Earth tools. Second, fault lines within the 

circle are located referring to MTA inventory (Akkuş et al., 2005), and elevation profile 

is delineated perpendicular to the fault line using the Google Earth tools. Replicative 

number of elevation profiles were delineated similarly to produce a quantifiable number 

of elevation profiles for the purpose of variety. Third, the elevation profile suggesting 

maximum elevation difference from the highest to lowest elevation was selected for the 

study as the following Eq. (2.5): 

H = highest	elevation − lowest	elevation                                                         Eq. (2.5) 

The encircling and delineation of a geothermal field are demonstrated in Appendix C., 

comprehensively.    

2.7. Data Challenges 

Geothermal reservoirs involving hydrothermal alteration and structural heterogeneity 

are challenging targets (Blackwell, 1985). This is suggested due to lack of subsurface 

data, unexplored basement lithology and uncertain permeability as it is challenging to 

conduct field tests and obtain results in such environments. Since the data is limited to 

shallow surfaces, the investigation of hydrothermal systems and understanding of deep 

processes are restricted to topography, structure measurements and spring temperatures 
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(Belgrano et al., 2016). However, in recent times, numerical modelling of hydrothermal 

systems has been considered to probe the underlying mechanisms of deep processes, hot 

spring formation, and their controlling factors, comprehensively (Forster and Smith, 

1989; López and Smith, 1995; Magri et al., 2016; Wisian and Blackwell, 2004).  

2.8. Temperature Anomaly 

To calculate temperature anomaly (∆T), several quantities are undertaken to yield ∆T. 

Firstly, borehole log consists of two parameters of interest, the well depth (dw) and well 

temperature (Tw). Although, bottom-well temperature (Tbw) represents the actual thermal 

condition of the geothermal well, however, almost all the borehole-logs have included 

measurement of well-head temperature (Twh), and or measurement method has not been 

mentioned, in this study, Tw was considered as temperature measured along any depth 

of the well. Proceeding, conductive background temperature (Tb) is interpolated using 

subsurface conductive temperature profiles. Interpolation was employed based on dw of 

each well and Qb of CAP and KM separately. Followed by the yield of ∆T as the above-

mentioned two quantities were employed in the below Eq. (2.6): 

∆T	=Tw-Tb                                                                                                              Eq. (2.6) 

Some studies calculate geothermal gradient employing Tbw, as a necessity to produce T-

D profiles, however, due to insufficient data in borehole logs of the CA Region, in this 

study, ∆T was considered. 

Subsequently, the maximum temperature-depth graph has been plotted in relationship 

to maximum temperature anomaly on y-axis and well depth on x-axis for the existing 

wells that represent the maximum temperature anomaly in dw=-300 m in the specific 

geothermal field. Usually, at a geothermal field, more than one borehole is drilled due 

to technical deficiencies in obtaining reliable borehole data. To obtain borehole data, 

various measurement methods are available in literature, and a range of techniques are 

adopted, imposing challenge to yield consistent geothermal gradient and temperature 

anomalies, leading to undesirable outcomes. To overcome the challenge, the average 

temperature anomaly had been introduced to decrease the discrepancy of borehole data. 

In that respect, the average temperature-depth graph has been plotted in relationship to 

average temperature anomaly on y-axis and well depth on x-axis for the existing wells 
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that represent the maximum temperature anomaly in dw=-300 m in specific geothermal 

field. For both maximum and average temperature anomaly graphs, only geothermal 

fields that consist of dw=-300 m and below were considered for study comparison. 

3. RESULTS AND DISCUSSION 

Within the scope of numerical modelling, convection models were developed for 

different values of topographic relief (H) and basal heat flow (Qb). A total of 26 

scenarios were produced to study for K=10-16 m2. In addition, the scenarios for K=10-18 

m2 were produced in this study, however, the T-D profiles and Nusselt number (Nu) 

graph are not included in the study, as no significant convection was observed in the 

scenarios produced. In this study, T-D profiles along the fault zone, T-D of e-profile, 

Nu graph and comparison of the produced study model (reference model) with the CA 

Region geothermal fields are investigated. The Temperature-depth along fault zone and 

along vertical profiles were produced to investigate the fluid temperatures in the 

geothermal resources. profiles demonstrated differences in fluid temperature as the basal 

heat flow and topographic relief changes. 

