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ABSTRACT 

 

3D MODELING AND DEFINING GEOTHERMAL FLUID 

PROPERTIES AT SALINE GEOTHERMAL SYSTEM, WESTERN 

TURKEY 

 

This thesis provides original contributions to geothermal energy science by 

investigating fluid-rock interactions, mineral scaling mechanisms, and the geochemical 

and thermodynamic behavior of CO2 in geothermal systems using an integrated and 

holistic approach. The study combines field observations, laboratory experiments, 

geochemical equilibrium calculations, reactive transport modeling, and numerical 

reservoir simulations to analyze the pressure-temperature-dependent evolution of 

geothermal fluids and its impact on energy production performance. 

Within this framework, the thermodynamic controls governing mineral 

precipitation processes that lead to efficiency losses in geothermal power plants are 

quantitatively evaluated. The effects of temperature variations, reinjection strategies, and 

chemical equilibrium conditions on scaling formation are systematically assessed. These 

analyses provide a robust scientific basis for developing practical and transferable 

strategies aimed at improving operational sustainability and efficiency in geothermal 

facilities. 

In addition, reactive transport and reservoir-scale simulations demonstrate that 

CO2 injection can serve not only as a viable geological storage option but also as an 

effective method for enhancing geothermal heat recovery. The results show that CO2 

injection improves thermal performance through coupled thermal, hydraulic, and 

geochemical processes, offering a dual benefit of energy optimization and long-term 

carbon management. 

This dissertation highlights the strong synergy between geothermal energy 

production and CO2 management. By addressing scaling-related challenges in geothermal 

wells and surface facilities while enhancing reservoir performance, the study supports the 

development of low-carbon and sustainable energy systems. The work adopts a 

comprehensive and interdisciplinary perspective by integrating three-dimensional 

modeling of fluid properties, CO2 storage potential, and reactive transport dynamics at 

the reservoir scale. 
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ÖZET 

 

TUZLU JEOTERMAL SĶSTEMLERDE JEOTERMAL AKIķKAN 

¥ZELLĶKLERĶNĶN TANIMLANMASI VE 3 BOYUTLU 

MODELLEME, BATI T¦RKĶYE 

 

Bu doktora tezi, jeotermal sistemlerde akēĸkanïkaya­ etkileĸimleri, kabuklanma 

mekanizmalarē ve CO2ônin jeokimyasal ve termodinamik davranēĸlarēnē b¿t¿nc¿l bir 

­er­evede inceleyerek jeotermal enerji bilim alanēna ºzg¿n katkēlar sunmaktadēr. 

¢alēĸma, saha gºzlemleri, laboratuvar deneyleri, jeokimyasal denge ve reaktif taĸēnēm 

modellemeleri ile sayēsal rezervuar sim¿lasyonlarēnē entegre ederek, jeotermal 

akēĸkanlarēn basēn­ïsēcaklēk koĸullarēna baĵlē evrimini ve bunun enerji ¿retimi ¿zerindeki 

etkilerini ortaya koymaktadēr. Tez kapsamēnda, jeotermal santarallerde verim kaybēna 

neden olan mineral çökelim süreçlerinin termodinamik kontrolleri nicel olarak 

deĵerlendirilmiĸ; sēcaklēk deĵiĸimleri, yeniden enjeksiyon koĸullarē ve kimyasal denge 

yºntemlerinin kabuklanma ¿zerindeki rol¿ bilimsel olarak a­ēklanmēĸtēr. Bu bulgular, 

jeotermal santrallerde operasyonel s¿rd¿r¿lebilirliĵi artērmaya yºnelik uygulanabilir 

stratejiler geliĸtirilmesine olanak saĵlamaktadēr. Reaktif taĸēnēm ve rezervuar ºl­ekli 

simülasyonlar, CO2 enjeksiyonunun yalnēzca jeolojik depolama a­ēsēndan deĵil, aynē 

zamanda ēsē geri kazanēmēnē artēran bir mekanizma olarak da iĸlev gºrebileceĵini ortaya 

koymaktadēr. 

Sonuç olarak bu tez, jeotermal enerji üretimi ile CO2 yºnetimi arasēndaki sinerjiyi 

vurgulayarak, jeotermal kuyular ve yüzey ekipman sistemlerinde ortaya ­ēkan 

kabuklanma problemlerini minimize etme, d¿ĸ¿k karbonlu ve s¿rd¿r¿lebilir enerji 

sistemlerinin geliĸtirilmesine k¿resel ºl­ekte katkē saĵlamaktadēr. Sunulan ­alēĸma 

jeotermal sistemlerde akēĸkan ºzellikleri, CO2 depolama, jeokimyasal süreçler ve reaktif 

taĸēnēm gibi ¿­ boyutlu modelleme yaklaĸēmlarēnē b¿t¿nc¿l ve disiplinlerarasē bir bakēĸ 

a­ēsēyla ele almaktadēr. 
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CHAPTER 1 

 

 

INTRODUCTION  

 

 

Scaling is one of the main challenges in the extraction and use of geothermal 

fluids. This issue is particularly prevalent in high-temperature, liquid-dominated 

geothermal systems, where temperature and pressure changes during well operation 

change the composition of the geothermal fluid, ultimately leading to calcite precipitation 

and related scaling phenomena.  It is well established that the chemical characteristics of 

geothermal fluids in deep reservoirs are largely governed by the lithological composition 

of the host rocks. The fluid is enriched with a variety of dissolved constituents as a result 

of the interaction between geothermal fluids and reservoir rocks under varied temperature 

and pressure conditions (Gunnlaugsson and Einarsson, 1989; Kristmannsdóttir, 1989; 

Honegger et al., 1989; ¥l­enoĵlu, 1986; P§tzay et al., 2003). 

Thermodynamic changes that take place throughout the extraction process have 

an additional impact on the chemical composition of geothermal fluids. Variations in 

temperature and pressure during ascent from the reservoir significantly affect the pH and 

CO2 content of the fluid, which, in turn, give rise to different types of scaling within the 

wellbore and surface installations (Garcia et al., 2005). The supersaturation of dissolved 

minerals in the geothermal fluid, which is closely related to the previously described 

physicochemical factors, is the main cause of scaling. The accumulation of scale within 

geothermal wells severely restricts fluid flow, reduces the overall efficiency of energy 

conversion systems, and leads to increased operational and maintenance costs. In Türkiye, 

for example, geothermal systems have been shown to experience a 50% reduction in 

production capacity as a result of scaling, with deposits in power plant equipment growing 

to a thickness of around 3 cm (Tut-Haklēdēr and ¥zen-Balaban, 2019; ¥l­enoĵlu, 1986; 

ķimĸek et al., 2005). 

In geothermal power plants, the most commonly encountered types of scale are 

sulfide-based (particularly stibnite), carbonates (predominantly calcite), and silica 

deposits (Arnórsson, 1989; Juranek et al., 1987; Potapov et al., 2001). Geothermal fluids 

associated with silica and calcite scaling are typically enriched in secondary minerals such 
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as iron-magnesium silicates, magnesium silicates, calcium sulfate, and aluminum 

silicates. In contrast, high levels of sulfide and sulfosalt minerals are frequently found in 

geothermal fluids from systems that display stibnite scaling (Gunnlaugsson and 

Einarsson, 1989; Honegger et al., 1989; Kristmannsd·ttir, 1989; ¥l­enoĵlu, 1986; P§tzay 

et al., 2003).  

Calcite scaling is usually seen during the early phases of boiling in geothermal 

wells, and silica scale is formed when geothermal wastewater is released. The main 

locations for calcite scaling are transmission pipelines, separator systems, and production 

wells. On the other hand, silica-based scaling is mostly found in heat exchangers and 

reinjection wells, whereas sulfide scaling typically forms in condensers, cooling towers, 

and heat exchangers (Pátzay et al., 2003). A significant issue in medium-to-high enthalpy 

geothermal fields is silica scaling. Depending on the thermodynamic conditions, different 

silica polymorphs can precipitate at different depths within hydrothermal zones. Quartz, 

cristobalite, chalcedony, and amorphous silica are examples of common silica phases 

(Brown, 2011). Of these, quartz is the most stable in terms of thermodynamics and has 

the lowest solubility. On the other hand, amorphous silica is the most soluble form. 

However, its solubility drops a lot when the temperature drops, especially in parts where 

steam separation and cooling happen. This decrease in solubility leads to supersaturation 

and then precipitation, which is a major issue for scaling. Because of this, transmission 

pipelines, heat exchangers, reinjection wells, and sometimes even production wells are 

thought to be the most likely to get amorphous silica scaling in geothermal power plants 

(Baba et al., 2015; Demir et al., 2014; Gunnarsson and Arnórsson, 2005; Mundhenk et 

al., 2013; Pambudi et al., 2015; Utami, 2000). 

 

 

1.1. Motivation 

 

 

Geothermal power plants often face serious operational issues, and in some cases, 

even failures. These problems are usually caused by chemical and physical processes like 

scaling or degassing. Predicting such reactions is challenging because fluid properties are 

not always well-known, especially under different reservoir conditions. 



3 

Geothermal fluids contain various dissolved substances, gases, and sometimes 

microorganisms. The chemical composition of the fluid affects its physical properties, 

such as density and viscosity, and also determines how reactive it is. For example, many 

geothermal fluids used in electricity production in Europe (> 100 ÁC) either have very 

high temperatures or high salinity. Both factors influence chemical reactions and make 

accurate measurements more difficult. 

As seen in many geothermal systems, a reduction in fluid flow caused by scaling 

or degassing is one of the major obstacles to safe, reliable, cost-effective, and long-term 

geothermal operations. Similar to global trends, mineral scaling is a significant issue in 

many power plants in Turkey as well, where it often lowers power plant efficiency by 

reducing overall system performance. This problem has also been observed in geothermal 

fields such as Germencik and Tuzla, where operational difficulties related to scaling are 

commonly reported. The two geothermal power plants have distinct reservoir 

characteristics, which lead to different types of scaling problems. At the Germencik 

geothermal plant, stibnite scaling primarily affects surface equipment, whereas in the 

Tuzla geothermal plant, silica-based scaling is the main issue observed in surface 

equipments. In light of these findings, two notable gaps in the existing literature have 

been identified. First, at the Germencik geothermal power plant, the absence of an 

optimum reinjection temperature to mitigate stibnite scaling remains an unresolved issue. 

Second, at the Tuzla geothermal site, the long-term effects of waterïrockïgas interactions 

on both production wells and overall reservoir performance are not yet fully understood. 

These aspects highlight the need for further investigation into site-specific geochemical 

and operational dynamics. This study is based on both field observations and modelling, 

and experimental results. 

 

 

1.2. Aim and Objectives 

 

 

This study aims to fill literature gap by integrating field observations with 

numerical and experimental data, offering a holistic view of the chemical and physical 

behavior of geothermal fluids under realistic subsurface conditions in two geothermal 

fields in Türkiye. Accordingly, one main research objective has been identified for the 
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Germencik Geothermal Field, and three for the Tuzla Geothermal Field, as outlined 

below: 

Germencik Geothermal Field (GGF): 

- To determine the optimal reinjection temperature required to minimize stibnite 

scaling observed in surface equipment and to evaluate the hydrogeological and 

geochemical characteristics of geothermal fluids produced from the GGF. 

Tuzla Geothermal Field (TGF): 

- To investigate the chemical behavior of geothermal fluids within the wellbore-

specifically between the reservoir and the wellheadðin order to better understand 

the geochemical dynamics of the TGF. 

- To assess the suitability of the Tuzla reservoir for potential CO2 sequestration by 

examining its geochemical and reservoir properties. 

- To evaluate the long-term impact of the ongoing CO2 co-injection study on 

reservoir performance in the TGF. 

 

 

1.3. Scientific Contribution to the Literature 

 

 

This Ph.D. thesis contributes to the field of geothermal energy by addressing two 

site-specific, yet globally relevant, operational challenges associated with mineral scaling 

and geochemical reactivity in high-temperature geothermal systems. While the impacts 

of scaling and fluid chemistry on system performance have been widely acknowledged 

in the literature, significant knowledge gaps persist, particularly regarding site-dependent 

mechanisms and long-term implications for reservoir sustainability. 

One of the key contributions of this study lies in its focus on stibnite scaling in the 

GGF, a phenomenon that has received limited attention in existing studies. Unlike more 

commonly examined forms of scaling such as silica or carbonate deposition, stibnite 

precipitation presents unique thermochemical behavior, especially in surface 

installations. By attempting to define an optimal reinjection temperature specific to the 

conditions at the GGF, this research provides valuable insights into mitigating a poorly 

understood scaling mechanism that directly affects operational reliability. 
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In parallel, the study makes a significant contribution to the understanding of 

fluid-rock-gas interactions in the TGF. While the reactive transport processes governing 

these interactions have been broadly modeled in geothermal systems, their site-specific 

evolution over time and their implications for both CO2 co-injection strategies and 

reservoir performance remain insufficiently explored. Moreover, the investigation into 

the potential for CO2 sequestration within the TGF reservoir introduces an innovative 

perspective by combining geothermal energy production with carbon management goals. 

This dual-purpose approach aligns with current global priorities regarding clean energy 

and climate mitigation, and adds interdisciplinary value to the geothermal literature. 

By focusing on two contrasting geothermal settings, and by employing a 

combination of field-based measurements, modeling techniques, and experimental work, 

this thesis offers both practical solutions to operational issues and theoretical 

advancements in understanding fluid behavior in geothermal systems. The findings are 

expected to support the development of more resilient and efficient geothermal operations 

not only in Türkiye, but in other geologically comparable regions worldwide. 

The contributions of this Ph.D. thesis to the literature are listed below: 

i) Chapter 2 provides a detailed characterization of stibnite scaling in the GGF in 

Türkiye. The key contributions are: 

- Identifying the source of stibnite scaling as the gneiss and schist units in the 

reservoir rocks of the Menderes Metamorphic Massif,  

- Determining the optimal reinjection temperature of 95 °C to prevent stibnite 

scaling in the preheater system of the GGF's binary-cycle power plant, 

- Developing a thermodynamic model to understand the speciation of stibnite under 

different temperature and pH conditions in the geothermal system, and 

- Providing a comprehensive analysis of the hydrogeochemical properties, stable 

isotopes, and reservoir temperatures of the geothermal waters in the GGF. 

ii) Chapter 3 provides through numerical modeling, that the effect of degassing plays 

a critical role in the geochemical evolution of hypersaline geothermal systems. 

The key contributions are: 

- Determining potential degassing depth, 

- Evolution of the chemical composition of the fluid according to temperature and 

pressure changes inside the well, and 

- Predicting the nature of the minerals that are able to precipitate inside the well 

according to a semi-quantitative approach. 
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iii) Chapter 4 provides information about a reactive transport and experimental fluid-

CO2 injection in a hypersaline volcanic system to confirm the feasibility of CO2 

sequestration. The study focuses on analytical, experimental and geochemical 

modeling methods. The key contributions are: 

- Investigation whether the TGF reservoir is suitable for CO2 sequestration, and 

- Providing a basis for extending the CO2 co-injection study currently used in the 

TGF to CO2 sequestration. 

v) Chapter 5 highlightsШthe prediction of the effect of long-term fluid and fluid+CO2 

injection on temperature and pressure in the Tuzla geothermal reservoir. Based on 

these, the following research questions were investigated in this chapter. 

Specifically, this chapter investigates the expected evolution of fluid flow patterns 

in the reservoir over a minimum period of 30 years and examines how long-term 

injection scenarios affect production temperature and pressureд 
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CHAPTER 2 

 

 

CHARACTERIZATION OF S b SCALING AND FLUIDS IN 

SALINE GEOTHERMAL POWER PLANTS: A CASE 

STUDY FOR GERMENCIK REGION (BÜYÜK 

MENDERES GRABEN, TURKEY)  
*, ¦ 

 

 

2.1. Introduction 

 

 

Scaling in geothermal power plants is one of the important problems affecting the 

efficiency of the power plant. The most critical parameters that cause scale formation are 

water chemistry, temperature and, pH changes in the geothermal fluid during operation. 

Temperature and pH changes during operation affect mineral solubility and cause scale 

formation. While calcite and silica scales are common in most geothermal power plants, 

stibnite (Sb) scaling is rare. In power plants where calcite and silica scale types are 

observed, geothermal fluids are generally enriched in aluminum silicate, calcite, calcium 

sulfate, magnesium silicate, iron-magnesium silicate, while in power plants where stibnite 

scaling is observed, geothermal fluids are generally enriched in sulfide and sulfosalt 

minerals (Gunnlaugsson and Einarsson, 1989; Honegger et al., 1989; Kristmannsdóttir, 

1989; ¥l­enoĵlu, 1986; P§tzay et al., 2003). Stibnite is an antimony mineral.  

 

 

 

* This chapter has been published as: Tonkul, Serhat, Alper Baba, Mustafa M. Demir, and Simona 

Regenspurg. 2021. Characterization of Sb scaling and fluids in saline geothermal power plants: A case 

study for Germencik Region (Büyük Menderes Graben, Turkey). Geothermics, 96, 102227. 

 

¦ The study in this chapter was awarded for the PhD research during Activity B of the 2nd edition of the 

Mediterranean PhD School on «EUROPEAN GREEN DEAL. THE CONTRIBUTION FROM CIVIL, 

ARCHITECTURAL AND ENVIRONMENTAL ENGINEERING», University of Naples Federico II, 

11-16 October 2021. 
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Antimony occurs in trisulfide, Sb3+, and pentasulfide, Sb5+ in natural geothermal 

systems (Stauffer and Thompson, 1984; White, 1967). In some cases, antimony occurs as 

elemental Sb (Williams-Jones and Norman, 1997). Sb scaling has been addressed by 

many researchers worldwide. In New Zealand, Wilson et al. (2007) noted that Sb scaling 

developed in surface installations such as the heat exchanger at the Rotokawa geothermal 

station. Apart from New Zealand, this problem has been reported in an exploration well 

in Italy and in pipe equipment from the Berlin field, El Salvador (Cappetti et al., 1995; 

Raymond et al., 2005). Also, in Turkey, Sb scaling is the main handicap in many 

geothermal plants, including the western part of the Büyük Menderes Graben (BMG) 

system (Haklēdēr and Balaban, 2019). 

 

 

 
 
 

Figure 2.1. Location map of the study area. 
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 The BMG and the Gediz Graben are two important graben systems in Western 

Anatolia. The temperature of the geothermal fluid within these graben systems varies 

from region to region (Haklēdēr and ķeng¿n, 2020). The BMG is one of the most important 

graben systems which expands in the N-S direction and has a seismically active crust and 

is bounded by active E-W trending normal faults with a length of 150 km and a width of 

10ï20 km (Dewey and ķengºr, 1979; Paton, 1992) (Figure 2.1). On the other hand, the 

Gediz Graben is bounded by E-W and WNW-ESE trending normal faults with a length 

of 140ï150 km and a width of 10ï40 km (Bozkurt and Sºzbilir, 2004; Seyitoĵlu et al., 

2000; Yēlmaz et al., 2000). Figure 2.2 shows a N-S cross-section of the BMG. As can be 

seen in Figure 2.2, the graben has an asymmetrical structure. The Quaternary alluvium is 

bounded by normal faults with Pliocene and Miocene sediments. Miocene sediments were 

separated from the Menderes Metamorphics by detachment faults in the north and south 

of the BMG. This huge structure has several geothermal resources from the west to the 

east and can be considered a geothermal basin with a continued identification of new 

geothermal systems (ķimĸek, 2015) (Figure 2.3). There are more than 65 geothermal 

power units in Turkey, and most of them use the ORC-binary cycle. Sb-rich deposits have 

recently been observed in the GGF, particularly in Beĸtepeler, Pamukºren and Maren 

geothermal power plants in Turkey (Kaypakoglu et al., 2015). 

 

 

 

 

Figure 2.2. N-S cross section of the BMG (modified after Yamanlar et al., 2020). 
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The Germencik (Aydēn) region is well known for its high-temperature geothermal 

resources (Mutlu and Güleç, 1998). As a result of Curie point temperature calculations, 

Aydēn et al. (2005) stated the depth of the heat source is 7ï9 km in Western Anatolia, 30 

km in Eastern Anatolia, and approximately 25 km in Central Anatolia. These results agree 

with reservoir temperatures in Western Anatolian graben systems (Koçak, 2012). 

The purposes of this study are to determine the appropriate reinjection temperature 

for stibnite scaling observed in the surface equipment system and evaluate the 

hydrogeological and geochemical properties of the geothermal waters from the GGF. In 

this study, the stibnite scaling in the surface equipment system in the GGF was 

investigated in full detail. The types of scale that may occur in the geothermal wells are 

revealed, determining the hydrochemical properties of the geothermal waters. The 

reinjection temperature for stibnite scaling, which affects the power plant efficiency, was 

determined, and the behavior of Sb in the geothermal fluid was also investigated. These 

assessments were made using PhreeqC (Parkhurst and Appelo, 1999), WATCH 

(Bjarnason, 1994) speciation code, and Geochemistôs Workbench software (Bethke, 

2002). 

 

 

 

 

Figure 2.3. Geothermal power plants (red circle) in the BMG. 
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2.2. Geological and Hydrogeological Settings in the Study Area 

 

 

Germencik is an active geothermal area hosted by the Menderes Massif. 

Geothermal brine is found in a deep metamorphic reservoir at a depth of between around 

2000 m and 3000 m, and a deep marble reservoir has been detected at a depth of 1440 m. 

Geothermal studies on the GGF have been ongoing since 1965. Because of the high 

geothermal potential of the GGF, the general geological, geophysical, hydrogeological, 

and environmental characteristics have been studied by Avĸar and Altuntaĸ (2017); 

Correia et al. (1990); Doglioni et al. (2002); Filiz (1982); Gemici and Tarcan (2002); 

Ķllkēĸēk (1995); Ko­yiĵit (2015); Khayat (1988); Seyitoĵlu and Iĸēk (2015); ķengºr and 

Yēlmaz (1981), ķimĸek (1985). There are nearly 100 production wells in the Germencik 

region, and the reservoir of the geothermal fluid is located in different lithological units 

of the Menderes Metamorphic units (Özgür, 2018). The first geothermal well in the region 

was drilled by MTA (General Directory of Mineral Research and Exploration) in 1967, 

and exploration continued with deeper wells between 1982 and 1986. The reservoir 

temperature calculations made by MTA using different geothermometer applications 

showed that the reservoir temperature is between 190 and 232 C̄, and that the region has 

a high geothermal energy potential. These results are also supported by isotope results 

(ķimĸek, 2003). 

The study area has two main geothermal reservoirs. The first reservoir is located 

within the Neogene age sediments, which include conglomerates and sandstones. The 

second reservoir is located within the Menderes Massif of Paleozoic age. The Menderes 

Massif contains quartz schists, mica schists, gneiss, and marble. The thickness of the 

quartz schist and mica schist units varies between 600 and 800 m, while the thickness of 

the marble units is between 200 and 250 m. These two reservoirs are not directly 

connected and have different reservoir temperatures. The caprock formations for the 

geothermal system include the Neogene and Quaternary impermeable claystone and 

mudstone that fill the basin in this region. The main fault systems in the study area are 

located in the north and west of the site. Apart from the fault systems, basement units and 

cover rocks are spread geologically around the grabens. A detailed geology map of the 

study area is given in Figure 2.4. 
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Figure 2.4. Geology map of the study area. 

 

 

There are 25 geothermal wells in the study area, including 11 production wells, 9 

reinjection wells, and 5 observation wells, and the depths of the wells vary between 1400 

and 3500 m (Figure 2.5). The 3D conceptual model of the study area was created in the 

Leapfrog Geothermal software, and well logs were used to create the model (Figure 2.5). 

The depth of the shallowest well in the study area is 1449 m, and all these wells tap the 

thermal fluids from the Menderes Massif reservoir. 

According to the 3D conceptual model, the geothermal waters in the study area 

are recharged from high-altitude regions. The G¿m¿ĸdaĵē horst constitutes the main 
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recharge area of the geothermal system (Figure 2.5). After being heated at depth, 

geothermal waters ascend to the surface along tectonic fault systems. This structural 

configuration creates favorable conditions for the development of geothermal systems in 

the region. 

 

 

 

 

 

Figure 2.5. The 3D conceptual model of the GGF a) West block, b) East block. 

 

 

2.3. A Brief Definition of the Sb Scale Precipitation in the Region 

 

 

Scale precipitation which causes a decrease in net energy production is the main 

is  
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issue in water-dominated geothermal systems (Haizlip et al., 2012). The hot geothermal 

fluid which interacts with the rocks at depth gains its chemical composition from the 

rocks. Therefore, under high temperature and pressure conditions, the geothermal fluid is 

enriched in minerals due to rock-water interaction. Hence, it is important to understand 

the relationship between reservoir rock and thermal water and interpret the scale forming 

mechanism that may persist. 

Natural geothermal systems can have low concentrations of stibnite (Karpov, 

1988; Krupp and Seward, 1990; Stauffer and Thompson, 1984; White, 1967; Zotov et al., 

2003). As with other minerals, stibnite precipitation in geothermal systems depends on 

temperature and pH conditions. However, the precipitation of stibnite is almost 

impossible at high temperatures (above 350 C̄) due to its increased solubility in water 

(Zotov et al., 2003). There are two types of Sb species that occur in geothermal systems: 

hydroxide and sulfide complexes (Sorokin et al., 1988; Spycher and Reed, 1989). Sulfide 

complexes of stibnite have been evaluated at low temperatures by Babko and Lisetskaya 

(1956), Gushchina et al., (2000), Krupp (1988), and Mosselmans et al., (2000). Hydroxide 

and sulfide complexes in geothermal fluids are associated with the concentration of H2S 

in the brine. Krupp (1988) studied the formation of sulfide and hydroxide complexes in 

geothermal fluids containing H2S over a wide temperature range and suggested that in 

geothermal systems containing sulfide, sulfide components are dominant at temperatures 

below 100 ̄C, while hydroxide components are dominant at higher temperatures. 

Stibnite dissolves in water to form the "hydroxide", Sb(OH)3 according to the 

following equation; 

 

 

ὛὦὛ φὌὕ ςὛὦὕὌ σὌὛ                                                                         (2.1) 

                  

 

However, stibnite can also dissolve in geothermal fluids containing H2S and form 

sulfosalts which are known as sulfide complexes; 

 

 

ὛὦὛ ὌὛ ὌὛὦὛ                                                                                             (2.2) 
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Sulfosalt forms of stibnite are essential when the temperature of the geothermal 

fluid is low in the presence of H2S (Brown, 2011).   

Stibnite scaling depends on the type of power plant as well as on the reservoir 

rocks of the geothermal system. ORC-binary systems are suitable for power plants with 

low geothermal fluid temperatures (150ï190 ̄ C) (DiPippo, 2012). The energy of the 

geothermal fluid in an ORC-binary system is transferred through the heat exchanger with 

the working fluid. The composition of the working fluid may be n-butane, n-pentane, or 

an ammonia-water mixture. The working fluid has a low boiling point, and it creates 

superheated steam conditions for the power plant (Stapleton et al., 2016). In ORC-binary 

systems, the steam in the turbine is used for electricity generation and returned to the 

condenser. The steam is converted into the working fluid in the condenser, and it returns 

to the heat exchanger at a lower temperature. When the higher temperature geothermal 

fluid encounters the low temperature working fluid in the heat exchanger, it transfers its 

heat to the working fluid, and the temperature of the geothermal fluid drops rapidly 

(Figure 2.6). Also, the increase in the H2S concentration of the geothermal fluid causes 

the pH to decrease. Hence, surface equipment such as heat exchangers with low-

temperature and low pH conditions (due to high H2S concentrations in the geothermal 

fluid) is equipment in which the suitable conditions for stibnite precipitation are created. 

Therefore, in addition to the calcite scaling in production wells, heat exchangers are also 

crucial for stibnite scaling in ORC-binary systems. Stibnite precipitation can also be 

observed in vaporizers and preheaters (Brown, 2011). 

 

 

2.4. Methods 

 

 

2.4.1. Geothermal Water Sampling    

 

 

Geothermal water sampling was carried out in the GGF. Geothermal water 

samples were collected from the wells and the surface equipment system. A total of 11 

geothermal water samplings were carried out, including from 9 production and 2 

reinjection wells (Figure 2.6). The samples were collected from the wellheads (before the 
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separator) (Figure 2.6). The geothermal waters were also collected from the preheater in 

and the preheater out (Figure 2.7). 100 mL plastic bottles for heavy metal analysis, 250 

mL plastic bottles for major-minor anions/cations and silica analysis, and 1 L plastic 

bottles for isotopes were used. After collecting samples for heavy metal analysis, they 

were acidified with 2% HNO3. The aim is to prevent heavy metals from settling in the 

bottles. After collecting all the samples, the caps of the bottles were tightly closed, and 

contact of the samples with air was prevented. Physical and chemical parameters of the 

geothermal waters were analyzed for in the laboratories of the Izmir Institute of 

Technology. Major and minor component analysis was performed using ICP-MS 

(Inductively Coupled Plasma Mass Spectrometry), and heavy metal analysis was 

performed using ICP-OES (Inductively Coupled Plasma Optical Emission Spectroscopy). 

The SiO2 values for the geothermal waters were determined by the UV-

spectrophotometric method with Hach-Lange DR5000. Isotope analysis of the 

geothermal waters was carried out in the State Hydraulic Works (DSI) laboratories.  

 

 

 

 

Figure 2.6. Schematic representation of sampling points in the GGF. 
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2.4.2. Rock and Scale Samples 

 

 

Rock samples at different depths were collected from 4 geothermal wells, and the 

samples were analyzed in the laboratories of the Izmir Institute of Technology. XRD and 

XRF analyses of rock samples belonging to geothermal wells were evaluated. The aim 

here is to reveal the paths followed by geothermal waters while reaching the surface from 

the depths and the rock-water relationship. In addition, understanding the relationship 

between the sulfide-type scale in the GGF and reservoir rocks by XRD and XRF analysis 

is another goal. 

 

 

 

 

Figure 2.7. Sampling points in the surface equipment system of the GGF (Photo credit: 

Beĸtepeler company). 
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In addition to the rock samples, scale samples were collected from the preheater 

system at the GGF, and XRD, XRF, and SEM analyses were performed. 

X-ray crystallography (XRD), X-ray fluorescence spectroscopy (XRF), and 

scanning electron microscope (SEM) analyses of rock samples were evaluated in the 

laboratory of the Ķzmir Institute of Technology. XRF analysis of 4 rock core samples 

collected from geothermal wells (W_TR_002, W_TR_003, W_TR_007, and W_TR_009) 

was performed on the Spectro IQ II device. Spectro IQ II can deliver element 

concentrations from Sodium (Na-11) to Uranium (U-92) with high sensitivity at the ppm-

level. Also, by using Philips XôPert Pro, X-ray diffraction (XRD) analyses of rock 

samples were evaluated. XRD gives information about the concentration of phases, the 

amount of non-crystalline phases, and the crystal size of the material. By using FEI 

QUANTA 250 FEG scanning electron microscope (SEM), rock structures were 

visualized at micro size. 

Information on rock samples collected from the geothermal wells at different 

depths is presented in Table 2.1. 

 

 

2.4.3. Saturation Indices for the Geothermal Waters 

 

 

Silica, calcite, and sulfide scaling are the most important problems of geothermal 

power plants, reducing power plant efficiency. The water-mineral equilibrium state of 

geothermal fluids changes with temperature and partial pressure for each mineral from 

the depth to the surface. The mineral equilibrium approach is based on calculating the 

saturation index for each temperature value and various minerals using the results of the 

chemical analysis of the fluid. To interpret this chemical concentration gained by the 

geothermal fluids, the saturation states of geothermal fluids according to various minerals 

were evaluated using the Phreeqc (Parkhurst and Appelo, 1999), and WATCH 

(Bjarnason, 1994) software. Mineral equilibrium states for the geothermal fluid at 10 

different temperature values were investigated using the PhreeqC (Parkhurst and Appelo, 

1999), and WATCH (Bjarnason, 1994) software. 
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Table 2.1. Rock core sampling depths and XRF measurement conditions. 

 

 

Well  

ID  

 

Sampling 

Method 

Sample 

depth  

(m) 

 

Rock 

type 

XRF 

sample 

mass 

 (g) 

 

Sample 

state 

 

Sample 

rotation 

 

 

W_TR_002 

 

 

Core 

sample 

 

1145-1170 Gneiss 0.96 powder no 

2140-2190 Marble 0.83 powder no 

2325-2335 Quartzite 1.06 powder no 

2670-2685 Marble 1.01 powder no 

2855-2865 Marble 0.84 powder no 

 

 

W_TR_003 

 

 

Core 

sample 

1225 Schist 1.10 powder no 

1665-1675 Schist 0.95 powder no 

2235 Quartzite 1.13 powder no 

2995 Greenschist 0.94 powder no 

3005 Schist 1.05 powder no 

 

 

W_TR_007 

 

 

Core 

sample 

1000-1040 Quartzite 1.35 powder no 

1245-1250 Quartzite 1.07 powder no 

1265-1285 Quartzite 1.01 powder no 

1960-1965 Schist 0.93 powder no 

2380-2385 Schist 1.00 powder no 

 

 

 

W_TR_009 

 

 

 

Core 

sample 

600-625 Gneiss 1.02 powder no 

900-920 Quartzite 1.13 powder no 

1000-1010 Marble 1.08 powder no 

1910-1995 Quartzite 1.24 powder no 

2100-2170 Quartzite 1.08 powder no 

2200-2250 Schist 1.04 powder no 

2450-2530 Quartzite 1.03 powder no 

 

 

Also, mineral speciation evaluation of stibnite minerals at different temperatures 

and pH values was performed using Geochemistôs Workbench software. Temperature and 

pH, major anions, and cations used as input parameters for the software are given in 

Tables 2.2 and 2.3, respectively. In PhreeqC, LLNL (The Lawrence Livermore National 

Laboratory) database was used, relying on the accuracy to be within ±0.5. 

 

 

Table 2.2. Physical properties of the geothermal water samples. 