3.1 Fault Zone 

Fault zone temperatures in the produced convection models are in Figure 3.1. Panel a) 

shows the temperatures along the fault zone where the heat flow (Qb) is 110 mW⋅m-2 

and Panel b) shows the temperatures along the fault zone where the heat flow (Qb) is 65 

mW⋅m-2. To understand the effect of topography, different models were produced using 

H=0, 10, 100, 500, 1000 and 1500 m. The average H in all 32 geothermal fields in CA 

Region is of approximately 1050 m. In Figure 3.1, black dashed curves show initial 

temperature of the fault, and the coloured curves show the fault temperature when the 

geothermal system is formed. 
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Figure 3.1 Temperatures obtained along the fault zone for H values in a) KM and b) 
CAP. 

As can be seen in Figure 3.1, temperature increase in the fault zone increases due to 

both the heat flow and topography. In addition, in cases where the topography is low, H 

lower than 100 m, it is observed that the temperature increase in the fault zone is low. 

This is evident in topography as a significant effect on natural convection. On the other 

hand, as topography increases, the increase in fault zone temperatures become less 

effective. The temperature scenario of H=500 is in Figure A.3. 

3.2 Vertical Profile 

To calculate the effect of convection on a synthetic vertical borehole, depth of dz=-4000 

m was selected, and position of the profile is indicated by the letter "e" in Figure A.1. 

The results obtained are shown in Figure 3.2 for different H and Qb values. Borehole 

meets the fault at approximately dz=-2000 m in Figure 3.2. While a significant increase 

in temperatures is observed in the parts above the fault zone depending on the top fault, 

not much difference in temperatures is observed after crossing the fault zone. Comparing 

T-D e-profile of a) Qb=110 mW⋅m-2 and b) Qb=65 mW⋅m-2 in Figure 3.2 demonstrates 

that each basal heat flow yields quite different results.  

 



19 
 

Figure 3.2 T-D curves of e-profile meeting fault zone in a) KM and b) CAP.  

3.3 Nusselt Number 

To examine the total energy output of transport-based system of the topography effect, 

the Nusselt number (Nu) was calculated for different H and Qb scenarios. This number 

allows us to calculate the magnitude of the convectional energy transfer in the system 

according to conduction-based energy transfer, Nu=1 indicates that energy transfer is 

entirely by the thermal conduction (Nield and Bejan, 2006). For this purpose, after the 

surface heat flow values of the initial and final state for each scenario was calculated 

along the topographic surface, integrated along the surface to get what is called as the 

“heat loss”. Then, final heat loss value in the scenarios was divided by initial heat loss 

value. The results are in Figure 3.3 for all the H and Qb scenarios.  

 

 

 

 
 

 
 

 
 
Figure 3.3 Nusselt number (Nu) values calculated for different H and Qb scenarios in 
KM and CAP. 
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The Nusselt number rate of increase starts to decrease above H=1000 m. Accordingly, 

the Nu value increases in proportion to the topography. This is because, with the increase 

in topography, the circulation depth increases, and more thermal energy is transferred to 

the surface by convection.   

3.4 Field Well Data-Reference Model Comparison 

To compare the relationship between fault zone temperatures and topography obtained 

in this study with the temperatures measured in the geothermal fields in the CA Region, 

T-D measurements of 141 geothermal boreholes in 32 geothermal fields were gathered. 

As a data source, firstly, MTA geothermal inventory (Akkuş et al., 2005) was referred. 

However, if any T-D measurements conducted in the geothermal fields in the following 

years came into existence in updates or discoveries, then these were retrieved from the 

literature and added into this study. In the comparison, temperature values measured at 

points of dw-=-300 m or deeper were used to minimize geological effects close to the 

surface. 

T-D measurements usually conducted by different methods at any geothermal field are 

available in the literature. Among the measured temperatures in well, the most reliable 

representation of natural geothermal temperatures is the Tbw. However, this information 

is sometimes unclear in the literature. The geothermal system temperatures are usually 

reported as maximum temperature value measured in the geothermal field. On the other 

hand, due to the uncertainties given above, average temperature values measured in the 

field were also used for the comparison. In Figure 3.4, the temperature anomaly was 

calculated to compare the outcome results produced by the reference model against the 

temperatures measured in the geothermal fields. 
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Figure 3.4 Comparison of temperature anomalies of the fault zone calculated in the 
reference models and temperature anomalies measured in the geothermal fields of the 
CA Region. 
The calculation method for temperature anomaly is discussed in this study. In Figure 