 

No 
Well  

ID  
pH 

EC 

µS/cm 

T 

( C̄) 

TDS  

(ppm) 

Depth  

(m) 

Well  

type 

1 W_TR_001 7.1 5937 125.3 3700 3328 Production 

(cont. on next page) 
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Table 2.2 (cont.) 

 

2 W_TR_002 6.87 5961 134.36 3900 3165 Production 

3 W_TR_003 8.24 6030 140.06 3700 3074 Production 

4 W_TR_004 8.54 6101 140.57 4000 3135 Production 

5 W_TR_005 7.82 5999 138.41 3900 3135 Production 

6 W_TR_006 6.25 6070 132.13 4200 1449 Production 

7 W_TR_007 8.47 6131 145.76 4100 2451 Production 

8 W_TR_008 7.62 6147 64.83 3900 2907 Reinjection 

9 W_TR_009 6.7 5697 148.09 3900 2568.34 Production 

10 W_TR_010 6.85 6049 143.65 3800 2680 Production 

11 W_TR_011 7.45 6131 64.51 4000 3525 Reinjection 

12 Preheater in 7.35 6074 80 3900 - 
Surface 

equipment 

13 
Preheater 

out 
7.85 6090 65 4000 - 

Surface 

equipment 

 

 

Table 2.3. Chemical properties of the geothermal water samples (mg/l). 

 

No 
Well  

ID 
Ca2+ Mg2+ Na+ K+ Cl- SO4

2- HCO3
- SiO2 

Water  

Type 

1 W_TR_001 7.40 2.64 1324.56 64.03 1312.33 37.41 1180.21 125 Na-Cl-HCO3 

2 W_TR_002 6.89 1.75 1319.22 62.64 1305.01 34.86 1230.54 145 Na-Cl-HCO3 

3 W_TR_003 14.41 1.58 1319.41 59.97 1328.42 38.12 1148.03 140 Na-Cl-HCO3 

4 W_TR_004 8.68 1.00 1355.79 63.59 1344.67 38.68 759.72 155 Na-Cl-HCO3 

5 W_TR_005 32.53 2.37 1301.49 65.99 1308.80 34.29 1206.28 150 Na-Cl-HCO3 

6 W_TR_006 48.29 4.15 1072.65 58.43 1183.42 12.85 1468.41 145 Na-Cl-HCO3 

7 W_TR_007 13.19 0.75 1352.62 64.77 1352.37 35.5 904.77 165 Na-Cl-HCO3 

8 W_TR_008 25.08 1.88 1352.98 65.92 1340.18 31.63 1313.15 165 Na-Cl-HCO3 

9 W_TR_009 12.17 0.79 1224.32 62.44 1225.77 34.25 1153.21 165 Na-Cl-HCO3 

10 W_TR_010 44.56 3.39 1281.19 66.22 1250.75 31.22 1447.48 140 Na-Cl-HCO3 

11 W_TR_011 24.53 1.74 1345.58 66.38 1337.69 32.47 1356.18 135 Na-Cl-HCO3 

12 Preheater in 19.71 1.20 1244.92 64.01 1357.74 33.89 1307.45 130 Na-Cl-HCO3 

13 Preheater out 21.39 1.33 1244.03 63.33 1354.89 34.76 1331.42 125 Na-Cl-HCO3 
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2.4.4. Geothermometer Applications 

 

 

The general purpose of geothermometers is to predict fluid temperature. As it is 

known, there are many different areas of use for hot water depending on the temperature 

at the surface. The hot water in the deep reservoir cools considerably until it reaches the 

surface and mixes with cold groundwater in different proportions. It is clear that the 

temperature of the deep fluid will be much higher than the temperature at the surface. If 

the path of the geothermal waters is short and the flow rate is high, their temperature is 

close to the reservoir rock temperature. Therefore, estimating reservoir temperatures with 

geothermometer methods is an important part of geothermal studies. Some researchers 

have developed experimental geothermometers (Arnorsson, 2000; Arnorsson et al., 1983; 

Fournier, 1977; Fournier and Potter, 1982; Fournier and Truesdell, 1973; Fournier, 1992; 

Giggenbach, 1988; Kharaka et al., 1982; Kharaka and Mariner, 1989; Nieva and Nieva, 

1987; Tonani, 1980; Truesdell, 1976). 

The geothermometers used in the reservoir temperature calculations in the GGF 

are briefly explained below. 

 

 

2.4.4.1. Silica Geothermometers 

 

 

Silica geothermometers are widely used in determining reservoir temperature, and 

they are based on the temperature-dependent solubility of silica in water. These 

geothermometers give good results at temperatures between 150 and 225 C̄ (Fournier, 

1977). Rapid silica precipitation is observed in the hot fluid moving from the aquifer 

towards the surface at higher temperatures. Therefore, if the reservoir whose temperature 

is above 225 ̄C does not reflect the real temperature in the geothermal water. 
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2.4.4.2. Cation Geothermometers 

 

 

Cation geothermometers are geothermometers based on ion exchange. Ion 

exchange is a function of the reaction equilibrium constant (K), which depends on 

temperature. The ratio of ion-exchanged cation concentrations depends on the change of 

the equilibrium constant with temperature. Cation geothermometers give different 

reservoir temperatures, especially for hot water sources, due to processes such as mixing 

with cold-water and water-rock interaction affecting the chemical composition of the 

fluid during the rise of hot water.  

Some silica and cation geothermometer relations proposed by various researchers 

are given in Table 2.4. 

 

 

Table 2.4. The silica and cation geothermometer equations used in this study. 

 

No Geothermometer Geothermometer Equations Reference 

 

1 

 

Quartz 

t°C=-42.2+0.28832S-

3.6686x10-4 S2+ 3.1665x10-

7S3+77.034logS 

Fournier and Potter 

(1982) 

 

2 

 

Quartz (at 100°C 

max steam loss) 

t°C=(1522/(5.75-logS))-

273.15 

Fournier (1977) 

 

3 

 

Quartz 

t°C =-55.3+0.36559S-

5.3954x10-4 S2 + 5.5132x10-

7S3+74.360logS 

 

Arnórsson (2000) 

 

 

4 

 

Na-K 

t°C 

=(1319/(1.699+log(Na/K)))-

273.15 

Arnorsson et al. 

(1983) 

 

5 

 

Na-K 

t°C 

=(1217/(1.483+log(Na/K)))-

273.15 

Fournier (1979) 

 

6 

 

Na-K 

t°C 

=(1178/(1.470+log(Na/K)))-

273.15 

Nieva and Nieva 

(1987) 

(cont. on next page) 
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Table 2.4 (cont.) 

 

 

7 

 

Na-K 

t°C 

=(1390/(1.750+log(Na/K)))-

273.15 

Giggenbach  

(1988) 

 

 

2.5. Results 

 

 

2.5.1. Hydrogeochemical Properties of the Geothermal Waters 

 

 

2.5.1.1. Physical Properties of the Geothermal Waters 

 

 

The pH values of the geothermal waters in the GGF are between 6.7 and 8.54. It 

is thought that the pH values of the geothermal waters in the GGF between 6.7 and 8.54 

may be due to the effect of dissolved CO2. The source of CO2 in the geothermal waters is 

possibly the thermal metamorphism of limestone in the reservoir. Electrical conductivity 

values vary between 5697 ɛS/cm and 6147 ɛS/cm. Total dissolved solids (TDS) in the 

geothermal fluids range from 3700 to 4200 ppm. The outflow temperatures of production 

wells are between 125 ̄C and 148 ̄C, and about 64 ̄C in the reinjection wells. The 

highest outflow temperature is in well W_TR_009. The physical properties of the 

geothermal waters are given in Table 2.2. 

 

 

2.5.1.2. Chemical Properties of the Geothermal Waters 

 

 

The chemical properties of geothermal waters are given in Table 2.3. Based on 

chemical analyses, the geothermal waters in the GGF are of the Na-Cl-HCO3 water type. 
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Na-Cl-HCO3 waters are located in marble, quartzite, and mica-schist units, which are 

reservoir rocks for the geothermal waters. 

As can be seen in Table 2.3, Sodium (Na+) and Chloride (Cl-) concentrations are 

relatively higher than those of other chemical constituents. Na+ is the major cation in the 

geothermal waters of the GGF, with a concentration range from 1072 to 1355 mg/l. 

The Na+/K+ ratio in the geothermal waters is a good indicator of the paths followed 

by the waters. A low Na+/K+ (<15) ratio means a high temperature in the geothermal 

waters. A low Na+/K+ ratio means that geothermal waters rise rapidly from the depths to 

the surface and do not have enough time to cool. The ratio of Na+/K+ in the GGF is 20 

and high. Therefore, the geothermal waters rise to the surface slowly, transfer heat to the 

surrounding rocks, and cool down. This situation indicates the presence of near-surface 

reactions and conductive cooling in the geothermal waters. As salinity increases in the 

geothermal waters, the Ca2+ values also increase. The Ca2+ and HCO3
- values in the 

geothermal waters are associated with marbles in the Menderes metamorphic rocks. Silica 

(SiO2) values are possibly due to the quartz mineral found in rocks such as quartzite and 

schist. Anion and cation distributions in the GGF are given in Figure 2.8. As can be seen 

from the Pie diagrams, Na+ is the dominant cation, HCO3- and Cl- are the dominant 

anions. 

Piper diagrams are triangular diagrams used to classify waters and express water 

facies (Piper, 1944). It is seen that the geothermal waters show similar facies 

characteristics in the Piper diagrams. According to the Piper diagrams, the GGF water 

samples are in the bicarbonate water group, and they are considered peripheral waters 

(Figure 2.9a and Figure 2.9b). The Schoeller diagram shows the major and minor ions of 

water samples on a single graph (Schoeller, 1967). The semi-logarithmic Schoeller 

diagram (Figure 2.10a and Figure 2.10b) shows that the geothermal water samples have 

a similar composition in the GGF. It is seen that the concentrations of Mg2+ and SO4
2- in 

the geothermal waters decrease, and they are enriched in Ca2+, Na+, K+, Cl- , and HCO3
- 

(Figure 2.10a and Figure 2.10b). 

From the Piper and Schoeller diagrams for the water samples collected from the 

geothermal wells and surface equipment system, it is seen that there is no significant 

change in the water composition of the geothermal water from the production to the 

preheater system. 
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In geothermal waters, Cl- and B elements are essential in understanding the water-

rock interaction (Aggarwal et al., 2000). The chloride (Cl-) concentrations ranging from 

1183 to 1357 mg/l in the GGF, which is located 20 km away from the Aegean Sea. 

Karakuĸ and ķimĸek (2013), and G¿ner and Yēldērēm (2005) explained that the Cl- 

concentrations are associated with a marine sediment effect during the Pleistocene in the 

GGF. 

 

 

 

 

Figure 2.8. Demonstration of the chemical properties of the geothermal wells in the GGF. 

        

 

The same authors stated that the effect of seawater intrusion on GGF is 7ï8%. 

Aggarwal et al. (2000) stated that high Cl/B ratios might indicate a seawater effect, while 

low Cl/B ratios are associated with magmatic volatiles. Baba and Sözbilir (2012) stated 

that geothermal waters could gain their chloride concentrations from hot water-related 

faults. Filiz et al. (2000) explained that boron values in geothermal waters are associated 

with mantle or marine sediments undergoing metamorphism. 
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Figure 2.9. Piper diagrams for the geothermal waters a) geothermal wells b) preheater 

system. 

 

 

Germencik geothermal waters are rich in chloride (Cl-) and modest in boron (B) 

concentrations. Boron concentrations range from 36 to 50 mg/l in the GGF. The Cl/B 

ratio for the GGF is given as 28.10, and there is a relationship between Cl- and B 

concentrations. This linear relationship between chloride and boron concentrations 

indicates that the geothermal waters are recharged from the same deep reservoir (Figure 
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2.11). The boron in the geothermal waters is probably not derived from the sedimentary 

rocks and derived possibly from metamorphic ones such as gneiss and schist (Figure 

2.11). 

 

 

 

 

Figure 2.10. Schoeller diagrams for the geothermal waters a) geothermal wells b) 

preheater system. 
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Figure 2.11. B and Cl- relationship in the GGF fluids. 

 

 

2.5.1.3. Heavy Metals and Trace Elements in the Geothermal Waters 

 

 

Heavy metal and trace element analyses of geothermal waters in the GGF were 

evaluated. As can be seen in Figure 2.12, Aluminum (Al) and arsenic (As) values in the 

geothermal fluids are between 41 and 233 and 13ï153 ppb, respectively. The lowest Al 

and As concentrations were observed in well W_TR_006. Boron (B) values in the 

geothermal well fluids are close to each other and average 46 ppm. The boron 

concentration in the geothermal waters is due to boron-containing minerals such as mica 

and feldspar of the Menderes Massif metamorphics containing pegmatitic tourmalines. 

Lithium (Li) concentrations in the geothermal waters are also close to each other, and an 

increase is seen in those of well W_TR_006. In the geothermal water of the GGF, Li+ is 

associated with secondary processes. Therefore, it is used as a trace element. Lithium 

concentrations of the geothermal waters range from 4.96 to 7.04 ppm. Sb concentrations 

in the geothermal waters range from 0.94 to 1238 ppb.  
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Figure 2.12. Heavy metal concentrations and trace elements in the geothermal waters of 

the GGF. 

(cont. on next page) 
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Figure 2.12 (cont.) 

 

 

2.5.1.4. Stable Isotopes 

 

 

Oxygen and hydrogen isotope studies were carried out to understand the evolution 

of geothermal waters in the GGF. O is the most abundant element in the earthôs crust and 

is generally found in higher amounts in rock reservoirs (Clark and Fritz, 2013). Unlike O, 

H is generally found in waters rather than minerals and rocks. The different behavior of 

these two elements is important for the isotopic evaluation of waters in high-temperature 

systems (Clark and Fritz, 2013). 

The ŭ18O isotope values vary between -1.69ă and -2.05ă, and the ŭD isotope 

values vary between -38.07ă and -40ă in the thermal waters (Figure 2.13a). The stable 

isotope results show that geothermal waters have a meteoric origin in the GGF and 

suggest a substantial ŭ18O isotope enrichment in the thermal waters in the Germencik 

region. This means that geothermal waters have a longer contact time with reservoir rocks 

at depths. This is also consistent with the slow rise of the geothermal waters to the surface. 

As a result of the interaction between the rocks with heavy isotopes and the geothermal 

waters, the geothermal waters are enriched in heavy isotope of oxygen, and their 

composition changed towards positive ŭ18O values (Figure 2.13a). Therefore, the high 

oxygen concentration may indicate that the geothermal reservoir temperature is high. The 

geothermal waters show a strong oxygen isotope shift in Figure 13a, indicating exchange 

reactions between water and rock at over 220 ¯C. In other words, this supports that high-
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temperature geothermal systems exit in this region and the high dissolution of Sb in the 

geothermal system. Another reason for geothermal waters enriched in ŭ18O may be the 

carbonate units containing marble in the Menderes Metamorphic rocks. Since ŭD is 

mostly found in oceans and natural waters, there are more negative values in the 

geothermal waters (Figure 2.13a). 

 

 

 

 

Figure 2.13. Isotope ratios in the groundwaters of the GGF a) 2H vs 18O graph for the   

geothermal waters in the GGF b) Tritium vs electric conductivity graph for 

the geothermal waters in the GGF. 
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The most widely used radioactive isotope in hydrogeochemical studies is tritium 

(3H) (Dansgaard, 1964). Due to its radioactive nature, it is used for determining the age 

of groundwater. In addition, the duration of the groundwater in the reservoir is estimated. 

The low tritium content (<5 TU) of the geothermal waters circulating within the basement 

rocks, when compared to historical tritium concentrations in local precipitation (up to 

~300 TU during the early 1960s), indicates recharge prior to this period and suggests 

groundwater residence times exceeding approximately 60 years (Figure 2.13b). Also, the 

relationship diagram between tritium (3H) and electric conductivity shows that 

geothermal fluid has a deep-water circulation (Figure 2.13b). 

 

 

2.5.2. Evaluation of Rock and Scale Sample 

 

 

2.5.2.1. Rock Samples 

 

 

Rock samples from different depths were collected from 4 geothermal wells in the 

GGF. Here, the aim is to reveal which rocks in the reservoir may be associated with the 

stibnite scaling observed in the preheater system. The mineralogy and elemental 

compositions of the rock samples were evaluated, and the mineral compositions of the 

reservoir rocks were revealed. These 4 wells from which rock samples were collected; 

W_TR_002, W_TR_003, W_TR_007, and W_TR_009. W_TR_002 and W_TR_003 are 

located in the south of the study area, whereas W_TR_007 and W_TR_009 are located in 

the north of the study area (Figure 2.14). 

In well W_TR_002, alluvium units are between 0 and 25 m. At 25ï905 m, 

sedimentary units are observed, while Menderes Metamorphic units are observed below 

905 m. Rock samples were collected between 2325 and 2335 m from well W_TR_002. 

As seen in the W_TR_002 well log, there are mica schist units at these depths. As a result 

of XRD analysis of samples from well W_TR_002 from a depth of between 2325 and 

2335 m, feldspars (albite (NaAlSi3O8)) and (anorthite (CaAl2Si2O8)), silica (quartz 

(SiO2)), and iron minerals (pyrite (FeS2) and magnetite (Fe3O4)) were detected. In 
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addition, an Sb-bearing mineral phase associated with schists was detected within this 

depth interval (Figure 2.14). 

 

 

 

 

Figure 2.14. XRD results for the rock sample in the wells. 

 

 

In well W_TR_003 with a depth of 3074 m, rock samples were collected from 

2995 m. This depth corresponds to the transition zone between the mica-schist units and 

the marbles. As seen as a result of XRD analysis, carbonate minerals (calcite (CaCO3) 

and dolomite (CaMg(CO3)2)) associated with marbles were found at this depth. Feldspar 

(albite (NaAlSi3O8)) and silica minerals (quartz (SiO2)) contained in mica schists were 

also found at this depth. Diffraction signals at 2ɗ = 15 ̄and 32̄ were assigned to antimony 

(Sb) in well W_TR_003 (Figure 2.14). 
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In well W_TR_007 with a depth of 2451 m, there is alluvium between 0 and 35 

m and sedimentary units between 35 and 857 m. Metamorphic units are observed at 857 

m below. In well W_TR_007, rock samples were collected between 1265 and 1285 m, 

and these depths correspond to calcschist units. In W_TR_007 well, muscovite, one of 

the mica group minerals, was detected, unlike in other wells. Enrichment of geothermal 

waters in muscovite minerals (KAl3Si3O10(OH)2)) is attributed to the dissolution of 

potassium feldspars by geothermal waters. Diffraction signals at 2ɗ = 28)̄ indicate 

antimony (Sb) at this depth in W_TR_007. Other than that, their mineral composition is 

similar to that of wells W_TR_002 and W_TR_003. 

Well W_TR_009 with a depth of 2568 m has alluvium between 0 and 35 m. 35ï

500 m sedimentary units and below 500 m metamorphic units are observed in this well. 

Rock sampling was made between 900 and 920 m for this well. In the well log, mica 

schist units were observed between these depths. Minerals seen in the XRD pattern of 

well W_TR_009 have similar characteristics to those the other wells. Muscovite 

(KAl 3Si3O10(OH)2)), a mica group mineral, was detected in diffraction signals (2ɗ) at 9,̄ 

32̄ , and 62̄, respectively. Diffraction signals at 22̄ and 28̄ indicate feldspar minerals. 

Diffraction signals at 21̄, 39̄ , 51̄ , and 68̄ indicate the presence of quartz minerals in 

the well W_TR_009. 

The rock samples collected from different depths were subjected to elemental 

analysis using XRF. The chemical compositions of all the rock samples by XRF were 

evaluated with respect to different depths. Figure 2.15 shows that the elemental 

compositions of the collected rock samples are enriched in Si, Al, Ca, Fe, K, and Sb. In 

the wells in the rock samples collected from the north of the GGF, Si values increase, 

while Al values decrease. The increase/decrease of the element is related to the reservoir 

rocks at the depth of the rock sample. For example, Ca, Si, and Al values increased in 

rock samples taken from depths close to the schist marble contact. On the other hand, an 

increase was observed in Si, Al, Sb, and Fe values in rock samples collected from depths 

close to gneiss and schist units. The findings obtained from the XRD and XRF results 

show that the Sb scale observed in the preheater system in the GGF may be related to the 

gneiss and schist units of the Menderes Metamorphic Massif.
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2.5.2.2. Stibnite Scale Sample in the Preheater System 

 

 

The Sb scale in the preheater system was subjected to elemental analysis using 

XRD, XRF and SEM. Figure 2.16a shows the photographic image of the Sb deposit in 

the preheater. The red color of the deposit, which is composed of a fine powder, is evident. 

The photographic image indicates that the scale contains reddish-orange amorphous 

stibnite. The thickness of the Sb deposit is between 1 and 4 mm (Figure 2.16b). 

 

 

 

 

Figure 2.15. Elemental composition of rock samples in the wells obtained by XRF as a  

function of depth the samples collected. The rock samples were collected 

from the geothermal wells. 

 

 

 The diffractogram has a broad signal centered around 25 ̄ and a very broad 

reflection around 52̄ . In our study, Sb-bearing phases were identified in the rock samples 

(Figure 2.14), where Sb occurs as a crystalline phase within the schist matrix. In contrast, 
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the scale samples (Figure 2.17) display predominantly amorphous characteristics, likely 

due to rapid precipitation and low-temperature conditions, which prevents the formation 

of well-ordered crystalline Sb minerals. Therefore, no distinct stibnite reflections were 

observed in the scale sample XRD pattern. 

SEM analysis was also performed to see the morphology of the scale. It shows 

heterogenous spherical colloids whose size is 1.1 Ñ 0.5 ɛm (Figure 2.17b). This type of 

morphology is quite similar to that of amorphous stibnite particles that have been reported 

previously many times in the literature (Çiftçi et al., 2020; Gill et al., 2013; Pan et al., 

2009; Zakaznova-lakovleva et al., 2001). 

 

 

 

 

Figure 2.16. Sb scale encountered in the preheater in the ORC-binary system in the GGF  

a) Preheater in, b) Sb scale in the preheater system (Photo credit: Beĸtepe- 

                     ler company). 
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The elemental composition of the scales shows that Sb and S are mainly observed 

at 56.57% and 21.87%, respectively (Figure 2.18). These ratios are compatible with 

stibnite stoichiometry in terms of the Sb/S ratio, which is 2.5. The Sb/S ratio varies 

depending on the sulfide concentration, and it is consistent with the ratios in the literature 

(Spycher and Reed, 1989; Zotov et al., 2003). 

 

 

 

 

Figure 2.17. Evaluation of the Sb scale a) XRD result for the scale sample b) SEM images  

                    of the Sb deposits. 

 

 

 

Figure 2.18. Elemental composition of the scale sample. 
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2.5.3. Reservoir Temperatures of the GGF 

 

 

2.5.3.1. Silica Geothermometer Results 

 

 

SiO2 concentrations range from 125 to 165 ppm in the GGF. The reservoir rock 

temperatures calculated for the geothermal waters representing the geothermal aquifer 

with the silica geothermometer equations are presented in Table 2.5. As can be seen in 

Table 2.5, the reservoir temperatures calculated according to silica geothermometers vary 

between 139 ̄C and 167 ̄C. 

 

 

2.5.3.2. Cation Geothermometer Results 

 

 

Na-K geothermometers: Na/K geothermometers are based on cation exchange 

reactions between albite (NaAlSi3O8) and K feldspars (Fournier and Potter, 1979). The 

cation exchange reaction is given Equation 2.3. 

 

 

ὔὥὃὰὛὭὕ ὑ ᴾὑὃὰὛὭὕ ὔὥὑ ὪὩὰὨίὴὥὶ                                           (2.3) 

 

 

Table 2.5. Reservoir temperatures (C̄) calculated with silica and cation geothermometers 

                 for the GGF. 

 

 

Location 

 

Well ID  

Geothermometer Equations 

1 2 3 4 5 6 7 

Germencik 

Geothermal 

Field 

(GGF) 

W_TR_001 150 143 139 164 162 150 180 

W_TR_002 159 151 149 163 160 149 179 

W_TR_003 157 149 146 161 158 146 176 

W_TR_004 163 154 153 162 160 148 178 

(cont. next page) 
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Table 2.5 (cont.) 

 

 

Germencik 

Geothermal 

Field 

(GGF) 

W_TR_005 161 153 151 167 165 153 183 

W_TR_006 159 151 149 172 170 158 188 

W_TR_007 167 158 158 164 161 149 180 

W_TR_008 167 158 158 165 162 150 181 

W_TR_009 167 158 158 168 165 153 184 

W_TR_010 157 149 146 169 166 154 185 

W_TR_011 154 147 144 166 163 151 182 

 

 

The geothermal waters with a high chloride concentration from high-temperature 

reservoirs (>180 ̄ C) are suitable for this type of geothermometer. However, it can also 

be applied at low temperatures where geothermal water remains longer in the reservoir. 

Since these geothermometers depend on the ratio of Na+ and K+, they are less affected by 

dilution and steam loss due to the cold-water mixture. Therefore, in systems with cold 

water mixtures, they give more accurate results than silica geothermometers (Fournier 

and Potter, 1979). The Na/K geothermometer results show that a reservoir temperature 

for the geothermal fluid in the GGF ranges from 146 to 188 C̄ (Table 2.5). 

Na-K-Mg geothermometers: The Na-K-Mg triangular diagram was proposed by 

Giggenbach (1988). This diagram consists of a combination of Na/K and K-Mg 

geothermometers. As can be seen from the Giggenbach diagram (Figure 2.19), the 

geothermal waters in the GGF tend to approach the Na and K line. This is related to the 

Menderes Metamorphic Massif, including gneiss and schist units. These metamorphic 

rocks are enriched in feldspar minerals (NaAlSi3O8 and KAlSi3O8). According to the 

Giggenbach triangular diagram, it is seen that the geothermal waters in the GGF are in a 

partial equilibrium with reservoir rocks (Figure 2.19). Therefore, Na/K geothermometers 

can be applied to the geothermal water samples of the GGF. The cation temperatures 

shown in Table 2.5 agree with the temperatures estimated by the Giggenbach diagram 

(Figure 2.19). Giggenbachôs diagram suggests a deeper or longer circulation for the GGF. 

The reservoir temperature modeling was also performed for the GGF using wells that 

have static temperature data. According to the numerical and block diagram obtained, the 

highest temperatures are in the north of the GGF (Figure 2.20a and Figure 2.20b). As seen 

in the numerical model, reservoir temperatures in the north of the geothermal field vary 
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between 150 ̄C and 200 ̄C. These values agree with the reservoir temperatures obtained 

by geothermometer calculations. 

 

 

 

 

Figure 2.19. Distribution of water samples from the GGF in a NaïKïMg triangular 

diagram. 

                  

 

The reservoir temperature of the geothermal fluids in the BMG varies from region 

to region. The reservoir temperature in the western end of the BMG can reach 276 C̄, 

while it can reach 245 ̄C at the eastern end. In the middle part of the BMG, the reservoir 

temperature of the geothermal fluid is around 169ï188 ̄C (Haklēdēr and ķeng¿n, 2020). 

Hence, geothermometer calculations agree with the actual reservoir temperature in the 

GGF. 

 

 

2.5.4. Mineral Precipitations in the GGF 

 

In this section, mineral behaviors in the fluid were investigated. 
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2.5.4.1. Scale in the Geothermal Wells 

 

 

For the GGF, saturation indices were calculated at different temperatures from 20 

C̄ to 200 ̄C using the chemical models Phreeqc and WATCH for the geothermal fluids, 

where reservoir temperatures are lower than 190 C̄. 

 

 

 

 

Figure 2.20. Reservoir temperature modelling a) Numeric model b) Block model. 

 

 

The geothermal fluids are supersaturated with quartz and chalcedony minerals in 

all wells below 140 ̄C and 120 ̄C, respectively (Figure 2.21). Otherwise, the geothermal 
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fluids are undersaturated with amorphous silica above 40 C̄. However, as the temperature 

decreases (<40 C̄), amorphous silica precipitation can be expected. The formation of 

silica forms in geothermal systems is strongly dependent on pH and temperature. Silica 

formation can also vary according to the amount of silica dissolved in the reservoir and 

the type of power plant (Brown, 2013; Demir et al., 2014; Utami, 2011; Zarrouk et al., 

2014). 

The geothermal fluid is under-saturated with respect to the mineral anhydrite 

(CaSO4) at all temperatures. Therefore, there is no risk of anhydrite precipitation in the 

geothermal wells. The geothermal fluids are supersaturated with respect to calcite. 

However, W_TR_001, W_TR_002, W_TR_009, and W_TR_010 are under-saturated 

with respect to calcite below 100 ̄C. As the amount of CO2 dissolved in the geothermal 

fluid increases, the amount of dissolved calcite increases. Therefore, as the geothermal 

fluid rises to the surface, the decrease in the amount of CO2 will cause calcite precipitation 

with the decrease in pressure (Brown, 2013; Tarcan et al., 2016). 

 

 

2.5.4.2. Scales in the Preheater System 

 

 

For the preheater system in which stibnite scaling is observed, the saturation index 

model at the preheater in and the preheater out was implemented. The physical properties 

of the geothermal fluid vary from production to reinjection. In particular, the temperature 

of the geothermal fluid decreases from the production well until it reaches the power 

plant. The inlet temperature of the geothermal fluid in the preheater is 80 C̄, while the 

outlet temperature of the geothermal fluid in the preheater is 65 C̄. Figure 2.22 shows 

that the geothermal fluids are supersaturated with stibnite (Sb) minerals below 90 C̄ in 

the preheater system. Wollastonite (CaSiO3) and anhydrite (CaSO4) are under-saturated 

at all temperature values. Amorphous silica (SiO2) and fluorite (CaF2) in the preheater 

system are under-saturated at all temperature values like wollastonite and anhydrite. 

Calcite (CaCO3) solubility decreases with increasing temperature. Therefore, calcite 

scaling would not be expected in the low-temperature preheater system. Considering the 

inlet and outlet temperatures of the preheater system, silica and calcite-based scaling 

should not be expected in the GGF. 



43 

  

  

 

 

 

Figure 2.21. Mineral saturation-temperature diagrams for the downholes in the GGF. 
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Figure 2.22. Mineral saturation-temperature diagrams for the preheater system in the 

GGF a) Preheater in, b) Preheater out. 
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2.5.5. Thermodynamic Modeling for Sb in the Geothermal Waters 

 

 

Geothermal fluid changes thermodynamically from depth to surface conditions 

with changes in pH, temperature, and pressure. These thermodynamic changes depend on 

water-rock interaction and the non-condensable gasses (NCG) that the geothermal fluid 

contains. Therefore, it was aimed to obtain thermodynamic information about Sb 

speciation under different temperature and pH conditions to observe the antimony 

behavior in the hydrothermal system of the GGF. 

Water-rock interactions in the thermal waters producing stibnite species were 

investigated using activity diagrams. In the activity diagram, according to the dissolved 

H2S and Sb concentration in the geothermal fluid, the Sb species that can occur at 

different temperatures and pH values in the geothermal fluid were revealed. In Germencik 

geothermal waters, the H2S level in the gas phase is 0.21% (Haizlip et al., 2013). Stibnite 

concentrations in the brine are given in Figure 2.12. 

Temperature values between 50 and 200 ǓC were used to interpret the precipitation 

mechanism of the stibnite with pH and temperature because the solubility of the stibnite 

in the geothermal fluid is constant at higher temperatures (>200 C̄) (Zakaznova-

Iakovleva et al., 2001). As the temperature and pH values decrease, the predominance of 

stibnite in the geothermal fluid increases. This means that stibnite precipitates at low 

temperature and pH values. 

Based on the thermodynamic model, the solubility of the stibnite is controlled by 

the thioantimonite species between 50 and 90 C̄ in the presence of H2S (Figure 2.23). 

Thioantimonite species begin to dominate at 90 C̄. Acidification takes place in the 

geothermal fluid due to the oxidation of hydrogen sulfide (H2S) in the pink rectangle 

region (Figure 2.23). The red dashed ellipses were used to show the emergence of 

different stibnite species at low (50 C̄) and high temperatures (200 C̄). Acidification of 

the liquid causes a dramatic decrease in solubility and leads to stibnite precipitation. 

Therefore, in the dominant region of thioantimonite species (pink rectangle at 90 C̄), pH 

has a significant effect on stibnite solubility. Hydroxothioantimonite species become 

more dominant at higher temperatures in the brine (>150 ̄ C) (Figure 2.23). 

According to the model, in addition to the red amorphous stibnite (metastibnite) 

in the preheater system, it was concluded that different stibnite species might occur. 
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Findings obtained from both the saturation index and the thermodynamic modeling 

confirm that stibnite precipitates in low-temperature surface equipment such as the 

preheater. 

 

 

 

 

Figure 2.23. Stibnite species diagrams for different temperatures. 

 

 

2.6. Discussion 

 

 

The BMG, which can be considered as a geothermal basin, is tectonically one of 

the largest graben basins extending from east to west with a length of 150 km. The most 

important characteristic of the graben is that it has an asymmetrical structure. This huge 

structure has various hot water springs, hidden geothermal areas, and many geothermal 
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power plants along a length of 150 km (Tezcan, 1979). Since there are many high-medium 

enthalpy geothermal fields in the graben, it provides suitable conditions for geothermal 

power plants. Geothermal power plants in Turkey are generally binary-cycle and flash-

type power plants, and the power plant type varies according to the reservoir temperature. 

Binary cycle power plants are common worldwide as well as in Turkey (Bertani, 2016; 

DiPippo, 2012). The reason why binary cycle power plants are widely used is that they 

are easy to maintain and install operationally. However, the geothermal fluid undergoes 

physical and chemical changes thermodynamically during operation, causing scale 

problems that reduce the power plant efficiency. Depending on temperature and pressure 

changes in the reservoir, the physical and chemical properties of the geothermal fluid may 

change, causing scaling problems in wells, pipelines, and surface equipment in binary-

cycle power plants. Scale problems seen in binary cycle power plants in Western Anatolia 

have been addressed by various researchers (Baba et al., 2015; Çelik et al., 2017; Demir 

et al., 2014; Yēldērēm and Yēldērēm, 2015). 