3.4, a) and b) demonstrate geothermal fields in KM, whereas c) and d) demonstrate the 

geothermal fields in CAP. Also, a) and c) were obtained based on maximum temperature 

anomalies, b) and d) were obtained based on average temperature anomalies measured 

in the geothermal fields. For the temperature anomalies measured in the fields, the static 

crustal temperature value in the region was taken as a reference. The crustal thermal 

model used by Balkan-Pazvantoğlu and Erkan (2019) was used to calculate the regional 

crustal temperature. The changes of the temperature anomaly values obtained from the 

numerical models and measured in the fields according to the topographic relief (H) are 

illustrated in Figure 3.4. The first result that stands out in Figure 3.4 is the numerical 

model and temperature anomaly values measured at geothermal fields in blue dots are 
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generally compatible. This result shows that the regional permeability value used in the 

model represents the regional permeability value in these fields in general terms.  

When the temperature anomaly values measured at geothermal fields were compared 

with the reference model in red curve, higher temperatures were measured in some sites 

compared to those calculated from the models, while lower temperatures were measured 

in some geothermal fields. In particular, the temperatures measured in the geothermal 

fields in KM are significantly higher. Numerical models show that natural convection 

is strongly effective, and the topographic effect decreases with the increasing regional 

permeability (Wisian and Blackwell, 2004). In addition, since heat flow (Qb) is high in 

KM (Balkan-Pazvantoğlu and Erkan, 2019), a suitable condition for natural convection 

is created. As high permeability, K=10-15 m2 values was used, convection occurs along 

the fault zone even in the absence of topography. In this study, it was calculated that as 

low permeability, K=10-16 m2 was used, the topography effect was also evident when 

there is high basal heat flow (Qb) in Figure 3.2 and Figure 3.3. In cases where the 

permeability is higher, the natural convection can be expected to be more effective. As 

a result, higher permeability may be effective in areas where high temperatures are 

observed in Sorgun, Şahinkalesi and Mahmutlu geothermal fields. Even if the regional 

permeability is not high in these geothermal fields, the permeability may be high with 

cracks at the depths where the measurements are made, and this may provide upward 

convection of the hot geothermal fluid by natural convection (Erkan et al., 2008). 

Furthermore, the effect of topography on the geothermal systems in the CA Region has 

been emphasized in various field-based studies. For example, in a study conducted by 

Yurteri and Simsek (2017) in Savcılı geothermal field located within the boundaries of 

KM, oxygen isotope measurements showed that the geothermal source was of meteoric 

origin, analysed along with water chemistry analyses and modelled that the geothermal 

source was fed from the hills located in northeast of the field and approximately 500 m 

above the hot spring. The source temperature of the geothermal field was measured 

according to the silica geothermometer, ranging from 68 to 74 °C. According to model 

results obtained from the current study in Figure 3.4 a) and b), source circulation depth 

corresponds to ~1 km for a difference of 27 °C (assuming regional geothermal gradient 

value as 40 °C⋅km-1), which is in agreement with the circulation model proposed here. 

As a result, it is observed that the topography effect, forced convection, dominates the 
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convection in the Savcılı geothermal field. A similar study was conducted by Şener and 

Baba (2019) in the Kozaklı (Nevşehir) geothermal field, where geothermal fluid was 

shown to be of meteoric origin by the geochemical measurements. Moreover, in a study 

conducted by Afsin et al. (2014) in some geothermal fields in the Cappadocia region 

with fluid chemistry analyses, it was shown that the geothermal system in all systems 

is of meteoric origin and the effect of topography on cycle mechanism was emphasized. 

On the other hand, the fact that the chemical values measured in these areas are almost 

unrelated to the seasonal precipitation shows that the circulation takes place at deep 

levels. If a waterbody is in the vicinity of geothermal systems, dynamics of groundwater 

changes, leading to variable fluid deep circulation, to some degree (Frisbee et al., 2013, 

2017). 

4. CONCLUSION 

According to the results obtained from the numerical simulations, it is observed that 

topography has a significant effect on the fault zone temperatures in the geothermal 

systems, in general. Although constant fault depth was used in all models, higher fluid 

temperatures were calculated with the increase in topography along the fault zone. If 

the heat flow is high, the heating in the fault zone is higher. It was observed that the 

well temperature measurements in the geothermal fields in the CAP were compatible 

with the model results. 