 

 

 

 

Figure 2.24. Critical mineral precipitation tendencies from production to reinjection in 

the GGF. 
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The most important scale types in geothermal power plants are calcite, silica, and 

sulfide scales. Calcite is the most abundant compound in these geothermal waters. Its 

solubility increases with the partial pressure of CO2 and decreases with temperature. 

Therefore, the partial pressure of CO2 and temperature are the most important parameters 

affecting calcite solubility. This thermodynamic feature of calcite causes efficiency loss 

by clogging the production wells and transport lines in geothermal power plants. Silica is 

found in geothermal waters in the form of amorphous silica, chalcedony, and quartz and 

the solubility of silica depends on temperature and pH. As the temperature decreases, the 

amount of dissolved silica decreases. Therefore, silica scaling takes place in reinjection 

wells and heat exchangers in geothermal power plants. Sulfide species can cause scale 

problems in all geothermal fields with low, medium, and high enthalpy. Among the 

sulfide species, stibnite scaling is a common problem in geothermal fields. Stibnite 

solubility is controlled by pH, temperature, and H2S concentration. Increasing H2S 

concentration in geothermal fluid causes pH decrease, and stibnite scaling starts with 

decreasing temperature. Therefore, stibnite scaling is seen in low-temperature surface 

equipment such as heat exchangers, preheaters, and condensers in geothermal power 

plants. 

The Germencik geothermal power plant is a binary cycle plant located in the west 

of the BMG. The reservoir rocks of the GGF are composed of various Paleozoic aged 

schists (quartzite, quartzite-schists, calcschists, graphite-schists, and marbles) and 

gneisses. The GGF has two reservoirs: (1) the first is a Neogene aged conglomerate and 

sandstone reservoir that is fractured by faults, (2) the second and deep reservoirôs rocks 

of the GGF are composed of Paleozoic aged various schists (quartzite, quartzite-schists, 

calcschists, graphite-schists, and marbles) and gneisses. 

According to the Cl/B relationship obtained, the geothermal waters are recharged 

from the same deep reservoir and show the Na-CI-HCO3 water type. Geothermal waters 

presenting the Na-CI-CO3 water type come from gneiss, schists, and marbles in the 

Menderes Metamorphic Massif. 

The main problem in the GGF is the stibnite scaling in the preheater system. In 

this study, the scale problems in the GGF have been investigated, dividing them into two 

groups: (1) Possible types of scale that may occur in the geothermal wells, (2) stibnite 

scaling in the preheater system 
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2.6.1. Possible Mineral Precipitation Tendencies Downhole 

 

 

It is interpreted that there is different mineral precipitation from production to 

reinjection at different temperatures in the GGF (Figure 2.24). According to Figure 2.24, 

calcite precipitation can be expected in the production wells. While the geothermal fluid 

flows from the reservoir through the entire system in the GGF, there is no risk in terms 

of amorphous silica precipitation between 95 C̄ and 195 ̄C. However, as the temperature 

decreases, amorphous silica precipitation can be expected. Therewith, chalcedony, and 

quartz may precipitate below 135 C̄. No stibnite was detected in the production wells of 

the GGF. 

 

 

2.6.2. Stibnite Scaling in the Preheater System 

 

 

Analysis of rock samples collected from geothermal wells at different depths in 

the GGF showed that the reservoir rocks contain a Sb mineral. Especially, a Sb mineral 

was detected in XRD analysis of rock samples collected from depths close to gneiss and 

schist contacts. In addition, the highest concentrations in terms of elemental composition 

in rock samples belong to Sb. According to the rock sample analysis, it is understood that 

the origin of the stibnite scaling observed in the preheater system is gneiss and schists in 

the reservoir rocks. These results are consistent with the studies of other researchers. Dost 

(2018) explained that the stibnite source in the Germencik geothermal fields might be 

associated with metamorphic rocks such as gneiss and mica-schist. In a similar study in 

South Africa, Pearton and Viljoen (1986) stated that the source of stibnite is quartzite and 

quartz-muscovite schist.  

In the XRD and SEM analysis performed on the scale sample collected from the 

preheater system, stibnite was found to be in the form of heterogeneous spherical colloids 

with amorphous particles. The reddish color in the photographic picture of stibnite and 

its amorphous morphology indicates that it is metastibnite. The low Sb/S ratio (2.5) in the 

elemental composition of the scale sample is consistent with many studies in the literature 

in terms of stibnite stoichiometry (Spycher and Reed, 1989; Zotov et al., 2003). 
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From the speciation thermodynamic diagram of stibnite, it is seen that different 

stibnite forms can be formed together with metastibnite in the preheater system. 

According to the thermodynamic model, it is predicted that thioantimonite (H2Sb2S4) 

species may be present in the system with a decrease in temperature and pH. Brown 

(2013) attributed the formation of thioantimonite stibnite species to the presence of H2S 

in geothermal systems. The same author stated that increasing H2S concentrations would 

lead to a decrease in pH, and with the rapid decrease in temperature, stibnite scaling will 

take place. The H2S concentrations in the GGF fluids are high compared to those in other 

geothermal fields in the BMG and are 0.21% (Haizlip et al., 2013). Also, Osborn et al. 

(2007) attributed the low pH of the geothermal waters in the GGF compared to that in 

other geothermal fields in the BMG to marbles. 

In the GGF, stibnite formation starts at 90 C̄ in the preheater system. The 

geothermal fluid enters the preheater system at 80 C̄, and at this temperature, the 

geothermal fluid is supersaturated with respect to stibnite. (Figure 2.24). Figure 2.24 

shows that the calculated reinjection temperature is around 95 C̄ to prevent stibnite 

scaling in the preheater system for the GGF. 

The results obtained show that stibnite precipitates in low temperature and pH 

conditions, and these results are consistent with those of many studies in the literature. 

Wilson et al. (2007) stated that stibnite precipitation is a major problem at the Rotokawa 

and Ngawha power stations. It has been stated that pH and temperature changes in the 

Rotokawa and Ngawha plant fluids is the main reason for stibnite precipitation in the 

preheater system. According to Wilson et al. (2007), a temperature lower than 100 ̄ C and 

pH<8 provide optimum conditions for stibnite precipitation. In another study, Brown 

(2009) stated that temperatures lower than 90 C̄ and pH < 9.7 are the best conditions for 

stibnite precipitation. 

 

 

2.7. Conclusions and Final Remarks 

 

 

In geothermal power plants, different types of scaling may take place in 

geothermal wells and surface equipment due to temperature, pH, and pressure changes in 

the geothermal fluid. The types of scaling vary according to the reservoir rocks and power 
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plant type. Especially in the binary cycle power plants, the geothermal fluid entering the 

heat exchanger or preheater system directly after the production well causes the 

temperature of the fluid to drop rapidly. Heat exchanger and preheater systems of the 

binary cycle plant act as a sink, creating optimum conditions for stibnite scaling. Stibnite 

scaling causes efficiency and economic losses in the power plant by clogging the heat 

exchanger tubes. Therefore, determining the correct reinjection temperature is important 

in terms of potential scale formation. 

Periodic mechanical cleaning is performed with high-pressure water jets, which is 

the most effective method to control stibnite scaling in the GGF. However, since this 

method requires the power plant to be completely shut down, it is very time-consuming 

and, at the same time, means loss of production. Although research and chemical 

companies are currently working on different chemical development studies for the 

prevention of stibnite scaling, the most suitable method is to use inhibitors before 

preheating by dosing appropriately. Caustic (NaOH) dosing can be an alternative for this. 

Therefore, caustic soda can be used at a certain dosing depth in production wells to 

prevent Sb scaling in the power plant. 
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CHAPTER 3 

 

 

EFFECT OF DEGASSING ON SCALING IN 

HYPERSALINE SYSTEM: TUZLA GEOTHERMAL 

FIELD, TURKEY*  

 

 

3.1. Introduction 

 

 

One of the main problems related to the extraction and utilisation of geothermal 

fluids is scaling. Especially, in high-temperature liquid-dominated geothermal systems, 

during the operation of wells, differences in temperature and pressure lead to changes in 

the chemical composition of the geothermal fluid and this causes calcification problems. 

It is well known that the chemical composition of geothermal fluid in deep reservoirs is 

controlled by lithology. In particular, the interaction between the fluid and rocks leads to 

the dissolution of various minerals at different temperatures and pressures and mineral 

enrichment of the fluid. (Gunnlaugsson and Einarsson, 1989; Kristmannsdóttir, 1989; 

Honegger et al., 1989; ¥l­enoĵlu, 1986; P§tzay et al., 2003). The chemical composition 

of a geothermal fluid is influenced by the temperature and pressure while being extracted 

from a reservoir. As a result, the pH and CO2 content of the fluid create different types of 

scale problems in the well and surface equipment (Garcia et al., 2005). The scale issue 

arises from the supersaturation of dissolved minerals in the geothermal fluid, which is 

regulated by all of these variables. In geothermal wells, scaling restricts the flow of 

geothermal fluid, lowers system efficiency, and raises maintenance expenses. For 

example, Turkish geothermal fluids reduce production loss by 50% and generate scale 

difficulties in power plants with a thickness of approximately 3 cm (Tut-Haklēdēr and 

Ozen-Balaban, 2019, ¥l­enoĵlu, 1986; ķimĸek et al., 2005). 

 

* This chapter has been published as: Tonkul, Serhat, Laurent André, Alper Baba, Mustafa M. Demir, 

Simona Regenspurg, and Katrin Kieling. 2025. Effect of degassing on scaling in hypersaline system: Tuzla 

geothermal field, Turkey. Geothermal Energy, 13(1), 5. 
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In geothermal power plants, the most prevalent scale types are sulfide-type 

(particularly stibnite), carbonates (mainly calcite), and silica (Arnórsson, 1989; Juranek 

et al., 1987; Potapov et al., 2001). Geothermal fluids from geothermal wells with silica 

and calcite deposits are typically also enriched in minerals such as iron magnesium 

silicate, magnesium silicate, calcium sulphate, and aluminum silicate; on the other hand, 

geothermal fluids from power plants with stibnite deposits are typically enriched in 

sulphide and sulfosalt minerals (Gunnlaugsson and Einarsson, 1989; Honegger et al., 

1989; Kristmannsd·ttir, 1989; ¥l­enoỲlu, 1986; P§tzay et al., 2003). Theoretical research 

on calcite scaling by Arnórsson (1989) revealed a boiling-related drop in CO2 partial 

pressure. According to Arnórsson (1989), abundant of CaCO3 in geothermal power plants 

stems from its deposition from extensively boiling ascending water. The researcher stated 

that calcite precipitates and supersaturates when CO2 partial pressures drop sharply 

during boiling, and shortly after the boiling process begins, the supersaturation reaches 

its maximum. This provided evidence in favor of calcite scaling and supersaturation. 

In the initial stage of boiling in a geothermal well, calcite scaling occurs, and 

during wastewater discharge, silica scale follows. Accordingly, calcite occurs in 

production wells, separator systems, and pipe/transmission lines, sulfide occurs in 

condensers, cooling towers, and heat exchangers, and silica-based scaling takes place in 

heat exchangers and reinjection wells (Pátzay et al., 2003). There may be a problem with 

silica scaling in geothermal fields with medium and high enthalpies. Different kinds of 

silica minerals can be found in hydrothermal zones at different depths. The most popular 

ones include quartz, cristobalite, chalcedony, and amorphous silica (Brown, 2011). The 

most stable silica is quartz, which is the least soluble of these silica varieties. The 

solubility of amorphous silica in geothermal fluids declines with temperature in 

equipment where steam separation and cooling occur, which is problematic. Therefore, 

in geothermal power plants, transmission lines, heat exchangers, reinjection wells, and 

occasionally production wells are the riskiest equipment for amorphous silica scaling 

(Utami, 2000; Demir et al., 2014; Mundhenk et al., 2013; Gunnarsson and Arnórsson, 

2005; Pambudi et al., 2015; Baba et al., 2015). 

As shown in Figure 3.1, the solubility of different forms of silica in water 

decreases as the temperature decreases. Based on Figure 3.1, thermodynamically, 

amorphous silica will precipitate in priority with respect to other silica forms (Fournier 

and Truesdell, 1973). 
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The whole nature of silica scaling is yet unknown, because it is more intricate than 

other types. For example, the kinetics of the silicic acid (Si(OH)4) polymerization control 

silica scaling, in contrast to calcite scaling (Ellis and Mahon, 1977). Equations 3.1 and 

3.2 express this silica polymerization: 

 

 

ὛὭὕὌ ᴼ ὌὕὛὭὕὛὭὕὌ Ὄὕ                                                                               (3.1) 

 

ὕὊὩὕὌϽὌὕ ςὛὭὕὌ ᴼὕὊὩὕὛὭὕὌ ςὌὕ                                                          (3.2) 

 

 

The initial stage of silica polymerization is defined by these two processes. 

Amorphous silica is found in some geothermal fields in combination with Al2+ and Fe2+ 

to generate metal silicates (Gallup, 1997). One of these metal silicates is represented by 

the FeïOïSi bonds in Equation 3.1. The AlïOïSi group is another group of metal 

silicates. The presence of Al ions and Fe ions in geothermal fluids causes amorphous 

silica scale (Brown, 2011). While the concentration of Al ion in geothermal fluids seldom 

rises over 5 mg/l, 10% of the weight of the fluid is contributed by this value to the 

production of scale (Al2O3ïSiO2) (Ichikuni, 1983; Gallup, 1997; Yokoyama et al., 2002; 

Usda et al., 2003; Ikeda and Ueda, 2017). 

Compared to other forms of scale, silica deposits present the most difficulties in 

scale removal due to their complexity. This is a result of silica depositsô resistance to 

mechanical cleaning and inertness to a wide range of solvents. The solution approaches 

to avoid and reduce silica scaling involved examining the efficacy of using organic 

inhibitors and adjusting pH (Baba et al., 2015; Gallup, 2002; Gallup and Barcelon, 2005). 

The literature includes a number of studies on scaling. Using data from new wells and the 

installation of two new power plants in the Kēzēldere geothermal field, Tut-Haklēdēr et al. 

(2021) assessed the reservoir characteristics of the field. The authors handled the mineral 

precipitation problem in the triple flash system. They used the test equipment system, 

such as a silencer, weir-box system, and separator, to collect fluid samples under 

changeable production settings that were managed by physical characteristics including 

temperature, pressure, and well flow rate. Their analyses revealed that when the reservoir 

temperature rises, there are more intense interactions between the water and rock. The 

authors stated that calcite and silicate scales are the most common scale types of Kēzēldere 
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Figure 3.1. Solubility of different silica forms in water (Fournier and Truesdell, 1973). 

 

 

field. Their modeling results showed that Al-silicates and Mg-silicates are significant 

scale types in the shallow wells. Using the ECO2N equation of state module in 

TOUGHREACT software, the flash point and scaling sites of two geothermal wells are 

numerically simulated by Cao et al. (2024). Their study is conducted to examine the 

variables influencing the flash point and scaling locations of geothermal wells. In 

addition, the impact of wellbore diameter, CO2 mass flow rate, and liquid mass flow rate 

on the sites of flash point and calcite scaling are examined. TOUGHREACT established 

the TïHïC coupling method of geothermal fluid flow process from wellhead to well 

bottom. According to their simulations, the concentrations of Ca2+, Clï, and Na+ in the 

geothermal fluid remain the same below the flash point. The results of TOUGHREACT 

simulations indicate that the concentration of Ca2+ drops quickly at the flash point and 

then gradually increases, whereas the concentrations of Clï and Na+ continuously 

increase. The amount of calcite scaling is lower below the flash point and increases 

significantly following flashing. Moreover, as the liquid mass flow rate, wellbore 

diameter, and CO2 mass flow rate increase, the locations of the flash point and calcite 

scaling become deeper. Cao et al. (2024) concluded that the TOUGHREACT software-
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based THC model has demonstrated its ability to precisely forecast the scaling location 

of geothermal wells when compared to data observed on-site. Furthermore, when 

compared to current logging techniques like caliper logging equipment and sinker bar 

(go-devil), they concluded that the numerical simulation method is far more affordable 

when it comes to human, material, and financial resources. 

Tobler and Benning (2013) aimed to measure the kinetics and mechanisms of 

silica nanoparticle nucleation and growth in conditions that largely resemble geothermal 

system. A synchrotron-based small angle X-ray scattering (SAXS) and a conventional 

dynamic light scattering (DLS) detector were used in experiments. Experiments were 

carried out using a flow geothermal simulator system in the study, where a real-time, in 

situ method was used in which a hot, supersaturated silica solution at 230 °C was rapidly 

cooled to initiate silica polymerization. With the help of this geothermal simulator, it was 

possible to monitor the initial stages of polymerization in real-time as well as the 

subsequent nucleation and development of silica nanoparticles in a cooling solution. The 

kinetic reactions were monitored, taking into account silica concentrations, ionic 

strengths, temperature, and pH. The results showed that the silica nanoparticle formation 

rate was proportional to the silica concentration (640 vs. 960 ppm SiO2), and the first 

detected particles were spheres with a diameter of approximately 3 nm. Tobler and 

Benning (2013) concluded that the geothermal simulator system aligned with time 

resolved aqueous analyses and in situ and time-resolved particle formation. Andhika et 

al. (2015) studied the polymerization of silica and its precipitation using geochemical and 

mineralogical methods. The relationship between precipitation reactions and temperature, 

pH, and ionic strength were studied. Silica polymerizations were monitored using 

ultrasonic measurements (e.g. ultrasonic velocity) based on the change in compressibility, 

temperature, and density of a solution. Andhika et al. (2015) mentioned that since 

compressibility at constant temperature and density is inversely proportional to ion 

concentration, changes in silica concentration can be detected by measuring ultrasonic 

velocity, providing insight into the polymerization and precipitation processes. Ultrasonic 

velocity in 500 ppm silica solutions was measured at different pH values, and it was 

concluded that the ultrasonic velocity dropped as the pH declined, possibly indicating 

silica polymerization. 

Kristmannsdóttir (1989) stated that the most important use of geothermal energy 

in Iceland is for space heating and mentioned a typical issue with reinjection wells is ironï 

magnesium silicates in the Reykjanes field. Along with silica scaling, sulfide deposits are 
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precipitated in the surface equipment system of the Reykjanes field. Semi-quantitative 

analyses showed that the scale samples are mostly composed of Fe, Zn, and Cu sulfides 

with some silica and traces of Ca and K. Although the composition of the weakly 

crystalline scales varies, they resemble some of the precipitates detected in the altered 

rocks throughout the well drilling process. On the other hand, Kristmannsdóttir (1989) 

explained that many fluids with low temperatures include some hydrogen sulfide, which 

can coat steel pipes in iron sulfide and effectively erode copper surfaces, especially in 

Northern Iceland. 

Köhl et al. (2020) pointed out thermodynamic models based on equilibrium 

overestimate the scaling potential and have used regression functions to measure the 

impact of various scaling factors. The linear regressions that are employed to predict the 

scale rate at the wellhead and across the production pipe are made possible by the 

correlations. The authors used two different approaches to evaluate carbonate scale rates. 

The first approach explains using of hydrogeochemical models. The second approach 

relies on correlations between thermodynamic scale drivers (total pressure, pH, saturation 

indices for calcite) and measured wellhead scale rates at six different facilities. According 

to the modeling results, scale prediction based on the new regressions that depend on 

thermodynamic scale drivers performed better than hydrogeochemical models that are 

already in use without kinetic parameter implementation. Akhmedov (2009) created a 

kinetic model to determine the rate at which calcium carbonate is formed. The author 

evaluated the growth rates of suspended solids, which are composed of calcium carbonate 

crystals in geothermal fluids. Transfer of suspended particles was described by particle 

motion inertia and turbulent pulsations, and Akhmedov (2009) concluded that suspended 

particles play an important role in the formation of calcium carbonate deposits. Ryley 

(1980) investigated the correlation between mass discharge and wellhead pressure in a 

geothermal well using reservoir lithology and frictional losses as model. The model 

evaluated the various effects of reservoir drawdown, variation in the friction factor, and 

the degree of phase slip in the exit section parametrically by considering inlet and outlet 

pressure of the wellbore. To comprehend the impacts of heat exchange with altitude, non-

condensable gases (NCGs), and salts in geothermal wells, Barelli et al. (1982) 

concentrated on a two-phase flow model that describes the impacts of the presence of 

salts on noncondensable gases (NCGs) using thermodynamic parameters, including 

enthalpy, density, and brine vapour pressure. Barelli et al. (1982) compared the numerical 



58 

and experimental results and concluded that the NCGs were significant for these 

computations, even at very low concentrations. 

A mathematical model for predicting calcite formation rates and analyzing how 

calcite formation affects flow rates was studied by Satman et al. (1999). The authors used 

an analytical model to evaluate reservoir and operating conditions. According to their 

analytical model, the degree of calcite deposition or clogging surrounding the well can be 

significantly decreased for a given brine flow rate by either reducing the pressure gradient 

close to the well or by increasing the effective wellbore radius using well-stimulation 

procedures. On the other hand, Cerclet et al. (2023) aimed to quantify the parameters 

impacting the calcite scaling by calibrating a thermo-hydro-chemical model using 

experimental data. They used 16 groundwater samples to calibrate a thermo-hydro-

chemical model which includes CO2 degassing, calcite reactions, and temperature 

dependent reactions. Cerclet et al. (2023) stated that the degassing of CO2 causes a 36% 

increase in calcite precipitation, primarily at high temperatures, according to their 

numerical results. 

As can be seen, reduced fluid flow, as induced by scaling or degassing, is one of 

the largest obstacles for safe, reliable, economic, and long-term geothermal operations. 

The prevention of obstructions to flow, caused by either solids or gases, in a geothermal 

loop, is important to understand, and it requires the exact degas point to be known.  

The main problem in the Tuzla Geothermal Field (TGF) is silica-based scale 

formation, carbonate deposits and the degassing has a significant impact on the Tuzla 

fluid chemistry. Although many studies have been carried out on scaling problems in the 

TGF so far, the geochemical properties and behaviour of the fluid have not been fully 

understood due to the complex nature of the region. This study is based both on field 

observations and modelling results. Indeed, geochemical calculations are used to 

characterize the chemical behaviour of the geothermal fluid in the well, i.e., between the 

reservoir and the wellhead. The numerical simulations follow the evolution of the 

chemical composition of the fluid according to temperature and pressure changes inside 

the well and they predict the nature of the minerals that are able to precipitate inside the 

well according to a semi-quantitative approach. 
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3.2. Geology of the Tuzla Geothermal System 

 

 

Studies on geothermal energy were initiated in Türkiye throughout the 1960s. The 

General Directorate of Mineral Research and Exploration (MTA) conducted the initial 

research based on these studies and 170 geothermal areas with fluid temperatures higher 

than 40 ÁC were identified. Being an active fault zone and one of T¿rkiyeôs most 

important geothermal sources, Tuzla and its environs have been the focus of several 

geological studies in the past (Ercan and Türkecan, 1985; Karamanderesi, 1986; 

Mutzenberg, 1990; Samilgil, 1966; ķener and Gevrek, 2000). The TGF is an active 

tectonic field situated 80 km south of Çanakkale and 5 km from the Aegean Sea, Türkiye 

(Figure 3.2).  

 

 

 

 

Figure 3.2. Location map of the TGF. 

 

 

The 50 km2 region covered by the geothermal field includes the Tuzla River and 

its tributaries. Researches on geothermal energy have been continuing in the field since 



60 

1966. Many scientists have studied the fundamental geological features and volcanology 

of the region (Alpin, 1976; Samilgil, 1966; Urgun, 1971). However, the physical and 

chemical properties of the geothermal fluid in the region have yet to be understood due 

to its complex tectonic structure. For this reason, the 3D geological model of the TGF 

was created using the Leapfrog Geothermal software (© Seequent Limited). The present 

3D geological model is made up of structural controls, geothermal wells, and lithological 

units (Figure 3.3 and 3.4). The basement is composed of metamorphic rocks that are 

Paleozoic in age. Recrystallized Palaeozoic limestones with angular unconformity covers 

this basement. Rhyolitic tuffs, ignimbrites, latitic lavas, and rhyolitic lavas of Miocene 

age, which are the byproducts of calcic volcanism, make up the upper portion of the 

stratigraphic layer (ķener and Gevrek, 2000). The reservoir rocks consist of these 

Miocene aged volcanic rocks. The cover rocks in the system are of Neogene sandstone 

and claystone origin. Sandstone, limestone, conglomerate and clayey limestone sediments 

form the upper Miocene to Pliocene sediments overlying ignimbrites formed during the 

last phase of volcanism in the region. The Tuzla Plain was deposited by the Quaternary 

alluvium, which is at the top of the stratigraphic layer. Following Miocene volcanism, the 

Tuzla geothermal fluid is a region linked to hydrothermal activity and characterizes the 

active thermal regime (ķener and Gevrek, 2000). Volcanism is currently linked to the 

TGFôs active thermal regime. 

 

 

 

 

Figure 3.3. Cross-section of 3D geological model of the Tuzla geothermal field. 
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Figure 3.4. 3D geological model of the Tuzla geothermal field. 

 

 

3.3. Materials and Methods 

 

 

The methods used in this study can be divided into analytical and numerical. The 

scale samples and fluid samples from geothermal wells were thus collected as part of the 

field research. The analytical methods aim to ascertain the primary anions and cations in 

fluid analysis, assess the quantities of heavy metals, and conduct XRD, XRF, and SEM 

analyses on scale samples. 

For the numerical approach, PhreeqC-3 (Parkhurst and Appelo, 2013) and 

GWELL (Aunzo et al., 1991) codes are used to follow the chemical reactivity of the 

geothermal fluid in the production well. Flow chart for the research methodology is given 

in Figure 3.5. 
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Figure 3.5. Flow chart for the research methodology. 

 

 

3.3.1. Analytical Methods 

 

 

3.3.1.1. Geothermal Fluid and Gas Samples 

 

 

Geothermal fluid samples were collected from wells and surface equipment 

systems. Table 3.1 provides details about the well information in the TGF. Geothermal 

fluid samples were collected from the wellheads before the separator in the study field. 

100 ml HDPE bottles for heavy metal analysis, 250 ml for majorïminor anions and 

cations, and 1 L for stable isotopes were utilized. Samples were collected for heavy metal 

analysis, and then 2% HNO3 (nitric acid) was added to acidify them. In the laboratories 

of the Izmir Institute of Technology, major and minor studies were carried out using ICPï

MS (Inductively Coupled Plasma Mass Spectrometry), while heavy metal analyses were 

carried out using ICPïOES (Inductively Coupled Plasma Optical Emission Spectroscopy) 

equipment. Through the use of the Hach-Lange DR5000 UV-spectrophotometric 

technique, the SiO2 concentrations of the geothermal fluids were ascertained. In the 

laboratories of the State Hydraulic Works (DSĶ) in Ankara, Türkiye, stable isotope 

analysis of the geothermal fluids was performed. Gas samples were collected using a 
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separator that allows the exsolved gases to be isolated from the geothermal fluid. The 

collected gases were transferred into evacuated glass containers to prevent atmospheric 

contamination. An Omnistar (Pfeiffer Vacuum) quadrupole mass spectrometer with a 

closed ion source and a mass range of 1ï100 amu was used in the GFZ laboratories (GFZ 

Helmholtz Centre, Potsdam) to analyze the chemical composition of gas samples (H2, He, 

N2, CH4, Ar, and CO2). 

 

 

Table 3.1. Well information from the TGF. 

 

 

Well ID  

 

Well depth 

(m) 

 

Bottom 

hole 

temperature 

( C̄) 

 

Wellhead 

temperature 

( C̄) 

Geothermal 

gradient in 

well 

( C̄/50m) 

 

Flow rate 

(t/h) 

 

Wellhead 

pressure 

(bar) 

T9 540 174.04 164.47 2-3 ̄ C 316 2.11 

T15 871 - 105 - - - 

T16 556.5 174.98 166.3 2-3 ̄ C 275 2.42 

T18 550 173 168.6 3-4 ̄ C 300 2.14 

 

 

3.3.1.2. Analyzing the Scale Samples 

 

 

The scale samples were collected from some of the geothermal wells and surface 

equipment. X-ray diffraction (XRD), X-ray fluorescence spectroscopy (XRF), and 

scanning electron microscope (SEM) analyses were performed on scale samples. Using 

the Spectro IQ II instrument, XRF studies of scale samples collected from geothermal 

wells were carried out. High sensitivity element concentration delivery at the ppm level 

is possible with Spectro IQ II, ranging from sodium (Na-11) to uranium (U-92). In 

addition, X-ray diffraction (XRD) studies of scale samples were carried out utilizing the 

Philips XôPert Pro. X-ray diffraction (XRD) provides information on the materialôs 

crystal size, non-crystalline phase content, and phase abundance. The FEI QUANTA 250 

FEG scanning electron microscope (SEM) was utilized to visualize the micro-sized scale 

formations. 
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3.3.2. Using Numerical Methods for Understanding Chemical 

Reactivity 

 

 

Understanding the mechanisms underlying depositional issues in production wells 

and surface facilities is made easier with the use of geochemical computations. They 

enable the type and quantity of precipitated minerals to be predicted. Thermoddem 

database (Blanc et al., 2012; https://thermoddem.brgm.fr/) and computational code 

PhreeqC-3 were utilized for this purpose, primarily to analyze the fluidôs chemical 

reactivity. PhreeqC is a code widely used in the geosciences community to deal with 

chemical reactivity of water with rocks and gases in different environments. This code 

allows in particular to take into account the effect of temperature on chemical equilibria 

by the dependence of the equilibrium constants K of each reaction according to the 

relationship Log10 K(T) = A + BT + C/T + D.Log10 T + E/T2 + F.T2, where A, B, C, D, 

E, F are coefficients entered in the thermodynamic database, in this case Thermoddem. 

The dependence on pressure, at a given temperature, is given as a first approximation by: 

Log10 K(T,P) = log K(T, 1 atm) - (P-1)/(RT.ln10) * DV(T,P)  

DV(T,P) is in turn described by the HKF equation of state (Helgeson et al., 1981; 

Tanger and Helgeson, 1988) for aqueous species. This term also assumes that the molar 

volume of the solids is constant. For the dissolution of gases, the equilibrium constant of 

the reaction is defined at 1 atm at any temperature, the effect of pressure being included 

in the calculation of the fugacity coefficient according to the Peng Robinson equation. 

 The Tuzla geothermal fluids have high salinity; hence it makes more sense to 

have a database with a Pitzer formalism for saline waters. However, the redox conditions 

required to monitor, for instance, the reactivity of sulfate and sulfide minerals are not 

optimally present in this kind of database. We have selected a database like Thermoddem, 

which employs a B-dot activity model because of this. We have required the wellôs 

temperature and pressure conditions, because our goal was to monitor the chemical 

reactivity in the production well. For this reason, the P and T profiles in the wellbore were 

computed using the GWELL code.  

PhreeqC and GWELL codes are used to follow the chemical reactivity of the 

geothermal fluid in the production well. For this, a three-step process is employed: 
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(i) Determination of the fluidôs composition in the reservoir. Indeed, variations in 

temperature and pressure both during the upflow into the production well and 

during sampling have an impact on the composition of the geothermalfluid. We 

need then to recalculate the fluid composition in the reservoir using the PhreeqC 

code under batch conditions. For that, we use the fluid composition that was 

analyzed at the surface (Table 3.2) and we impose to it some constraints given by 

reservoir conditions and described in ñThe Numerical Analysis Resultsò 

paragraph; 

(ii) Determination of temperature and pressure profiles in the well. The GWELL code 

enables the calculation of P and T profiles in the well based on the well design 

(length, diameter, etc.) and the exploitation mass flows; 

(iii) Determination of the chemical reactivity in the well. The PhreeqC code 

incorporates the temperature and pressure profiles that were computed using the 

GWELL code. A series of batch with their own couples (P, T) mimic a 1D well. 

Each batch is considered as a separate reactor with chemical reactions 

(equilibrium between the gaseous and aqueous phases and between the aqueous 

phase and the minerals) that occur within them. Initially, each batch is in 

equilibrium with a gas phase that has been initiated with zero composition and nil 

volume. As a result, the liquid can degas (that is, the gas phase can express) 

depending on the pressure and temperature. The input parameter is the chemical 

composition of the pumped liquid as described in step 1. 

The calculations focus mainly on identifying the minerals that may precipitate 

inside the well as a function of temperature and pressure variations. All the geochemical 

calculations were carried out at equilibrium, between the gas phase, aqueous solutions 

and minerals. For this reason, the approach presented here is semi-quantitative, the main 

objective being to compare field observations with the results of the calculations. A full 

quantitative approach would require taking into account the kinetic precipitation rates of 

the minerals or a specific deposition model to simulate the evolution of the thickness of 

the deposits on the well walls. This objective is beyond the scope of this paper. 
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3.4. The Results 

 

 

3.4.1. Fluid and Gas Properties of the Tuzla Geothermal Fluids 

 

 

The average pH and Electric Conductivity (EC) values in the TGF are, 

respectively, 5.6 to 7.65 and 83.2 to 90.0 mS/cm. Because of the high partial pressure of 

CO2 gas in the well, there is an excess of free CO2 (free mineral acidity) in the water from 

the wells, making the water acidic. At the Tuzla geothermal site, the wellhead 

temperatures of the geothermal fluid in wells T9, T16, and T18 are, respectively, 164.47 

°C, 166.3 °C, and 168.6 °C. Na+ and Clī are the predominant ions in the TGF geothermal 

fluid, based on the Piper and Schoeller diagrams (Figure 3.6 and Figure 3.7). 

 

 

 

 

Figure 3.6. Piper diagram of the geothermal fluids in the TGF. 
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Because of this high concentration of Na+ and Clī, the geothermal fluid in the TGF 

is referred to as having a hyper-saline character. Hydrothermal activity is indicated by the 

TGFôs geothermal fluidsô high NaCl content, isotopic composition, and other 

characteristics. Geothermal fluids from depth are elevated by the regionôs active 

seismicity and hydrothermal activity. After cooling to a certain point, the upwelling 

geothermal fluid mixes with groundwater to become less concentrated (Baba and Tonkul, 

2022).  