The results of this study revealed the relationship between the reservoir temperatures, 

topography, and the heat flow in geothermal systems under ideal conditions with the 

numerical simulations. In these simulations, medium permeability and fault zone depth 

were considered as constant. Although the feasibility of a geothermal system depends 

on fluid efficiency (flow rate), as well as source temperature, effect of topography and 

heat flow on convective energy transfer and source temperature were examined in this 

study. Considering permeability can be increased with the aid of fracking technologies, 

as it is the case with Enhanced Geothermal Systems (EGS) (Chandrasekharam et al., 

2023; Chandrasekharam and Baba, 2021), it is possible to conclude that the topography 

and heat flow influences the geothermal system temperature increasing the production 

potential of the geothermal system.  
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The fault zone temperatures obtained according to different topographic conditions 

calculated in this study give the temperatures to be obtained in a geothermal system 

forced by the topography effect in an area. According to the results obtained from the 

models, it is possible to calculate the expected geothermal temperatures in a region 

under the influence of topography, depending on the heat flow. On the other hand, while 

the H affects the circulation depth quite a lot at low values, its effect decreases at 

geothermal temperatures when it is higher, H >~1000 m. The higher the H, the larger 

fluid circulation. As evident from the numerical results, the driving factor in controlling 

the hot spring locations and the fluid pathways of CA Region hydrothermal systems is 

dominated by topography.   

Under idealized geological conditions, such as homogeneous bedrock properties and 

single main fault zone, this study investigated the effect of topographic relief and heat 

flow on fault zone temperatures. However, these simplified assumptions may not be 

valid for a particular geothermal field and the geological and structural features of the 

site may need to be considered. For example, with a low permeability upper zone, such 

as a “cap rock”, as observed in many geothermal fields, a desirable stable geothermal 

system can be formed even if the bedrock permeability is very high. On the other hand, 

since the main fault zone is more fractured near the surface, higher temperatures than 

predicted by the simulations can be obtained on the fault zone because of thermal 

convection. These situations have been observed in many geothermal systems in CA 

and elsewhere.   

Deeper boreholes are to be drilled and geothermal gradients are to be measured based 

on topographic influence and features in smaller spatial scales rather than larger spatial 

scales. Thus, it is important to investigate geothermal gradients based on topographic 

relief in smaller spatial scales for future studies. 
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APPENDICES 

APPENDIX A. Numerical modeling outcomes in FlexPDE 

A.1. Model geometry of H=500 m, model domains and e-profile location   

The geometry of the model considered in FlexPDE domain is a cross-section of typical 

fault-controlled geothermal systems in CA Region, length as 23 km and breadth as 20 

km. However, since, an H is in the upper boundary, the breadth is higher than 20 km. 

The breadth varies based on the H scenario, whereas the length is constant throughout 

the study. In addition, the designated length is sufficient for convection in a geothermal 

system for the fluid circulation. All boundaries of the model are clearly illustrated in 

different colours as shown in Figure A.1. In addition, location of e-profile as a vertical 

profile, representing a synthetic vertical borehole is demonstrated in Figure A.1.  

Figure A.1 Model geometry of H=500 m and e-profile. 
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A.2. Meshing of H=500 m and K2=10-16 m2 scenario 

In FlexPDE, the program itself runs auto mesh for boundary conditions and domains 

designated in the script code. It is observed that the nodes and cells used in calculation 

of numerical model in FlexPDE are based on the inputs such as geometry, boundary 

conditions, equations, parameters, and outcome reports produced after script code is fed 

and FlexPDE runs to calculate using FEM, producing mesh for each boundary. Different 

colours show various zones of the model. High mesh density was observed in and around 

the fault zone region and upper boundary. The mesh produced for H=500 m and K2=10-

16 m2 is in Figure A.2. For H=0 m, at least 2423 nodes and 4651 cells were involved, the 

number of nodes and cells increase as the geometry is enlarged and parameter values 

are increased.  

 

 

 

 

 

Figure A.2 An auto mesh in FlexPDE for H=500 m and K2=10-16 m2. 
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A.3. Temperature distribution scenario 

Temperature distribution was previously discussed in this study, however FlexPDE 

output results were not demonstrated extensively. In this study, two clusters of basal 

heat flow were studied, KM (Qb=110 mW⋅m-2) and CAP (Qb=65 mW⋅m-2). The KM 

temperature distribution of H=500 m and K2=10-16 m2 is shown in Figure A.3. In Figure 

A.3, the upper boundary, T0=20 °C, is contained and a slight upwards temperature 

isotherms are observed along the upper parts of the fault zone. Whereas the temperature 

at the bottom of the model is 905 °C. In addition, temperature distribution is evident in 

the basin of the model and flat temperature isotherms are observed at the bottom of the 

basement where a constant basal heat flux of Qb=110 mW⋅m-2 has been applied 

uniformly at the base of the model, as the uniform temperature distribution is evident in 

Figure A.3. 