 

 

 

 

Figure 3.7. Schoeller diagram of the geothermal fluids in the TGF. 

 

 

When the pH change graphs in 2020 and 2021 are examined, there are significant 

changes in the pH values before and after the separator. In both years, the pH values in 

the geothermal fluids collected before the separator (at wellhead) decreased. This is 

because the fluid is two-phase (gas + liquid) before the separator. CO2, an acidic gas, 

decreases the pH values when present with liquid. On the other hand, an increase in the 

pH values is observed in the fluid samples collected after the separator due to the 

separation of gas and liquid (Figure 3.8 and Figure 3.9). In the EC graphs for 2020 and 

2021, slight increases are observed in some months. The formation of Na rich clays in the 
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geothermal aquifer and the Ca/Na ion exchange caused by plagioclase albitization could 

be the reason for this (Kloppmann et al., 2001). In addition, Baba et al. (2009) stated that 

the interaction between fluid and volcanic rocks may affect the EC values. The EC values 

of the geothermal fluid donôt change considerably in 2020 and 2021, and there are no 

significant fluctuations in the EC values (Figure 3.10 and Figure 3.11). The small changes 

in silica values on a monthly basis are probably related to water circulation in the 

reservoir. When the silica values in 2020 and 2021 were compared, no significant change 

was observed. TGF has silica concentrations between 189 and 197 mg/l (Figure 3.12 and 

3.13). CO2, ranging from 87.3 to 97.6% by volume, is the most dominant of all gases, 

followed by N2, ranging from 1.55 to 10.6% by volume (Table 3.3). The Tuzla wells have 

the highest He contents, exceeding 100 vol. ppm. In well T9, the highest value of 144 vol. 

ppm was observed. 

 

 

 

 

Figure 3.8. pH change in the geothermal wells in 2020. 

 

 

 

 

Figure 3.9. pH change in the geothermal wells in 2021. 
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Figure 3.10. EC change in the geothermal wells in 2020. 

 

 

 

 

Figure 3.11. EC change in the geothermal wells in 2021. 

 

 

 

 

Figure 3.12. Silica change in the geothermal wells in 2020. 
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Figure 3.13. Silica change in the geothermal wells in 2021. 

 

 

3.4.2. Stable Isotope Evaluation of the Tuzla Geothermal Fluids 

 

 

Important details on the subterranean activities in geothermal reservoirs and the 

sources of thermal fluids can be evaluated with stable isotopes. Studies on the isotopes of 

hydrogen and oxygen were conducted to comprehend the development of geothermal 

fluids in the TGF. Standard Mean Ocean Water (SMOW) is used as a reference point 

when evaluating the isotopic composition of water. For all water isotope ratios published 

by Craig (1961), SMOW is regarded as the international standard Mediterranean water 

isotopes are provided by Gat and Charmi (1970). This indicates that in the geothermal 

fluids, the ŭ18O isotope values range between ī0.5 and ī1.15 ă, while the ŭD isotope 

values range between ī14.41 and ī15.79 ă (Figure 3.14). The geothermal fluids exhibit 

an enrichment in ŭĭ O values (up to ī0.5ă), while ŭD values remain relatively depleted 

(down to ī15.79ă). The stable isotope data demonstrate that the TGFôs geothermal fluids 

are derived from meteoric origin (Figure 3.14). 

 

 

3.4.3. Geothermometer Applications 

 

 

The reservoir temperatures of the Tuzla geothermal field were determined using 
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cation and silica geothermometers. SiO2 concentrations (as ppm) were derived from the 

chemical analysis results assessed in the TGF within the parameters of the study. The 

TGF has SiO2 values ranging from 189 to 197 ppm. Tables 3.4 and 3.5 give the equations 

computed using the silica and NaïK geothermometers for the geothermal fluids that 

constitute the geothermal aquifer. The temperatures of the reservoirs as determined using 

silica geothermometers range from 140 °C to 173 °C (Figure 3.15). However, the 

reservoir temperature for the geothermal fluid in the TGF ranges from 193 °C to 222 °C, 

according to the Na/K geothermometer results (Figure 3.16). 

 

 

 

 

Figure 3.14. Isotope evaluation of the Tuzla geothermal fluids. 

 

 

Table 3.4. Silica reservoir temperature equations used for the TGF. 

 

No Geothermometer Equations Reference 

1 T °C= -42.2+0.28832SiO2-3.6686×10-4 SiO2
2+ 3.1665×10-7S3+77.034logSiO2 Fournier 

and Potter, 

1982 

2 T °C= [1309/(5.19-logSiO2)]-273.15 Fournier, 

1977 

(cont. next page) 
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Table 3.4 (cont.) 

 

3 T °C= [1522/(5.75-logSiO2)]-273.15 Fournier, 

1977 

4 T °C = -55.3+0.36559SiO2-5.3954×10-4SiO2
2 + 5.5132×10-

7SiO2
3+74.360logSiO2 

Arnórsson, 

2000 

5 T °C= [1032/(4.69-logSiO2)]-273.15 Fournier, 

1977 

6 T °C=(1112/(4.91-logSiO2))-273.15 Arnórsson 

et al., 

1983 

 

 

Table 3.5. Na-K reservoir temperature equations used for the TGF. 

 

No Geothermometer Equations Reference 

1 T°C= 856/[ log(Na/K)+0.857]-273.15 Truesdell, 1976 

2 T °C = 883/[ log(Na/K)+0.780] -273.15 Tonani, 1980 

3 T °C = 933/[ log(Na/K)+0.993] -273.15 Arnórsson et al., 

1983 

4 T °C = 1319/[ log(Na/K)+1.699] -273.15 Arnórsson et al., 

1983 

5 T°C = 1217/[ log(Na/K)+1.483] -273.15 Fournier and Potter, 

1979 

6 T°C = 1178/[ log(Na/K)+1.470] -273.15 Nieva and Nieva, 

1987 

 

 

Giggenbach (1988) proposed the NaïKïMg triangular diagram. A combination 

of Na/K and KïMg geothermometers can be seen in the Giggenbach diagram. A helpful 

framework for understanding actual fluid and mineral compositions is the Giggenbach 

triangular diagramôs zone of full equilibrium. It describes the entire iso-chemical re- 

crystallization of the main rock component at a specific temperature and pressure. The 

equilibrium line defines the immature and partially equilibrated water. It is also evident 

that there is a range in which the NaïKïMg geothermometer can be used reliably, from 

the disintegration of rocks to immature fluids. Approaching the geothermal fluids in the 

TGF to the Na+ and K+ line is related to the volcanic rocks, including andesite and 

trachyandesite units, as can be observed from the Giggenbach diagram (Figure 3.17). The 
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geothermal fluids in the TGF are only partially in equilibrium with the reservoir rocks, as 

can be shown in the Giggenbach triangular diagram (Figure 3.17). As a result, the 

temperature of geothermal fluid samples cannot be applied using Na/K geothermometers, 

and Figure 3.15 illustrates how the silica geothermometerôs predicted temperatures 

appear to be more accurate. 

 

 

 

 

Figure 3.15. Silica geothermometers. 

 

 

In parallel to the use of several geothermometer equations to reconstruct the 

temperature distribution of the TGF, we also estimate the reservoir temperature by 

applying the PhreeqC code. It consists to start the calculation with the chemical 

composition of the geothermal fluid at lab conditions (i.e., 25 °C and 1 bar). And then, 

the temperature and pressure conditions are increased up to 200 °C and 50 bar (i.e., above 

the supposed reservoir conditions) and the evolution of saturation indices of many 

minerals (carbonates, silicates, sulfides and sulfates) are followed (Figure 3.18). 
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Figure 3.16. Na-K geothermometers. 

 

 

 

 

Figure 3.17. Distribution of fluid samples from the TGF in a NaïKïMg triangular 

diagram. 
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As expected, the saturation indices of silicates, sulfides and sulfates tend to 

decrease when temperature augments (prograde solubility), whereas the saturation indices 

of carbonates increases with temperature (retrograde solubility). By the end, all the 

saturation indices converge to a common equilibrium temperature, representative of 

reservoir temperature. Figure 3.19 confirms that the reservoir temperature is ranging 

between 160 and 170 °C. 

Using wells with static temperature data, a reservoir temperature simulation was 

also carried out for the TGF to validate the temperatures calculated by the silica 

geothermometers. The block diagram that was acquired indicates that the geothermal 

fieldôs reservoir temperatures range from 160 ÁC to 180 ÁC (Figure 3.19). 

 

 

 

 

Figure 3.18. Variation of the saturation indices of minerals according to temperature 

calculated with PhreeqC code. The convergence point corresponds to the 

equilibrium conditions of the geothermal fluid with minerals, i.e. the 

reservoir temperature. 
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Figure 3.19. Reservoir temperature modelling (3D thermal model was created in Leapfrog 

                    Geothermal software). 

 

 

3.4.4. Evaluation/Assessment of the Scale Samples 

 

 

The scale samples were separated into two groups based on where they formed: 

in the surface pipeline (before the separator and vaporizer) and in the downhole (between 

15 and 75 meters). The next sections provide an analysis of their morphology, elemental 

compositions, and structure. 

The optical microscope image of the scale cross section in the well T9 is shown 

in Figure 3.20. Structure is made up of layers that vary in thickness by millimeters. 

Because of the PbS and CaCO3, respectively, the layers appear to be black and white, 

respectively. 
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Figure 3.20. SEM analysis of the scale sample collected from well T9. 

 

 

The dissolution of ferromagnesium crystals is responsible for the black color of 

scale with high concentrations of Mg, Pb, Fe, Si ions and traces of other element content. 

They are linked to volcanic rocks from the Miocene age that are composed of trachyte, 

andesite, and trachyte andesite. The TGFôs reservoir rocks include these volcanic rocks, 

which also include pyrite, hematite, quartz, K-feldspar, biotite, amphibole, sanidine, and 

chalcopyrite. According to Demir et al. (2014), the scale sample has a density of 2.18 to 

2.88 g/cm3. As shown in Fig 3.20, PbS (galena) and CaCO3 constitute the majority of the 

scale in the well T9. Using XRF, elemental analysis was performed on the scales that 

were collected from various parts of the TGF. The XRF data shows that the scale sample 

has elevated levels of Fe, Pb, Ca, Na, Mg, and Si ions (Figure 3.21). 
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Figure 3.21. Elemental compositions of the scale sample in the surface equipment system 

                    of the TGF. 

 

 

3.4.5. Chemical Reactivity in Tuzla Wellbore 

 

 

Determining the fluid composition in reservoir conditions is the first stage in the 

modeling process, highlighted in the numerical method. This is accomplished by first 

entering the fluid composition (see Table 3.2) into PhreeqC at laboratory conditions (pH 

= 5.6, Eh å ī200 mV, Temp = 25 °C, P = 1 bar), and then raising the fluidôs temperature 

and pressure to reservoir conditions (i.e., 160 °C and 50 bar). Because of the low charge 

balance (about ī0.6%), no adjustment of the chemical composition has been done. A final 

condition is then imposed on the fluid: the fluid is assumed to be in equilibrium with the 

rocks of the reservoir, in this case quartz and carbonates (more specifically calcite). The 

CO2 partial pressure is changed in this case to 2.5 bar to meet the final requirement. Since 

fluids and carbonates in the formation rocks are typically believed to be in thermodynamic 

equilibrium, this constraint is reasonable. This limitation allows us to estimate the pH of 
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the fluid in the reservoir to be approximately 5.4, which is consistent with the degassing 

process taking place in the well but a little lower than the values measured at the surface. 

 The second stage is to evaluate the pressure and temperature profiles in the 

production well before assessing the downhole scaling risks. The GWELL code is utilized 

to input the T9 wellôs characteristic dimensions. Table 3.6 lists the measurements of the 

three segments that make up the total depth of 540 m (Baba et al., 2009). Each segment 

has a different cross section. 

 

 

Table 3.6. Geometric dimensions of the geothermal well. The feed zone of the well is 

located at 540 m and wellhead is at 0 m. 

 

Well Interval  Length [m] 
Cross-section 

diameter [m] 

0 m ï 49 m 49 0.50 

49 m ï 220 m 171 0.35 

220 m ï 540 m  320 0.25 

 

 

Downhole P and T profiles can be computed using the GWELL code in 

accordance with the well design and production rate. At the surface, the pressure 

decreases to roughly 3 bar from 50 bar in the reservoir (Figure 3.22). Two tendencies are 

shown in Figure 3.22, the first of which is the degassing-induced slope breakage at a 

depth of roughly 100 m. Degassing also has an impact on the temperature profile: a phase 

shift causes the temperature to abruptly drop at 100 m depth, reaching 140 °C near the 

surface (André et al., 2023). 

The PhreeqC code is then used to simulate and assess the fluidôs chemical 

reactivity in a one-dimensional column mimicking the well using the temperature and 

pressure profiles that were computed using the GWELL tool. Throughout its length (z = 

5 m), the borehole is discretized by 108 batch with their own P and T conditions. Every 

batch that has a liquid phase in it initially has a gas phase with a volume of zero. When 

the P and T parameters are favorable, this PhreeqC option permits the fluid to degas and 

the development of a gas phase. Calculations are done considering the gas phases in 
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PhreeqC are always fully in equilibrium with the solution. Moreover, it is to note that 

PhreeqC does not allow the transport of gas between two adjacent cells. The previously 

determined chemical composition of the intake fluid is present. 

 

 

 

 

Figure 3.22. The pressure (blue) and temperature (orange) profiles in the geothermal 

production well (André et al., 2023). 

 

 

The minerals that can precipitate during cooling can be determined by a first run 

conducted under batch settings without allowing for degassing. The saturation index 

graphs (Figure 3.23) demonstrate that the mineral wairakite in the geothermal wells is 

supersaturated at all temperatures. On the other hand, the mineral saponite 

(Ca0.25(Mg,Fe)3((Si,Al)4O10)(OH)2ïn(H2O)) is supersaturated in the geothermal waters 

over 75 °C. At all temperature ranges, the mineral sepiolite (Mg4Si6O15(OH)2ï6H2O) in 

Tuzla geothermal fluids is undersaturated. Sepiolite precipitation in the geothermal wells 
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is, therefore, not a concern. Below 100 °C, amorphous silica and, more generally, silicate 

minerals (chalcedony, quartz) are saturated in geothermal fluids. The chemical reactivity 

in the well T9 is then the main topic of the simulation that follows. 

 

 

 

 

Figure 3.23. Saturation indices for the well T9. 

 

 

A numerical run in the 1D column was conducted based on this observation in 

batch simulations. It makes it possible to calculate how the saturation indices of the 

primary minerals of interest change with depth. Within the well, precipitation of calcite 

(CaCO3), quartz (SiO2), galena (PbS), and barite (BaSO4) is possible for the solution 

composition given (Figure 3.24). As the fluid rises to the surface, these mineralsô 

saturation indices do, in fact, increase along the production well.  

As one approaches the wellhead, the calcite saturation index (continuous blue line 

in Figure 3.24) rises. Initially close to equilibrium in the bottom section of the well, it 

turns positive at 100 m depth, suggesting that calcite is oversaturated and ready to 
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precipitate within the well. The degassing is primarily responsible for this abrupt spike. 

Indeed, when CO2(g) exsolved according to equation 3.3, the system will tend to 

compensate this carbon loss using equations 3.4 and 3.5. These two reactions consume 

protons and the consequence is a pH increase. 

Then, the carbon in solution becomes mainly under CO3
ī2 form involving calcite 

oversaturation and the possibility of calcite precipitation according to Equation 3.6: 

 

 

ὅὕ ὅὕ  ᴻ                                                                                                     (3.3) 

 

ὅὕ Ὄὕ Ὄὅὕ Ὄ                                                                                    (3.4) 

 

Ὄὅὕ ὅὕ Ὄ                                                                                                    (3.5) 

 

ὅὕ ὅὥ ὅὥὅὕȢ                                                                                            (3.6) 

 

 

On the other hand, quartz dissolves more readily at higher temperatures. As a 

result, the quartz saturation index (orange in Figure 3.24) rises in the direction of the 

wellhead. Quartz has a near-zero saturation index near the feedzone. The quartz saturation 

index rises as one approaches the wellhead, suggesting that the mineral is oversaturated 

in the well and that precipitation may occur, mostly in the upper part of the well. Quartz 

and barite behave similarly in the simulation. Galena, a sulfide mineral, is initially 

undersaturated in the reservoir in comparison to the solution. It is still undersaturated 

below 100 m. Degassing, on the other hand, causes its saturation index to turn positive 

and increases the likelihood of precipitating such minerals. Indeed, the degassing of H2S(g) 

involves the shift of the equilibrium (3.7) towards the formation of products. The 

consequence is that reactions 3.7ï3.10 are impacted by these disequilibrium: protons are 

consumed, pH increases favouring the formation of Sī2: 

 

 

ὌὛ ὌὛ  ᴻ                                                                                                        (3.7) 
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ὌὛ Ὄ ὌὛ                                                                                                     (3.8) 

 

Ὓ Ὄ ὌὛ                                                                                                            (3.9) 

 

 

 

 

Figure 3.24. Left: pH profile according to depth. Right: saturation index profile for 

minerals ï calcite (blue), quartz (orange), galena (green) and barite (grey) 

in the geothermal production well. The dashed black line indicates 

equilibrium (saturation index of 0) for reference. 