Figure A.3 Temperature distribution of KM at H=500 m. 
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A.4. Fluid velocity and circulation scenario 

The fluid velocity is calculated in FlexPDE, and the outcome produced result provides 

an insight of fluid behaviour in geothermal systems. In Figure A.4, it is observed that 

fluid circulation is recharged from highest elevation of topography, finding pathway to 

the fault zone and eventually discharges from the model as, K2=10-16 m2. The fluid 

velocity is maximum in fault zone, 2.25x10-9 m⋅s-1, particularly in the top fault and 

minimum fluid velocity is in the deeper subsurface layers. Red arrows represent high 

fluid velocity, blue arrows represent medium fluid velocity and purple arrows represent 

no fluid velocity in Figure A.4.  

Figure A.4 Fluid velocity and fluid circulation produced for H=500 m in KM. 
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A.5. Fluid velocity in low topographic relief 

In low or no topographic relief, such as H=0 m, fluid velocity is lower and fluid 

circulation is minimal. In addition, the fluid recharge location is undefined in the domain 

in Figure A.5. The fluid discharge is observed in the fault zone in APPENDIX A.4.  

Figure A.5 Fluid velocity and fluid circulation produced for H=0 m, K2=10-16 m2 in 
KM.  
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A.6. Pressure distribution 

The pressure distribution shows that in deeper subsurface layers, the pressure is higher 

compared to upper subsurface layers. In addition, the maximum bottom boundary 

pressure is calculated as 2.01x108 Pa. The red represents higher pressure values and 

purple represents lower pressure values in Figure A.6. 

Figure A.6 Pressure distribution for H=500 m, K2=10-16 m2 in KM. 
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APPENDIX B. Validation of produced models 

B.1. Temperature distribution validation results  

Two different bedrock permeability values a) K2=10-18 m2 (top panels) and b) K2=10-16 

m2 (bottom panels) were produced for the validation of the finite element model. The 

panels on left show results produced by (Wisian and Blackwell, 2004) using TOUGH2. 

The panels on right show results produced within the scope of this study using 

FlexPDE. In FlexPDE models, a 12 km thick impermeable layer, K=10-20 m2, was used 

at the bottom to provide base heat flow as shown in Figure B.1. The basal heat flow in 

Figure B.1 of right panels is Qb=65 mW⋅m-2, CAP of CA Region. 

Figure B.1 Temperature distribution validation results for a) K2=10-18 m2 and b) 
K2=10-16 m2.  

 

 
 

 

b) K2=10-16 m2 

a) K2=10-18 m2 
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APPENDIX C. Elevation profiles of CA Region geothermal fields  

C.1. Radius of Büyükoba-Savcılı 

Prior to delineation of elevation profile, a radius of ~5 km is encircled from the 

geothermal source using Google Earth tools. The elevation profile is delineated from 

one point of circle to another point of circle for ~10 km in elevation profile. The area of 

geothermal system is encircled in red is Büyükoba-Savcılı geothermal field in Figure 

C.1. 

Figure C.1 Encircled area of Büyükoba-Savıcılı geothermal field. 
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C.2. Elevation profile of Büyükoba-Savcılı 

Many elevation profiles were delineated in the area to retrieve the maximum H 

suggested in the geothermal field. The maximum H was then employed in the 

calculations of this study. The elevation profile is delineated using the Google Earth, 

line option, to produce the profile. The elevation profiles are approximately 10 km in 

distance, and proportional to fault lines in the vicinity of the geothermal source. The 

geothermal source location is indicated, dark blue circle, red arrow is the point where 

the location of geothermal source corresponds in the elevation profile as shown in 

Figure C.2.The maximum height in the profile is 1107 m, and minimum height is 877 

m, above sea level, where H=230 m.  

Figure C.2 An elevation profile of Büyükoba-Savcılı geothermal field.
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 C.3. Radius of Çiftehan 

Similar to the procedure in APPENDIX C.1, the area of Çiftehan is encircled in red in 

Figure C.3.  

Figure C.3 Encircled area of Çiftehan geothermal field. 
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 C.4. Elevation profile of Büyükoba-Savcılı 

The same method employed in Figure B.1 is implemented in Çiftethan geothermal field. 

The maximum height in the elevation profile is 2200 m, and minimum height is 951 m 

above sea level, where H=1049 m in Figure C.4. 

Figure C.4 An elevation profile of Çiftehan geothermal field. 
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