 

 

Ὓ ὖὦ ὖὦὛȢ                                                                                                   (3.10) 

 

 

Then, the saturation index of galena becomes positive, and galena can potentially 

precipitate (Figure 3.24). 

The solutionôs thermodynamic equilibrium with regard to the four identified 

minerals is assumed in the final iteration. The amount of precipitated minerals is 

calculated by the code. Calculating the gas composition is also possible, assuming that it 
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contains CO2(g), H2O(g) and H2S(g). Following the degassing, calcite precipitates, as shown 

in Figure 3.25. Quartz precipitation is a result of the temperature dropping. Both galena 

and barite precipitate in very minute concentrations. Vapour makes up the majority of the 

gaseous phase, while tiny amounts of CO2 and H2S are also present (André et al., 2023). 

 

 

 

 

Figure 3.25. Left: amount of precipitated minerals according to depth. Right: number of 

moles of gases in the gaseous phase in the geothermal production well 

(André et al., 2023). 

 

 

3.5. Discussion 

 

 

Regarding the lithology of the reservoir and the chemistry of the water, the TGF 

is among T¿rkiyeôs most intricate geothermal fields. The most prevalent and challenging 

to deal with form of scaling in the Tuzla geothermal system is silicate-based scaling. 

Galena and CaCO3 have been found in the borehole and surface pipeline, according to 

the elemental analysis of the scale samples. Sulfide scales, on the other hand, were 
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exclusively discovered in downhole and not along the surface pipeline. Fe, Pb, Ca, Na, 

Mg, and Si elements are abundant in the scales. They are linked to volcanic rocks from 

the Miocene age that are composed of trachyte, andesite, and trachyte andesite. The 

TGFôs reservoir rocks are these volcanic rocks, which include quartz, K-feldspar, biotite, 

amphibole, sanidine, chalcopyrite, pyrite, and hematite. The geothermal fluids exhibit 

supersaturation towards wairakite, undersaturation towards sepiolite, and supersaturation 

towards saponite beyond 75 °C. Sepiolite precipitation in the geothermal wells is, 

therefore, not a concern. The saturation indices of the geothermal fluids agree with the 

chemical species found in the scale that was collected from the pipeline; the principal 

constituents are NaCl and layered double hydroxide, which have amorphous forms 

resembling saponites. 

A small quantity of precipitated minerals is anticipated before the degassing point, 

which is estimated to be about ī105 m, according to the numerical simulation, which also 

reveals that all of the mineral saturation indices stay near to 0. The model forecasts the 

deposition of mostly calcite with traces of galena, barite, and quartz. The degassing has a 

significant impact on the fluidsô chemistry. Although the volume of minerals may be 

estimated using the model, the growth of the depositsô thickness cannot be predicted (the 

findings are not displayed here). However, the model does provide information on the 

scalingôs composition. 

These outcomes are compared with the site observations made by Demir et al. 

(2014). Demir et al. (2014) described the scaling composition in the TGF. Their research 

was concentrated on deposits that were found in the well between the surface and a depth 

of 75 m. Their elemental analysis indicates that Pb, Fe, Mg, Ca, and Si make up the 

majority of scale composition (Figure 3.26). 

According to Figure 3.26, these elementsô concentrations vary with depth. Pb 

concentration drops with decreasing depth, whereas Fe concentration rises with 

decreasing depth. The author proved that, depending on depth, Ca is mostly found in 

calcite and aragonite, while Pb is found in galena. They observed a rise in the proportion 

of silica at the surface, which may be brought on by low temperatures. The numerical 

results are entirely compatible with all of these field observations.  

As previously described, the actual approach is semi-quantitative. The next step 

could be to reach more quantitative results by adding: 

- The kinetic rates of mineral precipitation. All calculations done here consider 

equilibrium state, i.e., an instantaneous equilibrium between the solution and 
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the minerals. We know that many minerals are controlled by kinetic 

constraints that need to be included. 

- The nucleation of the minerals and the potential transport of these minerals 

(as seeds) by the fluid. As for the previous remark, the equilibrium conditions 

suppose that the mineral precipitate in the well where their saturation indices 

become positive. We know that flow regimes in the well can modify this 

hypothesis. 

- The deposition of the minerals on the well walls. Indeed, to be rigorous, we 

should include a deposition model to predict the evolution of the deposit 

thickness according to time. 

 

 

 

 

Figure 3.26. Elemental composition of scales in the well obtained by XRF as a function  

                    of height the scale collected. The samples are collected from the surface of 

                    inhibitor hose (From Demir et al., 2014). 

 

 

At last, the modelling approach could be improved by better considering the gas 

phase in the modelling. In the present calculations, the gas phase is supposed immobile, 

i.e., it does not flow with the water towards the wellhead. This assumption affect the 

chemical composition of the aqueous phase in contact with the gas phase. The next step 

could be to use a fully coupled model, able to model multiphase systems. 
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3.6. Conclusions 

 

 

The primary constituents in the deposit of Tuzla Geothermal Power Plant (GPP) 

are carbonate and metal silicate. Calcite and galena scaling are the main problems in the 

well, whilst Fe and Mg silicate are the main problems through the pipeline in the Tuzla 

GPP. The composition is rich in Fe and Mg silicates, depending on the systemôs location. 

This research discusses the effect of degassing on TGF scaling. The PhreeqC numerical 

model indicates that the degassing point is at about ī105 m. At this point, degassing 

significantly changes the fluid chemistry, and the model predicts the deposition of calcite 

along with smaller elements including galena, barite, and quartz. The modelôs output 

agrees with the experimental finding and field observations. The model provides 

significant insights into the composition of the scale. For example, depending on depth, 

the main sources of Ca and Pb are calcite and galena, respectively. Higher concentrations 

of silica are found close to the surface. In addition to the analytical evaluation of 

geochemical data measured in geothermal resources, numerical models are extremely 

important. These methods will help to better understand the system and make predictions 

for the future. The results were clearly visible in the Tuzla geothermal field, which is 

geochemically very complex. The application of these methods in similar fields can 

highlight the problem of scaling in geothermal systems. 
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CHAPTER 4 

 

 

FLUID -CO2 INJECTION IN A HYPERSALINE 

VOLCANIC SYSTEMS: A REACTIVE TRANSPORT AND 

EXPERIMENTAL EVALUATION WITH APPLICATION 

TO THE TUZLA GEOTHERMAL FIELD, TÜRK ĶYE 

 

 

4.1. Introduction 

 

 

Greenhouse gas (GHGs) emissions to the environment have grown in importance 

in industrial processes in recent years (Junior et al., 2025). In particular, the primary 

contributor to global warming is carbon dioxide (CO2) which accounts for about 80% of 

GHGs. Moreover, global warming caused by anthropogenic activity has increased by 1.0 

°C over pre-industrial levels and is predicted to reach 1.5 °C by 2030 (Fawzy et al., 2020). 

One of the most effective and sustainable strategies for reducing CO2 emissions is to 

capture the CO2 from facilities and sequestrate it in geological media (Aradóttir et al., 

2012; Clark et al., 2020; Snæbjörnsdóttir et al., 2014).  It is possible to trap the injected 

CO2 inside the geological formation through physical and geochemical trapping (Bachu 

et al., 2007). The integrity of the cap rock controls physical trapping, which typically 

happens shortly following injection. On the other hand, the chemistry of the brine and the 

rock determines geochemical trapping, which often occurs while the CO2-water-rock 

interaction continues after injection (Steel et al., 2018; Liu et al., 2019). Geochemical 

trapping can be divided into solubility trapping and mineral trapping. Solubility trapping 

is the process in which injected CO2 dissolves into water and permanently turns the 

aqueous phase (Liu et al., 2019). Subsequently, acidity in subsurface geological 

formations is increased by CO2 dissolution in water. Consequently, a number of the host 

rocks' main minerals dissolve into the formation water at low pH levels. The 

concentrations of metal divalent cations such as Ca2+, Mg2+, and Fe2+ increase to form 
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carbonate minerals under these circumstances. This phenomenon is known as mineral 

trapping (Saadatpoor et al., 2010).  

Over the past 30 years, a number of geochemists have developed a number of 

experiments under various conditions to measure the mineral kinetic rates (Burch et al., 

1993; Fu et al., 2009; Gautier et al., 1994; Hellmann, 1994; Lu et al., 2015; Nagy and 

Lasaga, 1992; Oelkers et al., 1994). They all concurred that experimental methods under 

dynamic and stable chemical circumstances should be used to evaluate mineral kinetic 

rates. On the other hand, extensive research has been carried out on CO2 sequestration 

experimentally, numerically, or in actual field studies (Akēn et al., 2025; Berndsen et al., 

2024; Erol et al., 2022; Kaya and Zarrouk, 2017; Kolditz et al., 2012). Ajayi et al. (2019) 

conducted a comprehensive analysis of the operational concepts and significance of 

underground CO2 sequestration. The expected outcomes of the study are a synthesis of 

the current status of CO2 geological storage, an analysis of capture mechanisms and 

migration processes, a comparative assessment of modelling approaches for storage 

capacity estimation, a review of monitoring and verification techniques, and identification 

of key technical challenges and future research directions.  Addassi et al. (2022) 

investigated the feasibility of injecting carbonated water into unconfined aquifers as a 

long-term CO2 storage method. The study focuses specifically on a geothermal reservoir, 

systematically explores a wide range of hydrogeological and geochemical parameters, 

and quantitatively evaluates the water-to-CO2 ratios and density conditions required to 

ensure secure solubility trapping, thereby extending the applicability of carbonate water 

injection beyond the scope of previous works. Their results suggested that CO2 may be 

securely stored using solubility trapping. For the CarbFix project at Hellisheidi, southwest 

Iceland, Aradóttir et al. (2012) evaluated the CO2-fluid-rock interaction. Their goal is to 

determine whether in situ CO2 mineral sequestration in Iceland's basaltic rocks is feasible. 

After mixing the captured CO2 with the effluent fluid, it is subsequently injected into a 

geothermal reservoir. In this procedure, solubility trapping is used to first trap the injected 

CO2. Once the injected CO2 has mixed with the formation fluid, it may then generate 

bicarbonate and carbonic acid. In the process, the injected CO2 diffuses, combines with 

the formation fluid, and mostly changes into bicarbonate and carbonic acid, two other 

aqueous species. Complex chemical processes that result in the immobilization of CO2 

can be triggered by the dissociation of bicarbonate and carbonic acid ions. CO2 is then 

trapped in solid mineral phases, such as calcite and dolomite (Matter et al., 2016; PŚikryl 

et al., 2018). Wan et al. (2016) used TOUGHREACT to evaluate reactive transport 
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processes in the reservoir and assess the geochemical reaction impact on the changes in 

permeability and porosity of CO2-EGS in the geothermal site at Desert Peak (Nevada). 

The main minerals undergoing dissolution, according to modeling studies, are quartz, 

chlorite, albite, anorthite, and K-feldspar. The following are the main secondary minerals 

that precipitate: siderite, calcite, kaolinite, illite, smectite, and dolomite. To analyze fluid-

rock interactions throughout the flow pathways connecting the injection and production 

wells of the Nesjavellir geothermal reservoir, Galeczka et al. (2022) used reaction path 

modeling. As the fluid moves further into the reservoir from the injection well, the 

geofluid temperature increases from 84 to 300 °C. The authors calculate that 70% of the 

injected CO2 can mineralize along the flow pathway based on their geochemical modeling 

results. Erol et al. (2022) used TOUGHREACT to model a possible fluid-CO2 injection 

into deep metamorphic formation rocks consisting of quartzite, schist, and marble in the 

Kēzēldere geothermal field in T¿rkiye. They created three different scenarios, including 

three annual injection rates of CO2 for ten years. The two main objectives of their study 

are: i) to identify the mineralization process and ii) to assess the dynamic fluid-rock 

interactions with the highest feasible CO2-charged fluid input. The solubility of CO2 in 

the effluent fluid was less than 0.1 mol/kg, and the partial pressure of CO2 near the pilot 

injection well was less than 1 MPa during the injection. According to their modeling 

results, under all conditions, the maximum CO2-charged fluid mixture is stable in a single 

phase. They concluded that the distinct mineral compositions of the metamorphic rocks 

are under consideration and the variations in the CO2 mass fraction of the injected fluid 

and the reservoir restrict the process of CO2 mineralization.  

Field studies on CO2 co-injection are successfully carried out using industrial CO2 

to reduce scale (mineral precipitation) problems in the borehole and surface installations 

in the TGF, so in this respect, it is a pilot field in Türkiye (Topcu et al., 2019). However, 

the geochemical reactions between reservoir rock, fluid, and CO2 have yet to be 

understood for the TGF. To address this research gap, we conducted a batch reaction 

experiment and a geochemical model to confirm the feasibility of CO2 sequestration. The 

study focuses on analytical, experimental and geochemical modeling methods.  

The main intention of this study is to; 

- Reveal whether the TGF reservoir is suitable for CO2 sequestration, and 

- Provide a basis for extending the CO2 co-injection study currently used in the TGF 

to CO2 sequestration. 
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4.2. CO2 Co-injection in the TGF 

 

The TGF is an active tectonic field located 5 km from the Aegean Sea in Türkiye 

and 80 km south of Çanakkale (Figure 4.1). The reservoir rocks of the TGF consist of 

Miocene-aged volcanic rocks, which are mainly andesite/trachyandesite. The cap rocks 

in the system are composed of Neogene-aged claystone and sandstone (Karamanderesi, 

1986; Mützenberg, 1990; Samilgil, 1966; ķener and Gevrek, 2000). Hydrothermal 

activity and the active thermal regime in the region have continued since Miocene 

volcanism. 

 

 

 

 

Figure 4.1. The TGF and its surrounding area. 

 

 

Injecting industrial CO2 into the geothermal system to prevent the scale formation 

in the TGF has been applied by Topcu et al. (2019) (Figure 4.2a). A CO2 mobile heating 

tank, a static mixer, a check valve, a flow meter, a solenoid valve, a regulator, a safety 

valve, a pH meter, and a flow meter are used to inject industrial CO2 into the system 
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(Figure 4.2b). The mobile heater tank contains CO2 in liquid. Thus, the mobile tank heater 

is used to heat CO2 before it is transferred to the dosing system. The system, which is 

designed to use a static mixer, is used to create a homogeneous mixture of brine and CO2 

(gas). Following the separators, a static mixer with a CO2 diffuser is added to the brine 

pumps' outlet. After regulating the pressure and gasifying the liquid CO2 in the 

evaporator, it is transferred to the static mixer to mix with brine. For operational safety, a 

check valve is added to the system after the CO2 (gas) dosing point. Monitoring the 

volumetric flow rate of CO2 (gas) is done with a flow meter connected to the system. The 

safety valve maintains the pressure below 25 bar, while the regulator permits the CO2 (gas 

pressure) to surpass the brine pressure. With the aid of the pH probe, a series of samples 

is periodically collected from the measurement point after the pump. 

Currently, field studies are successfully carried out using industrial CO2 to reduce 

scale (mineral precipitation) problems in the TGF. Now, field engineers are searching for 

answers to extend the CO2 co-injection study to CO2 sequestration. CO2 sequestration 

study in the TGF is discussed in detail in the following sections. 

 

 

 

 

Figure 4.2. CO2 co-injection study in the TGF (Topcu et al., 2019). 
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4.3. Materials and Methods 

 

A flow chart of experimental, analytical, and geochemical modeling processes is 

given in Figure 4.3. 

 

 

 

 

Figure 4.3. Flow chart of analytical, experimental, and geochemical modeling process. 

 

 

4.3.1. Experimental Set-up 

 

 

A high-pressure batch reactor has been utilized to conduct a series of CO2-fluid 

rock dissolution/precipitation reactions using reservoir rock sample. The brine sample is 

collected from a production well in the TGF, and andesite, the primary volcanic host rock 
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of the reservoir, is used in the study.  Six grams of sieved rock powder and 60 mL of 

reservoir fluid were used. The rock sample was crushed to grain sizes smaller than 125 

ɛm to improve the XRD analysis. The rock sample had particles ranging in size from sub-

micron to micron prior to the batch reaction experiment. First, analytical-grade acetone 

was used to clean these particles, and afterward deionized water was used to rinse them. 

Prior to the batch reactor experiment, the material was dried overnight at 105 °C.  

 

 

 

 

Figure 4.4. Schematic representation of the experimental setup. 

 

 

The 100 mL batch reactor (BERGHOF instrument) utilized in this investigation 

provides the highest level of safety up to 20 MPa and 300 °C. Figure 4.4 shows a 

schematic illustration of the experimental setup. The reactor has three ports for fluid 

sampling, gas injection, and gas sampling. A thermometer and a barometer are also 

included with the reactor.  First, the pressure inside the vessel was adjusted, and the 






































































































































































